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Preface

This book has evolved over a period of several years of teaching the courses
Digital Control and Modelling and System Identification at II'T Bombay. Several
undergraduate and postgraduate students, some without a good analog control back-
ground, have successfully completed these courses. Several working professionals, some
with a long gap in their education, have also gone through these courses successfully.
This material has also been used in the year 2004 to teach the course Intermediate
Process Control at the University of Alberta. There were students with a gap in their
education, as they had enrolled in the academia—industry co-op programme.

Keeping the above mentioned requirement to cater for different kinds of students,
we have designed this book to teach digital control from scratch. Apart from a few
elementary concepts on calculus and differential equations, not much background is
required to understand this book. In particular, the reader need not have a good
analog control background to understand most of the topics presented. As a result,
this book is suitable also for students whose domain of interest is made up of only
discrete time systems, such as the field of computing systems.

In order to make the book self-contained, we have presented the topic of digital
signal processing in reasonable detail. This is because most students, except those in
electrical engineering, do not take a course in this important topic, exposure to which
is useful in understanding the control design techniques presented in this book.

Because we focus on discrete time techniques, it is possible to present some
advanced topics as well. For example, this approach allows us to present the important
topic of system identification in some detail. Indeed, it is possible to use the material
presented in this book to teach a first course in identification. Although the topic of
identification is useful in all areas, it may be the only way to obtain realistic models
in human—made systems, such as computing systems.

We have adopted a transfer function approach, more or less exclusively. We
strongly believe that one gets good insight into the control problems through this
approach. Practising engineers are generally more comfortable with transfer function
based design techniques. They present an ideal platform to deal with a large number
of basic facts about control design in an elementary fashion. Explaining some of
these topics through the state space approach would have been more difficult. For
completeness, however, we also present the state space approach to control design.
We restrict our attention to single input single output systems.

We believe that one of the most important benefits that the reader of this book
will acquire is to think digital. We strongly believe that learning to discretize analog
controllers alone does not prepare the student to exploit the full potential of digital
systems.



xvi Preface

This book is useful also for students who may have a good analog control
background. Comparison of the concepts presented in this book with those from
analog control will only help strengthen these ideas. These students, as well as industry
professionals, will find the coverage on PID controllers useful.

Working exclusively with discrete time domain has its own shortcomings. The
most glaring one amongst them is the antialiasing filter, which is generally designed
using continuous time techniques. Addressing this requirement through discrete
time techniques may require fast sampling rates. We do not discuss the effects of
quantization errors in this book. Nevertheless, because these are generally modelled
with the help of random noise, the material developed in this book should help address
these problems.

A first course on control can be taught using this book, especially in disciplines
that deal with only discrete time models. It may also be used to teach a second course
on control. Because it is more or less self-contained, this book could be useful to people
who have had a break in their studies, such as practising professionals. It follows that
a course using the book may also be useful for students who may not have taken a
good analog control course.

A first course on identification may be taught using this book. The first six chapters
could form the basis of a digital signal processing course. Finally, using the material
presented in this book on identification and control, it is possible to formulate an
adaptive control course.

We have provided an extensive set of Matlab' routines to explain the various
ideas presented in this book. The heart of the routines is a solver for Aryabhatta’s
identity [39], which is also known as the Diophantine equation [59]. We have
implemented the algorithm of [8] in Matlab to solve this polynomial equation. We
have used the notation in [27] to represent polynomials in this book. We also make
use of some basic routines from this reference.

An extensive index of Matlab routines is given to help locate the programs. The
built—in functions, including the routines of Matlab toolboxes, appear at the beginning
of this index, with the routines developed for this book appearing at the end. Most
of the latter are listed in the book, at the end of every chapter. A few routines,
although freely downloadable, are not listed in the book, owing to space constraints.
Appendix A.2 explains the procedure for downloading and installing the software. We
recommend that the reader traces through the calculations using the Matlab debugger.

The website http://www.moudgalya.org/dc/ provides much useful material
related to this book. All Matlab programs discussed in this book are available at this
location. Instructional material, such as slides, based on this book are also available
at this website. Finally, the reader will find at this website some other useful material,
omitted in the book owing to space constraints.

Authors of previous books on the topics presented in this book have used titles
such as Discrete Time Control [45]. This nomenclature presupposes that time is an
independent variable and that the control effort is something different. We have shown,
however, that it is possible to apply the control design principles to problems in which
the sampling time itself is the control effort [35]. In view of this generality, we choose
to use the title of Digital Control for this book.

Matlab® and Simulink® are registered trademarks of The Mathworks, Inc. Other product or
brand names are trademarks or registered trademarks of their respective holders.
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Chapter 1

Introduction

The concept of control is ubiquitous. We see the application of control in everyday
appliances and equipment around us: washing machines, elevators, automobiles,
satellites, aeroplanes, room heater, etc. It is no wonder that control is an important
component in all engineering disciplines. Lately, the topic of control has become an
important one in computing [22] and supply chain systems [14].

A typical feedback control configuration is given in Fig. 1.1. It consists of a plant or
a process and a controller, along with the necessary control accessories, such as sensors
and actuators. The objective of the controller is to maintain the plant output y close
to the desired value r, known as the reference signal or setpoint. The role of controller
is to provide stable and agile performance in the presence of any disturbance, even if
we do not have an exact knowledge of the plant.

The requirements expected from a controller in different fields are not identical,
because of the differences in plants/processes. For example, in the mechanical and
aerospace industries, while stability is an issue, nonlinearity and delays are not that
significant. Just the converse is true in chemical engineering. Because of these reasons,
advanced control in these areas have become separate fields in their own right.
Nevertheless, the basic principles of control are the same in all fields. We present
some of these common basic principles in this book.

There are two broad classes of control design techniques: analog and digital. These
work with continuous time and discrete time systems, respectively. Because many real
world systems are described by differential equations, analog control design techniques
have become popular. Because most controllers are made of digital systems, the
latter is equally popular. Although it is possible to discretize analog controllers to

Figure 1.1: A schematic of feedback control loop
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2 1. Introduction

obtain digital controllers, an independent study of the latter could be useful [2, 20].
We present techniques for the design of digital controllers, from scratch, in this book.

Why is it that most controllers are now implemented using digital systems? In
order to answer this, we need to first compare analog and digital circuits. In analog
circuits, noise is a serious problem in all signal transmissions. In contrast, the digital
signals refer to a range of values and hence it is possible to provide good noise margins.
For example, in transistor transistor logic (TTL), there is a noise margin of 0.4 V in
both high and low levels. The basic ability of digital systems to reject noise in a
fundamental way has resulted in these systems becoming extremely popular.

We now list some of the advantages of digital systems over analog systems [38].
It is easy to implement and modify digital controllers — we just have to change the
coefficients! The margins mentioned above can take care of unavoidable difficulties,
such as the noise and drift. We can achieve the desired accuracy by using a sufficient
number of bits. It is possible to implement error checking protocols in digital systems.
Because of the advances in the manufacturing processes of digital circuits, the
components can be produced in large volumes. Large digital circuits can be fully
integrated through VLSI. Through a multiplexer, a single processor can handle a large
number of digital signals. Digital circuits pose no loading problems, unlike analog
circuits. Because of these reasons, digital devices became popular, which formed
an important impetus for the advancement of digital systems. Digital devices have
become rugged, compact, flexible and inexpensive. It is no wonder that most modern
electronic devices, such as controllers, watches, computers, etc., are made of digital
systems.

We will now present some of the advantages that digital control has over analog
control. For some naturally occurring discrete time plants, a continuous time version
may not even exist. For example, consider a scalar state space equation,

#(t) = fa(t) + gu(t)

where f and g are constants. Under uniform sampling, the ZOH equivalent of this
plant is

z(k + 1) = azx(k) + bu(k)
where a = ¢/Ts and Ty is the sampling time. Note that a > 0. Thus, if a turns out to
be negative in an identification exercise applied to plant data, no continuous control
design technique may be suitable.

It is possible to design first-cut filters in the discrete time domain by the placement
of poles and zeros at appropriate locations [49]. To amplify a signal at a particular
frequency, place a pole at that frequency; to filter out a frequency, place a zero. There
are no equivalent techniques in the continuous time domain.

There are design techniques that exist only in the discrete domain, the notable
example being the dead-beat controller. Discrete time control theory comes up with
unusual, but useful, control designs, with negative PID tuning parameters being one
of them, see [30, pp. 58-62].

In several respects, discrete time control techniques are easier to understand. For
example, we can present controllers in powers of z~!, and realize them through
recursive techniques. Most of the identification procedures known today determine
discrete time models [32]. Identification of continuous time models is in its infancy.
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In view of this, it is a lot easier to teach identification techniques in the discrete
time domain. It is also a lot easier to teach control design techniques, such as model
predictive and adaptive controllers, in the discrete time domain.

Handling of delays is a lot easier in the discrete time domain, whether they are
fractional or multiples of the sampling period [2, 17]. The concept of a unit pulse is
a lot easier in the discrete time domain: it is a signal of unit height with one sample
width.

Although most real life systems are nonlinear, we generally use linear controllers
with them. The reason is that a lot more is known about linear, as opposed to
nonlinear, controllers. Moreover, if the controllers are well designed, the deviations
from the operating point are expected to be small. When the deviations are small,
nonlinear systems can be approximated reasonably well with first order Taylor
approximations. Because of these reasons of ease and adequacy, we generally use
linear controllers to regulate our systems. We restrict our attention to the design of
linear controllers in this book.

We have organized this book into four parts and fourteen chapters. In the second
chapter, we lay the framework for control system design. If the plant is described in
continuous time, we outline a procedure to connect it with digital systems, through
discretization and A/D and D/A converters.

We devote the first part to the topic of digital signal processing. In the third
chapter, we present the basic concepts of linearity, time invariance and causality.
While linear systems in the transfer function framework should have their initial
state at zero, there is no such constraint in the state space framework. We define
the former concept as input/output linearity and bring out its relation to the latter
concept, which we refer to as simply linearity.

In signal processing books, the variable u is used to denote the unit step input.
In control texts, however, this symbol is reserved for control effort. The variable x
is used for input and state in signal processing and control books, respectively. In
this book, we use u, x and y for input, state and output, respectively. We use 1(n)
to denote the discrete time unit step signal, as practised in some popular control
texts [44].

We present the topic of the Z-transform in the fourth chapter. We also present
the concept of region of convergence in great detail, unlike most control books. This
study helps derive the conditions for stability and causality of transfer functions and
helps understand the limits of performance of control systems.

In order to understand the concept of spectrum, required in identification, we need
to work with noncausal signals. This, in turn, necessitates the use of the two sided
Z-transform, although most control books work only with the one sided Z-transform.
Because the two sided Z-transform requires signals to be defined from the time instant
of —oo, we need to precisely define the concept of initial rest in state space systems.

We present frequency domain analysis in the fourth chapter. We explain the
topics of Fourier transform, frequency response, sampling and reconstruction. We also
explain filter design by placement of poles and zeros.

We present the topic of identification in the third part. We have given an
exhaustive introduction to this topic, because this subject is becoming increasingly
important, owing to the increased automation, and consequently increased availability
of data. Most plants use digital devices for data acquisition and storage. As the price of
storage devices has dropped, most plants also have a large amount of operating data.
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Identification is concerned with the important topic of determining the plant transfer
function from measurements, for the explicit purpose of achieving good control.

We devote the fourth part to transfer function based control design techniques.
In the seventh chapter, we present some of the important principles required for
control system design. We present a Z-transform based direct design method for lead—
lag controllers. In this book, we introduce a procedure to translate the performance
specifications directly to a desired region of the Z-transform complex plane, and use
this to design controllers.

We devote Chapter 8 to PID controllers. Keeping in mind the popularity of PID
controllers in industry, we discuss in detail different methods to discretize them, in
case they have already been designed using continuous time techniques. This is the
only chapter in the entire book that requires an analog control background. All other
control techniques presented in this book do not require such a background.

In Chapter 9, we present pole placement controller design to arrive at two degrees
of freedom controllers. We use this framework to present all controllers, including
implementation of specific ones, such as anti windup controllers, in the rest of the
book.

Because the coverage of this book is broad, there is a paucity of symbols. The two
degrees of freedom discrete time controller, which is popular in the transfer function
approach, is usually known as the RST controller, with three polynomials, R, S and T'.
We use the symbols R, S. and T, respectively, for this purpose. We reserve R, S
and T for reference signal, and sensitivity and complementary sensitivity functions,
respectively.

We have used the phrases good and bad in place of the invertible and noninvertible
factors of a polynomial [48]. Although somewhat unconventional, we believe that this
usage helps remember the underlying concepts clearly. It is also less confusing than
the use of notation, such as + and —, borrowed from analog control.

It turns out that working with polynomials in powers of z~! helps simplify
controller design. We work with polynomials in powers of z as well as z~'. We have
avoided using the operator ¢ to denote shift operation. The Z-transform variable z is
used to define the shift as well.

We discuss the Smith predictor and internal model control technique in Chap-
ter 10. In Chapter 11, we present minimum variance and generalized minimum
variance controllers. In Chapter 12, we discuss model predictive controllers. In
particular, we present generalized predictive control and dynamic matrix control
design techniques. We also make an attempt to implement these controllers through
a PID framework. We devote Chapter 13 to the design of linear quadratic Gaussian
control system design.

We devote the last part to state space techniques for control design. In Chapter 14,
we discuss pole placement controllers, linear quadratic regulators, observers, and the
combined controller and observer. We touch upon topics such as Kalman filters.

An extensive set of Matlab routines have been provided along with the book.
The heart of these is the program to solve Aryabhatta’s identity [39], also known as
Bezout identity or Diophantine equation. Links have been provided to download the
programs from the web. A procedure to download the entire set of programs is given
in Appendix A.2.



Chapter 2

Modelling of Sampled Data
Systems

In this chapter, we present an overview of feedback control systems, consisting of a
mix of analog and digital systems. We will refer to analog systems as continuous time
systems and present a few examples. One way of connecting analog and digital systems
is through sampling of the former or, equivalently, through discretization of continuous
time systems. We will summarize analog to digital conversion and digital to analog
conversion, through which the signals become compatible with the systems under
consideration. We also present models of naturally occurring discrete time systems.
We conclude this chapter with a brief discussion on different approaches to controller
design and its validation.

2.1 Sampled Data System

There are many reasons why we use controllers. Some of these are: to stabilize unstable
plants, to improve the performance of plants and to remove the effect of disturbances.
There are two major types of controllers — feed forward and feedback. We will discuss
these in more detail in Chapter 7. For the current discussion, we will consider the
feedback control structure, a schematic of which is given in Fig. 1.1.

In this figure, the block G denotes the plant or the process that needs to be
controlled. It could be a continuous system, described by differential equations.
Examples of a plant are a room whose temperature has to be regulated, an RC
circuit, a robot, a reactor, a vehicle or a distillation column. In this chapter, we will
use models of the following form to represent these systems:

K-
—~
~+
~
Il

Fz(t) + Gu(t) (2.1a)
y(t) = Cz(t) + Du(t) (2.1b)

These are known as state space equations. The first one is the state equation and
the second one is the output equation. The variable z(¢) is known as the state. State
is defined as the set of variables required to completely understand the system. The
state variables are supposed to represent the effect of all past inputs to the system.

Digital Control ~ Kannan M. Moudgalya
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For example, knowing the current state and the future inputs to the system, one can
completely specify the future states and the future outputs of the system.

The input to the system can consist of two types of variables: disturbance variable
and manipulated or control variable. The former is one over which we have no control.
These are typically external to a system. The manipulated or control variables help
make the system behave the way we want. The values of these variables are calculated
by the controller.

Typically, one does not measure all the states, but only a smaller number of
variables, which could be functions of states. We use the symbol y to refer to the
measured vector and call it the output. Eq. 2.1b is known as the output equation.
Here, C and D are constant matrices.

The plant could also be a discrete time system. Examples of these are computing
and supply chain systems. These systems are modelled using the variables available
at specific time instants only:

xz(n+ 1) = Az(n) + Bu(n) (2.2a)
y(n) = Cxz(n) + Du(n) (2.2b)

As in the continuous time case, z, u and y refer to state, input to and output from
the plant, respectively.

In the figure, G, denotes the controller. We will restrict G, to a digital controller,
that is, a control algorithm implemented in a digital device. Examples of a digital
device are personal computers, printers and calculators. Digital devices work with
quantized data only. For example, a calculator can represent numbers only to a certain
precision. This is because all the required information has to be represented with the
help of a finite number of bits only.

There are many advantages in using digital controllers. Digital controllers are
robust and flexible. It is possible to implement any complicated algorithm using digital
devices. Because of the low prices of digital components, it is possible to achieve a
sophisticated amount of automation without too much expenditure. In summary,
digital controllers provide sophisticated yet rugged performance at affordable prices.
Design of digital controllers is easier than that of analog controllers. The reason is
that the analysis of difference equations is easier than that of differential equations.

If the plant is naturally described by a discrete time model, design of the digital
controller is straightforward. In case the plant is described by a continuous time
model, however, two different methods could be used: the first approach is to design a
continuous time controller for the continuous time plant and discretize it. The second
approach is to discretize the continuous time plant and to design a controller for it.
We will use the second approach in this book.

In order to design digital controllers for continuous time systems, it is necessary
to convert the continuous time models, given in Eq. 2.1, into discrete time models,
given in Eq. 2.2. In addition, we should convert the signals so that the discrete and
the continuous time systems that participate in the control structure can understand
each other. We address these issues in this chapter.

We will next look at the variables that help the blocks communicate with each
other. The output variable y is also known as the controlled variable. The reference
variable for y is given by r, which is also known as the setpoint for y. The error,
namely the difference r — y, is used by the controller to decide the control effort w,
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Figure 2.1: Magnetically suspended steel ball. The current through the coil creates a
magnetic force, which counter balances the force due to gravity.

which is also known as the manipulated variable or the plant input. Finally, v denotes
the disturbance variable.

The connections indicated in the diagram are not straightforward. The reason is
that the controller G, is a digital device that can understand only digital signals,
represented through a string of binary numbers. The plant, on the other hand, could
be a continuous time system described by a system of differential equations. How
does one make these two, different, types of systems understand each other? We will
answer this question in Sec. 2.5.

The next question is how does a digital device communicate the control action to
be implemented to the plant? The answer is not obvious because the digital devices
can work with numbers defined at discrete points in time only, whereas the plant could
be a continuous time system described by variables that are defined at every instant
of time. We will address this issue in Sec. 2.4. Once these questions are answered, we
will be able to develop a unified view of all the devices present in the control structure
of Fig. 1.1. In the next section, we present models of a few popular continuous time
systems.

2.2 Models of Continuous Time Systems'

In this section, we will present the models of a magnetically suspended ball, a DC
motor, an inverted pendulum, a flow system and a chemical reactor, and show how
they can be represented using state space equations of the form given by Eq. 2.1.

2.2.1 Magnetically Suspended Ball

In this section, we will present the model of a magnetically suspended ball system,
a schematic of which is shown in Fig. 2.1. The current passing through the wire
wound around the armature creates a magnetic force, which attracts the steel ball
and counter balances the force due to gravity [12].

The magnetic force is proportional to the square of the current and inversely
proportional to the distance between the ball and the armature. The force balance

1If the reader does not have to deal with continuous time systems, they can skip this section.
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can be written as

d*h Ki?
M—=Mg— — 2.3
o 9= (2.3)
where K is the proportionality constant. The voltage balance in the circuit can be
written as

di
V=L—+Ri 2.4
i (2.4)
Suppose that the current ¢ is such that the ball is stationary at a chosen distance hg.
We would like to derive a linear model that relates a deviation in h to a deviation
in . Let the force balance corresponding to the stationary point be modelled as

d*h Ki?

Subtracting Eq. 2.5 from Eq. 2.3, we obtain

d?*Ah 2 g2
- K |— -2 2.6
dt? { h hs] (26)
Linearizing the right-hand side about the stationary point, we obtain
i q2 i i2
— =42 Ai— — Ah
h  hg h (is,he) h? (is,he)
Substituting in Eq. 2.6, we obtain
d>Ah i2 i i2 i2
M——=-K|-2+22Ai — 2Ah— =2
dt2 [hg T TR h}
Simplifying, we obtain
d*Ah K 2 K i
= S Ah—-2—A; 2.7
a2~ MR2 Mh, = (2.7)

We will next derive the voltage balance in deviational form. Using the variables
corresponding to the force balance, we obtain
di .
V, = Ld—: + Ris (2.8)

Subtracting this from Eq. 2.4, we obtain

AV = de—AtZ + RAi (2.9)
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We define the state variables as follows:

X1 é Ah
A (2.10)
Ir3 = Ai
= AV

From the definition of z; and x5, we obtain

dl‘l

=

a7
Eq. 2.7 becomes

dzo K zf 9 K i

— = ——=x — x

dt — M2t “Mh?
Eq. 2.9 becomes

dl‘3 R +

— =——x3+ —u

dt L7’ L
Combining these equations, we arrive at

PR O.2 1 0 | ) 0
7 xo| = %h—g 0 —2%;—2 To| + (1) U (2.11)
I3 0 0 _% I3 i

The following are typical values of the parameters:

M  Mass of ball 0.05 kg

L Inductance 0.01 H

R Resistance 1Q

K Coefficient 0.0001

g  Acceleration due to gravity 9.81 m/s?
hs Distance 0.01 m

The current corresponding to the stationary point is obtained from Eq. 2.5 as

o Mghs 0.05x9.81 x0.01

s TR 0.0001
iy =7.004 A

With these values, we arrive at the state space equation, given by Eq. 2.1a, with

o 0 1 0 0
= |z, F=1]981 0 —2801|, G=|0 (2.12)
T3 0 0 —100 100
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Let us now see by how much we should change the voltage if we want to move the
ball by 1%. As this displacement is small, we expect the linear model to hold. Let
the variables corresponding to the new position be indicated by a prime. The new
distance is,

h' = 0.0101
From Eq. 2.5, we obtain

oo _ Mgl 0.05x 981 x 0.0101
T K 0.0001
i, =7.039
Ai =i, —iy=0035A
AV = RAi = 0.035V

(2.13)

In other words, we have to increase the voltage by 0.035 V to maintain the ball at
the new stationary point, given by hs = 0.0101 m.

We have converted a second order ordinary differential equation (ODE) into a set
of two first order ODEs. This procedure can be used to convert higher order ODEs
as well into systems of first order.

2.2.2 DC Motor

A DC motor is a popular rotary actuator in control systems. On application of an
electrical voltage, the rotor rotates, as per the following Newton’s law of motion:

- . K

—0=—-0+—V 2.14
where 6 and J are the angular position and the moment of inertia of the shaft,
respectively. V', b and K are the voltage, damping factor and a constant, respectively.
The initial angular position and the angular velocity may be taken to be zero. Suppose
that in an implementation, we have

K

— =1 2.15

& (215)
If we define

e (2.16)

T =

it implies that § = &1, and the above system gets reduced to the state space equation
given by Eq. 2.1a, with

z = Bj , F= [_bl/J 8] , G= [bé‘q (2.17)

Because the initial angular position and the angular velocity are given as zero, we
obtain z1(0) = 0 and x2(0) = 0.

The same model can be used to describe a satellite tracking antenna system [17],
as well as ships, if J/b is interpreted as the time constant [2].
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Figure 2.2: Inverted pendulum

2.2.3 Inverted Pendulum Positioning System

The next example is concerned with the positioning of a pendulum in an inverted
position in a carriage. The pivot of the pendulum is mounted on a carriage, see
Fig. 2.2. Although the natural position of the pendulum is to point downwards from
the pivot, we are interested in positioning the pendulum upwards. This is proposed
to be achieved by moving the carriage in a horizontal direction. The carriage is driven
by a small motor that at time ¢ exerts a force u(t) on the carriage. This force is the
input variable to the system.

We define s(t), ¢(t), m, L, J and M, respectively, as displacement of pivot at
time ¢, angular rotation of pivot at time ¢, mass of pendulum, distance of pivot from
the centre of gravity (CG) of the pendulum, moment of inertia about CG and mass
of carriage. Let H(t) and V(t) denote the horizontal and vertical reaction forces at t.

The horizontal and vertical force balances and the angular momentum balance on
the pendulum are given, respectively, by

2

mﬁ[s(t) + Lsing(t)] = H(t)
m%[L cosp(t)] =V (t) —myg
Jdijigﬂ — LV(#)sin é(t) — LH(#) cos (1)

The force balance on the carriage, with the assumption of zero frictional force, is given
by

Linearizing the equations about the equilibrium point defined by p = ¢ = b=35=0,
and letting z1, x2, x3 and x4 denote As, A¢, As and A¢, respectively, we obtain

T 0O 0 1 0| |z 0

d|z| [0 0 0 1| |2 0

T las| =0 =y 0 of [as] T 6 |AF (2.18)
T4 0 a 0 Of |z4 -0
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where

mgL(M + m) 3 mL m?2L%g 5 J+mlL?
= — = — = =
T ’ r> T T > T

[ = (J+mL?)(M +m) — m*L?

The control effort in the above equation is in terms of horizontal force, which is not
measured. We will now show how it can be represented in terms of the measurable
variable, voltage. The expression for applied voltage F is given as

E = IRy + KK ywy = Ly R + KK~
.

where E, I,,, Ky, K4, wy and r are voltage applied to motor in volts, current in motor
in amperes, back EMF constant in V' s/rad, gear ratio in motor gear box, motor output
angular velocity in rad/s and radius of motor pinion that meshes with the track in m.

The torque generated by the motor is given by T' = K,,, K 4I,,, which is transmitted
as a force to the carriage through the pinion by p = T'/r. Substituting the expression
for T" and then for I,, from the voltage equation, we obtain

2 2
_ KngE i KquS
Ryr R, 12

1

As § = As, we can write this as = a1 F — asAs. With u = Ap, Eq. 2.18 becomes

X 0 0 1 0 X1 0
dlza| {0 0 0 1] |z 0
dt |zs| — |0 —v —asd 0] |z3 T 010 B
x4 0 a af 0f |2 —a1 8

With the following values,

K,, =0.00767 Vs/rad

K, =37
R, =2.6Q
r = 0.00635 m
M = 0.522 kg
m = 0.231 kg
g=9.81 m/s>
L =0.305m
J=0

we arrive at

I 0 0 1 0 X1 0

d T2 | 0 0 0 1 Xro 0

dt |z3| — |0 —4.3412 —14.7164 0] |z3 * 3.2929 E (2.19)
T4 0 46.3974 48.2506 0] [z4 —10.7964

which is in the form of Eq. 2.1a. M 2.1 shows how to construct the state space equation
for this system.
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Figure 2.3: Liquid flow system

2.2.4 Liquid Flow Systems

We frequently come across flow systems in everyday life. We present a model of these
in this section. Let a liquid flow into a tank of uniform cross-sectional area A at a
flow rate of @;(t). Let the output flow rate be @Q,(¢). Let the height of the liquid in
the tank be h(t). Let us assume that the density is constant in the tank. A schematic
of this system is given in Fig. 2.3. The mass balance for this system is
dh(t

A _ .0 - @u) (220)
Suppose that the outflow rate is proportional to the square root of height in the tank,
that is, Q,(t) = k+/h(t). Then the linearized model of this system about the operating
point (Q;s, hs) can be derived as

dAR(t)  k 1.
= 2AV%SAhu)+J4AQJﬂ (2.21)

where

AR(t) 2 h(t) — hy

A (2.22)
AQi(t) = Qi(t) — Qis
with the initial condition at t = 0 given as
Ah(t) =0 (2.23)

This is in the standard state space equation form, given by Eq. 2.1a.

2.2.5 van de Vusse Reactor

In this section, we will present a chemical reaction system, studied by [3]. Consider
the following two reactions carried out at a constant temperature,

A Bpho
. (2.24)
24 % p
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that describe how the reactant A is converted into a desired product B and undesired
chemicals C' and D. In order to understand how the concentration of B varies with
time, we need to study the following mass balance equations:

dCsx F
ZA = (Cap — Ca) — k1Ca — ksC?

a v (2.25)
dCp F '
W == —VCB + kch - kQCB

Here, Cay denotes the concentration of A in the feed. C4 and Cp denote the
concentration of A and B in the reactor, respectively. All of these have the units of
gmol/l. F' denotes the flow rate and V' denotes the volume in the reactor. We define
deviation variables

x| | Ca — Cys
Y7 aa| T |CB - Cgs

m =

(2.26)

<| ™
<

d= CAf _CAfs

where z, m and d, respectively, refer to state, manipulated and disturbance variables.
Cafr — Cays is termed the disturbance variable, because variations in it cannot be
avoided. On the other hand, the deleterious consequences due to this variation can
be countered by adjusting m — hence the name, manipulated variable. Linearizing
about the operating point defined by Cas = 3 gmol/l, Cgs = 1.117 gmol/l and
F,/V =0.5714 min—!, we obtain the following state space model:

where
F=10s833 —2.2381]  Gi= {—1.117} , G2= [ 0 ] (2.28)

An objective of developing this model is to explore the possibility of regulating the
concentration of B, namely C'p, by manipulating the flow rate F', despite the variations
in Cay. If we define u = [m d]T, Eq. 2.27 gets reduced to the standard form given
by Eq. 2.1a with G = [G1  G2]. We will refer to this system as the van de Vusse
reactor.

In this section, we have seen several continuous time systems and methods to
discretize them. There are also naturally occurring discrete time systems, some of
which will be presented in the next section.

2.3 Naturally Occurring Discrete Time Systems

In this section, we consider plants that have naturally discrete time models. That is,
these systems may not even have a differential equation model. Computing systems
are ideal examples of this category. Indeed, a digital control text book devoted to
the control of only computing systems has recently appeared [22]. In this section, we
present the example of an IBM Lotus Domino server and an example from the supply
chain area.
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2.3.1 1IBM Lotus Domino Server

IBM Lotus Domino server is an email server. In this discussion, we will abbreviate it
as simply the server. Clients may be considered as the conduits through which the end
users access the server. Clients access the database of emails maintained by the server
through Remote Procedure Calls (RPCs). The number of RPCs, denoted as RIS, has
to be controlled. If the number of RIS becomes large, the server will be overloaded,
with a consequent degradation of performance. RIS should not be made small either.
If RIS is less than what can be handled, the server is not being used optimally.

Unfortunately, it is not possible to regulate RIS directly. Although RIS is closely
related to the number of users, the correspondence could be off at times, because
some users could just be idling. Regulation of RIS may be achieved by limiting the
maximum number of users (MaxUsers) who can simultaneously use the system.

Based on experience in operating the server, it is possible to come up with an
optimal RIS to achieve acceptable performance. If the actual RIS is smaller than the
reference value of RIS, MaxUsers may be increased and vice versa.

It is difficult to come up with an exact analytical model that relates MaxUsers
and the actual RIS in the server. This is because the server could have different types
of administrative loads, such as memory swapping and garbage collection at different
times. Moreover, it is difficult to predict how many users will idle at a given time.

A possible way to arrive at a model is through identification, which consists of the
following steps: experimentation, data collection and curve fitting, to be explained
in detail in Chapter 6. Hellerstein et al. [22] report an experiment in which the
parameter MaxUsers is varied about the operating level of MaxUsers = 165 and
the corresponding variation of RIS about the operating level of RIS = 135. Defining

(k) = RIS(k) — RIS

(2.29)
u(k) = MaxUsers(k) — MaxUsers

and carrying out an identification exercise, they arrive at the following relationship:

z(k+1) = 0.43z(k) + 0.47u(k) (2.30)

which is in the form of Eq. 2.2a. Discrete time models are a natural choice in the field
of computing systems.

2.3.2 Supply Chain Control

Another field in which discrete time modelling is on the upswing is the area of
supply chains. The main reasons for the increased activity in this field are increasing
competition and availability of data. We now present an example from this field.

If a manufacturer produces less than what is required, they may lose market share.
On the other hand, if they produce more than required, they will incur losses through
inventory costs, interest, etc.

We will now present an example from the general area of supply chain management
[68]. The idea is that if we have a good estimate of the inventory and the demand
for goods, we can decide how much to manufacture. The system inventory is made
up of the inventories at the manufacturer and the distributor, as well as the goods in
transit, corrected for estimated arrival times.
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The functions of the production ordering and inventory management system
include demand forecasting, customer order fulfilment, production ordering (deter-
mining the production release quantities), and the production process. The forecasted
demand FD of the products is based on first order exponential smoothing of the
customer sales rate SALES, with a smoothing constant p and a sampling interval §:

FD(n) = FD(n — 1) + p6(SALES(n — 1) — FD(n — 1)) (2.31)

The sampling interval d or the integration time step is said to correspond to the
frequency at which the information is updated within the system. The inventory level
(INV) accumulates the difference in the production rate (PRATE) and the sales rate:

INV(n) = INV(n — 1) + §(PRATE(n) — SALES(n)) (2.32)

The term production release refers to the quantity ordered for production. The work
in process (WIP) level accumulates the difference in the production release (PREL)
and production rate (PRATE):

WIP(n) = WIP(n — 1) + §(PREL(n) — PRATE(n)) (2.33)

The production release quantities (PREL) are determined using the ordering rule in
Eq. 2.33, based upon the forecasted demand, the difference between the desired level
of WIP and the current WIP level, and the difference between the desired level of
inventory and the current inventory level:

PREL(n) =FD(n — 1)+ a(L x FD(n — 1) — WIP(n — 1)) 534

+ B(FD(n — 1) = INV(n — 1)) (2:34)
where « is the fractional adjustment rate for WIP and it describes how much of the
discrepancy between the desired and current levels of WIP are to be added to the
production release order. Similarly, 3 is the fractional adjustment rate for inventory
and it describes how much of the discrepancy between the desired and current levels
of inventory are to be added to the production release order. These variables are to
be chosen so as to achieve a good performance. This topic is discussed in more detail
in Example 4.20 on page 88.

Based on the Little’s law, the desired WIP in the system is set to yield the
desired throughput (set equal to forecasted demand), given the lead time, L [58]. To
provide adequate coverage of inventory, the manufacturer seeks to maintain a desired
level of inventory set equal to the forecasted demand. In the following equation, the
production process is typically modelled as a fixed pipeline delay L:

PRATE(n) = PREL(n — L) (2.35)

An objective of this model is to determine production release as a function of sales.

In this section, we have presented two models that have been posed directly in
discrete time. For similar models in diverse fields, such as banking and the criminal
justice system, the reader is referred to [4].
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Figure 2.4: Analog to digital converter

2.4 Establishing Connections

In this section, we will discuss the issues in connecting up the feedback loop as given
in Fig. 1.1 on page 1. As mentioned earlier, the connections are not straightforward,
because the plant may be a continuous time system, while the controller is digital.?

Digital systems can understand only binary numbers. They can also produce only
binary numbers, at discrete time intervals, synchronized by a clock. The real life
systems, on the other hand, could be continuous with their properties specified by
variables that are defined at all times. In this section, we explain how these two types
of devices communicate with each other.

2.4.1 Continuous Time to Digital Systems — A/D Converter

We will first look at the transformation to be carried out on the signal from the plant,
before it can be communicated to the digital device: it has to be quantized for the
digital device to understand it.

For example, suppose that the variable y in Fig. 1.1 denotes a voltage in the range
of 0 to 1 volt. This could be the conditioned signal that comes from a thermocouple,
used in a room temperature control problem. Suppose also that we use a digital device
with four bits to process this information. Because there are four bits, it can represent
sixteen distinct numbers, 0000 to 1111, with each binary digit taking either zero or
one. The resolution we can achieve is 1/15 volt, because, sixteen levels enclose fifteen
intervals. The continuous variable y that lies in the range of 0 to 1 volt is known as
the analog variable.

Representation of an analog value using binary numbers is known as analog to
digital conversion. The circuit that is used for this purpose is known as an analog
to digital converter, abbreviated as A/D converter. It reads the analog variable at a
time instant, known as sampling, and calculates its binary equivalent, see Fig. 2.4.

This calculation cannot be done instantaneously; it requires a nonzero amount of
time. This is the minimum time that should elapse before the converter attempts to
quantize another number. Sampling is usually done at equal intervals, synchronized
by a clock. In all digital devices, the clock is used also to synchronize the operations
of different components. Because of this reason, the binary equivalents of an analog
signal are evaluated at discrete time instants, known as the sampling instants, only.
The binary signals produced by the A/D converter are known as the digital signals.
These signals are quantized in value, because only specific quantization levels can be
represented and discrete in time, and because these conversions take place only at
sampling instants. This is the reason why the device used for this purpose is known
as the A/D converter.

2If the reader does not have to deal with continuous time systems, they can now go straight to
Sec. 2.4.3.
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Figure 2.5: Sampling, quantization of analog signals
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The left diagram in Fig. 2.5 illustrates the fact that the A/D converter takes a
continuous function of real values, known as an analog signal, and produces a sequence
of quantized values. The data seen by the digital device for this example are given in
the right diagram of the same figure. In view of the above discussion, Fig. 2.4 can be
redrawn as in Fig. 2.6.

The error in quantization varies inversely with the number of bits used. The falling
hardware prices have ensured that even low cost devices have large numbers of bits
with small quantization errors. As a result, it is reasonable to assume that no major
difficulties arise because of quantization.

It should be pointed out that the time required for A/D conversion usually depends
on the value of the analog signal itself. Nevertheless, the A/D converters are designed
so as to sample the analog signal at equal intervals, with the requirement that the
interval is at least as large as the maximum conversion time required. Most A/D
converters sample analog signals at equal time intervals only. This is referred to as
uniform sampling. The digital processing devices that are connected to the output of
A /D converters also read the digital signals at the same instants.

As it takes a finite but nonzero amount of time for A/D conversion, it can be
assumed that the analog signal, sampled at a time instant, will be available for digital
processing devices in quantized form, at the next time instant only.

The next question to ask is whether there is any loss in information because of
sampling in the A/D converter. The answer is no, provided one is careful. Many
variables of practical interest vary slowly with time — in any case, slower than the
speeds at which the data acquisition systems work. As a result, the loss of information
due to sampling is minimal. Moreover, it is possible to get high performance A/D
converters with small sampling time at a low cost and, as a result, the sampling losses
can be assumed to be minimal. Indeed it is possible to use a single A/D converter to
digitize several analog signals simultaneously. That is, an A/D converter can sample
several analog signals, one at a time, without affecting the performance.
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We have talked about the procedure to follow to make the continuous time devices,
such as the plant in Fig. 1.1 on page 1, communicate with digital devices. We will
now present the issues in the reverse communication — now the digital devices want
to communicate to continuous time devices.

2.4.2 Digital to Continuous Time Systems — D/A Converter

The outputs from the digital devices are also digital signals and they are available
only at regular intervals. A typical signal is presented in the left hand diagram of
Fig. 2.7.

The real world that has to deal with the digital device may be analog in nature. For
example, suppose that the controller, through binary numbers, indicates the desired
position of a valve position. The valve, being a continuous time device, can only
understand analog values. This is where the digital to analog converter, abbreviated
as D/A converter, comes in. It converts the binary vector into a decimal number.

There is one more issue to be resolved. The valve cannot work with the numbers
arriving intermittently. It should know the value of the signal during the period that
separates two samples. The most popular way to do this is to hold the value constant
until the next sampling instant, which results in a staircase approximation, as shown in
the right diagram of Fig. 2.7. Because a constant value is a polynomial of zero degree,
this is known as the zero order hold (ZOH) scheme. Although more complicated types
of hold operations are possible, the ZOH is most widely used and it is usually sufficient.
The ZOH operation usually comes bundled as a part of the D/A converter. In the
rest of this book, we will use only ZOH.

We have talked about the procedure to convert the signals so that they are suitable
to the receiving systems. Now let us discuss some issues in connecting the plant to
the loop.

2.4.3 Input—Output View of Plant Models

We have shown that it is possible to express several continuous time systems in the
form of Eq. 2.1a on page 5, namely &(t) = Fz(t) + Gu(t). Here, z, known as the
state vector, denotes the variables that characterize the state of the system. The
variable u(t), which denotes the input to the system, can consist of disturbance
and manipulated or control variables. As most systems are nonlinear, linearization
is required to arrive at such state space models.

We will show in the next section that it is possible to discretize continuous
time systems to arrive at an equation of the form of Eq. 2.2a on page 6, namely
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xz(n + 1) = Az(n) + Bu(n). Such equations also arise in naturally occurring discrete
time systems, as we have seen in Sec. 2.3.

Although the states contain all the information about a system, it may not be
possible to measure all of them, unfortunately. We give below two reasons:

1. It may be very expensive to provide the necessary instruments. For example,
consider a distillation column with 50 trays. Suppose the temperature in each
tray is the state variable. It may be expensive to provide 50 thermocouples.
Moreover the column may not have the provision to insert 50 thermocouples.
Usually, however, a limited number of openings, say in the top and the bottom
tray, will be available for thermocouple insertions.

2. There may not be any sensors, to measure some of the states. Suppose for
instance the rate of change of viscosity is a state vector. There is no sensor that
can measure this state directly.

Because of these reasons, only a subset of the state vector is usually measured.
Sometimes a function of states also may be measured. The following example
illustrates this idea.

Example 2.1 Consider a system in which there are two immiscible liquids.
Suppose the height of the two liquids forms the state vector. Construct the output
equation for the following two cases:

1. Only the level of the second fluid is measured.

2. Only the sum of two levels is measured.

Let 1 and 2 denote the heights of liquids 1 and 2, respectively. We obtain

Tr =
Z2
Let y denote the measured variable. When the level of the second fluid is measured,
we obtain

y=[0 1] [ij ~ 2

Note that the above expression can be written as y = C'x + Du, where C' is given
by [0 1] and D = 0. When the sum of levels is measured, we obtain

y=[1 1] [xl} =21 + a2

This can once again be written as y = Cz 4+ Du, where C'is given by [1 1] and
D =0.
1

In view of the reasons explained above, complete state space models are given by
Eq. 2.1 on page 5 or Eq. 2.2 on page 6.

The control effort or the manipulated variable u(n) becomes the input to the plant,
with y(n) being the output from it. These two variables connect to the external world.
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2.5 Discretization of Continuous Time Systems

Recall that the objective of this chapter is to establish connections between
the building blocks of Fig. 1.1 and to study them in a uniform framework.
We demonstrated that A/D and D/A converters can be used to establish connections.
The models of the plant and the controller are quite different from each other, though.
The former is often made up of differential equations with continuous time variables.
The latter, on the other hand, can understand only the transitions between the
sampling intervals. If the controller has to take meaningful control decisions, it better
understand how the plant works. One way to do this is to transform the continuous
time plant model into a discrete time model that relates the parameters of the system
at the sampling intervals. Through this mechanism, we can bring the plant and the
controller models to a uniform framework. It is then possible to design the control
law. This section is devoted to the discretization of continuous time models.

2.5.1 Solution to the State Space Equation

In this section, we will discuss how to discretize a continuous time model of the form
Eq. 2.1a on page 5, reproduced here for convenience,

(t) = Fa(t) + Gu(t) (2.36)

One of the popular methods of discretization is to solve the system and choose
appropriate time values, as we will explain shortly. With this objective in mind,
we define the exponential of a square matrix. Through its derivative, we construct
an integrating factor, using which we obtain an explicit solution to the state space
equation.

The exponential of a square matrix F, namely ef, is defined as follows:

1
TR T4+ Ft+ SF 4 (2.37)
We will present an example to illustrate this idea.

Example 2.2 Determine the exponential of the matrix F' for the DC motor
system, defined in Sec. 2.2.2, with J/b = 1.

It is given that
-1 0
e[
We will first calculate powers of F':
> [-1 0][-1 0] [1 o0
=11 o1 o= |1 0
-1 0][1 0 -1 0
3 _ —
F R O}[—l 0}_{1 O]
Using the definition given in Eq. 2.37, we obtain the exponential of F't as

pe [1 O] [-1 0], L[1 0], L[-1 05,
o Tl o)t o) a0 o)t
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Carrying out a term by term summation, we obtain

Fe [1—t+t2/2—-83/30+--- 0] [ e* 0
CT t—e2es3— 1T 1t 1

There are many ways to calculate a matrix exponential. Matlab calculates it using
a numerically stable procedure. M 2.2 shows how this calculation is done for ¢t = 1.
We obtain

»_ [0.3679 0
0.6321 1

We also need the concept of derivative of the exponential of a matrix. Differen-
tiating both sides of Eq. 2.37, we obtain
d

— (ef") = % <I+Ft+

1 1
—F 4 3 4.
di LETR

2! 3

1 2 1 3942
=0+ F4 =F22t+ —F331> + ...

2! 3!

1
:F+F2t+§F3t2+---

1
:(I+Ft+§F2t2+---)F=eFtF

Note that we could have factored F on the left-hand side as well. Thus, we obtain

%(eﬂ) = Fel't = I (2.38)

Now consider solving the state space equation of Eq. 2.36. First we rewrite it as
follows:

x(t) — Fa(t) = Gu(t)
Premultiply both sides by e~ to obtain
e Fli(t) — e M Fa(t) = e T Gu(t)
Using Eq. 2.38, the left-hand side can be simplified as

d

E(G_Ft,f(t)) = e FGuf(t)

Integrating both sides with respect to time from ¢ty to ¢, we obtain
t
e Fla(t) — e Flog(ty) = / e FTGu(T)dr
to

t
e Fla(t) = e Flox(to) —|—/ e FTGu(T)dr

to
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Premultiplying both sides by e, we obtain

t
x(t) = eF(t_tO)x(to) +/ EF(t_T)GU(T)dT (2.39)

to

This is the solution to the state space equation, given in Eq. 2.36.

2.5.2 Zero Order Hold Equivalent of the State Space Equation

We will now make an assumption that all inputs to analog devices that describe
continuous processes are outputs of a ZOH device. This assumption allows us to
develop a systematic theory of systems consisting of both analog and digital devices.
If the sampling rate is sufficiently high, this assumption poses no major problems
even when the staircase approximation is used for smoothly varying analog signals.

The easiest way to study both analog and digital devices in a single framework is
to observe their behaviour at sampling instants only. Let us denote by ¢,, and t,,41
two successive sampling instants. Let us substitute ¢,, and t,,+1, respectively, for ¢y
and t in Eq. 2.39. We obtain

tni1
E(tpyr) = e 1=t p(t,) +/ eF =" Gu(r)dr (2.40)
t

n

We will next make the ZOH assumption, that is, assume that u is held constant in a
sampling interval, as in Fig. 2.7:

u(t) =ultn), tn <7 <tns (2.41)
We will also assume that we use uniform sampling intervals, T, defined by
Ty S tyys —ta, Vn (2.42)

We obtain
T
z(tni) = e Toa(ty) + [/ =" Gdr | u(ty).
tn

We define
AL CFT: (2.43)

tnt1
B2 / eF =" Gdr (2.44)

ln

Note that A and B are constants as are I’ and T,. We obtain
2(tnt1) = Az(ty) + Bu(ty)

We now assume that we begin the sampling operations at to = 0. Making use of the
uniform sampling assumption of Eq. 2.42, we obtain

z((n+ 1)Ts) = Ax(nTs) + Bu(nTs)



24

2. Modelling of Sampled Data Systems

Because the sampling period is constant, we don’t have to explicitly state the presence
of T. It is sufficient to use only the sampling number, namely n and n+ 1. We obtain

xz(n+ 1) = Az(n) + Bu(n) (2.45)

This is known as the ZOH equivalent of the continuous time state space model, given
by Eq. 2.36. We observe the following;:

1.

There is no approximation in discretization, so long as u(t) is kept constant
during one interval. Thus both discrete and continuous time models predict
identical behaviour at the sampling instants.

. Consider the case of F' being a scalar. As it is defined as the exponential of

a real number, A cannot be negative. Thus the ZOH equivalent of continuous
models will give rise to positive A.

There could be systems with A(n) negative,® for example, when we use
plant data for identification, the topic of discussion in Chapter 6. Because of
the previous observation, such systems cannot be represented by the usual
continuous time state space models. As a result, the discrete time model
equations given above can accommodate a larger class of systems.

The discrete time model derived above cannot explain what happens between
sampling instants. If the sampling interval is sufficiently small and if there are no
hidden oscillations,* it is possible to make a reasonable guess of what happens
between the samples.

By a change of variable, the expression for B(n) can be written as

B(n) 2 l/OTS eftdt

see Problem 2.4. As a result, B(n) also is a constant matrix.

G (2.46)

We now illustrate this idea with an example.

Example 2.3 Calculate the ZOH equivalent of the DC motor, presented in
Sec. 2.2.2, for J/b = 1, with the sampling time 75 = 1 s.

From Eq. 2.17, the continuous time matrices are given by

r=[i ] o=l

The exponential of this matrix has been calculated in Example 2.2 as

—t
Ft _ e 0
‘ _|:1—6_t 1]

3An example of this is presented in Sec. 9.8.
4 A procedure to avoid intra sample oscillations is presented in Example 9.10 on page 343.
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A and B matrices are calculated next. Using Eq. 2.43 and Eq. 2.46, with T; =1,
we obtain

-1
e[ e 0] _ [0.3679 0
A=erm= [1 —e! 1} - [0.6321 1

1
B:/eFTdTG

0
Y A a1 S oY I I 0]' 1
o lt-em 1T o] T [r+e T 7], 00
[ e ]t [ —et417  [0.6321
Tlrvem|, T [tret—1) T 03679

M 2.3 shows how to carry out the above calculation in Matlab.

Now we will present another approach to find the ZOH equivalent of continuous
time systems. In this, we will first diagonalize the system matrix F'.

Example 2.4 Using the diagonalization procedure of Appendix A.1.2, deter-

mine the ZOH equivalent model of the antenna control system described in
Sec. 2.2.2, with J/b =10 and T, = 0.2 s.

The system has a state space model

T =Fz+ Gu
y=Cz

with

F:{—(l).l 8] G:{o(.)l}’ c—o 1]

and z1(0) = 0, z2(0) = 0. It is easy to verify that the eigenvalues of F' are given
by A =0 and —0.1. The corresponding eigenvectors are given by

0 1
] ore [
Thus the matrix F can be diagonalized as F = SAS™!, where

0 1 0 0
S:L —10}’ A:{o —0.1]

Finally we obtain the discrete time state space matrices as

A=l = 9ehe 57!
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where
1 0
Mo = 0 6—0.1T5:|
and hence
A 0 1 1 0 10 1} e 017 0
Tl -10] [0 e T |1 0] |10 (1 —e M) 1

Using the procedure described in Example 2.3, we obtain

1 _ 01T,
B = |:Ts n 10(6—0.1TS—1):|

When we use a sampling interval of 0.2 s, i.e., Tx = 0.2 s, we obtain

4 [09802 0] o [0.01980
~ 1019801 1]° 7 T |0.001987

2.5.3 Approximate Method of Discretization

The method presented in the previous section is not the only one available to discretize
continuous time models. In this section, we present a simple method of discretization.
More methods will be discussed in Sec. 8.2.
If we replace the derivative of x with a rectangular approximation, Eq. 2.36
becomes

z(n+1)—x(n)

T = Fz(n) + Gu(n)

from which it follows that

z(n+1)= I+ FTs)x(n) + TsGu(n)

(2.47)

We will achieve the same result if we substitute the definition of /> given in Eq. 2.37
and expand Eq. 2.43 and Eq. 2.46:

A =1+ FT,+ higher degree terms in T}
Ts

B:/ eFTdrG = F1ef™
0

= F e - )G
= F7[I + FT, + higher degree terms in Ty — I|G
= TG + higher degree terms in T

Ts

0 G

If T is small, the higher degree terms in T may be dropped in the above expressions
for A and B, which, when substituted in Eq. 2.45, become identical to Eq. 2.47.
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u(t — D) —

tn tn+1

Figure 2.8: Original and time shifted versions of a signal

2.5.4 Discretization of Systems with Delay

Often, changes in the input v do not affect the state immediately. Suppose that the
control effort u is the flow rate of some liquid. If a long pipe were to separate the
control valve and the place where the liquid enters the plant, it would take some time
for any change in the flow rate to be felt by the plant.

Oil and process industries have plants of extremely large orders. These are often
sluggish systems. It is conventional to approximate these systems with low order
models and a dead time [33], also known as time delay. If a system has a large time
delay or dead time, it will take a long time to respond to any stimulus.

Suppose that any change in w is felt at the plant only after D time units, as
expressed by the following state space equation:

i(t) = Fa(t) + Gu(t— D), 0<D<T, (2.48)

This can be graphically illustrated as in Fig. 2.8 where u(t) and u(t — D) are drawn.
The solution to this equation is identical to Eq. 2.40, but for the delay D in u. We
obtain

tnta
&(tpyr) = e ntr=t) (g, —|—/ : eFtnt1=T) Qu (7 — D)dr (2.49)
tn
From Fig. 2.8, we see that the effect of the delay is to shift the constant values of u
by D units to the right. If there had been no delay, we would have used u(t,) during
the interval (¢, t,+1), see Eq. 2.41. Because of the delay, u(t,,—1) will be used during
the period (t,,t, + D) and u(t,) during the rest of the interval. As a result, the last
term in the above equation can be written in two parts:

tn+1 tn+D
/ eF(t"“_T)Gu(T — D)dr = / eF(t"“_T)GdTu(tn_ﬂ
t t

n n

tnit
+ / F =) Gdru(ty,)
tn+D

é Blu(tn_l) + Bo’u(tn)
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where the symbol 2 has to be read as defined as. The above expressions for B; and
By can be simplified to arrive at the following relations, see Problem 2.5:

D
B, = eF(TS_D)/ eftGat (2.50a)
0

Ts—D
By = / et Gt (2.50b)
0

Substituting the above expressions in Eq. 2.49 and making use of Eq. 2.42 and
Eq. 2.43, we obtain

z(n+1) = Az(n) + Biu(n — 1) + Bou(n) (2.51)

which can be written using an augmented state vector:

z(n+1 A B z(n By
{ (u(n) )} = [o 0} [u(n(—)l)] + [1 } u(n) (2:52)
where, as before, A is given by Eq. 2.43 and [ is an identity matrix of the same size
as u. If we define the vector (z(n),u(n — 1)) as an augmented state at the sampling
instant n, Eq. 2.52 is reduced to the standard state space model of the form Eq. 2.45.
Recall that the concept of state has been introduced to remember the effects of
the past. The presence of time delay requires us to remember the previous control

effort as well. What better place to store this information than the state? We present
an example below.
Example 2.5 Discretize the state space equation
. 1 1
&(t) = ——x(t) + —u(t — D) (2.53)
T T

where 7 and D are constants and the delay is less than one sampling period, i.e.,
D <Ts.
Using Eq. 2.50a,
b 1
By = e_(TS_D)/T/ e T =dt = e~ (Ts=D)/7 [1 — e_D/T} (2.54a)
0 T

Using Eq. 2.50b,

T,—D 1
Bo= / e dt = [1 =T (2.54b)
0 T
From Eq. 2.52, we arrive at the discrete time equivalent of Eq. 2.53 as
{ u(n) } N { 0 0 ] { u(n — 1) + 0 [un) (2.54¢)
where
D= (2.54d)
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What do we do when the delay is greater than the sampling time, i.e., D > T,7
A procedure to deal with this situation is given in Problem 2.5.

We have so far discussed how to discretize the state equation only. What about
discretization of the output equation, discussed in detail in Sec. 2.4.3? At the sampling
instant, the relation for y is unchanged, provided we synchronize the sampling of y(t)
with that of z(t) and w(t). Thus, it is possible to arrive at the discrete time state
space model, given by Eq. 2.2 on page 6. The discrete time state equation also arises
naturally, see Sec. 2.3. In these systems also, it is difficult to measure all the states;
the reasons are same as that for continuous time systems. Thus, once again, we arrive
at Eq. 2.2.

2.6 Approaches to Controller Design and Testing

In this chapter, we have discussed in detail how to connect the blocks given in Fig. 1.1.
If the plant G denotes a discrete time model, the blocks can be directly connected.
If, on the other hand, the plant is described through a continuous time model, we
discretize it, as explained in Sec. 2.5, and use it. In this case, the signals also have to
be converted, as explained above.

There are two broad categories of control design techniques. The first one is based
on a transfer function approach. In this approach, one gets an algebraic relation
between the input u and the output y with the help of the Z-transform, known
as the transfer function, to be explained in Sec. 4.3. The control design technique
based on transfer functions is known as the transfer function approach. The transfer
function methods are easy to explain and implement. We present several control design
techniques that use this approach.

The second category of control design methods uses the state space models directly.
This method is useful, especially when one has to deal with several input variables u.
In Chapter 14, we present a few state space model based control techniques as well.

Validation of the controller is an important issue, especially in hybrid systems that
consist of a continuous time plant and a digital controller. What is the guarantee that
we did not lose information while discretizing the plant? What is the guarantee that
the plant behaves properly in between the sampling instants? The minimum rate at
which we have to sample a system is given by Shannon’s sampling theorem, to be
derived in Sec. 5.3.2. In reality, we have to sample the continuous time much faster.
Unfortunately, however, there are only heuristic guidelines for this, some of which are
presented in Sec. 8.1.

If one takes some precautions while designing the controller, one does not have to
worry about how the system will behave in between the sampling instants. This topic
is discussed in Chapter 9. The performance of the final digital controller is tested on
the continuous time system through simulations, with tools such as Simulink. The
only difference between evaluating the performance of the digital controller on plant
that is described by a continuous time or a discrete time model is in the usage of the
zero order hold element. It is present in the former only. There is no need to explicitly
state the presence of an A/D converter in these simulations.

A large number of pre-defined Simulink programs are given in Appendix A.2 on
page 524, the usage of which will be studied in great detail in Parts IIT and IV.
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2.7 Matlab Code

Matlab Code 2.1 Model of inverted pendulum, presented in Sec. 2.2.3. This code
is available at HOME/ss/matlab/pend model .m®

Km= 0.00767; Kg = 3.7; Rm= 2.6; r

.00635;
M= 0.522; m= 0.231; g = 9.81; L 5

=0
0.305; J = 0;

D1 = (J+mL"2)x (Mym)—m" 2xL " 2;
alpha = mxg*Lx(Mtm) /D1;

beta = m«L/D1;

gamma = m” 2xgxL"2/D1;

delta = (J4m+L"2)/D1;

alphal = KmxKg/Rm/r ;

alpha2 = Km"2«Kg"2/Rm/r " 2;

A = zeros(4); A(1,3) = 1; A(2,4) = 1;

A(3,2) = —gamma; A(3,3) = —alpha2xdelta;

A(4,2) = alpha; A(4,3) = alpha2xbeta;

B = zeros(4,1); B(3) = alphalxdelta; B(4) = —alphal «beta;

Matlab Code 2.2 Exponential of the matrix presented in Example 2.2 on page 21.
Available at HOME/chap2/matlab/mat _exp.m

F=[-10;1 0];

expm(F)

Matlab Code 2.3 ZOH equivalent state space system, as discussed in Example 2.2
on page 21. Available at HOME/chap2/matlab/Z0H1 .m

F=1[-10;1 0]; G= [1; 0];
C=1[0 1]; D= 0; Ts=1;
sys = ss(F,G,C,D);

sysd = c2d(sys,Ts, ’zoh’)

SHOME stands for http://www.moudgalya.org/dc/ — first see the software installation directions,
given in Appendix A.2.
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Qi(?)

Figure 2.9: Water flow in a tank

2.8 Problems

2.1.

2.2.

2.3.

It is desired to model the flow of water into and out of a tank of uniform cross-
section, see Fig. 2.9. The inflow rate @Q;(t) need not be steady. The opening of
the outflow valve can be adjusted so as to reduce the variations in the outflow.
The outflow rate Q(t) is a multiple of the height of water in the tank and a
variable z(t) that is a function of valve opening, i.e.,

Q(t) = x(t)h(t) (2.55)

Derive a linearized model of this system in deviation variables.

Repeat Problem 2.1 with the difference that the outflow now is proportional to
square root of the height of water in the tank:

Q(t) = x(t)/h(t) (2.56)

The motion of a unit mass in an inverse square law force field is governed by a
pair of second order equations

Pr(t) ot)\°> K

a0 (7) ~ o Tl
20(t) 2 do(t) dr(t) 1 .
w2 - at ar T rpe®

where 7(t) and 6(t) are defined in Fig. 2.10. The radial thrust of the unit mass
(say a satellite) is denoted by wup(t) and that in the tangential direction is
denoted by us(t). If ui(t) = uz(t) = 0, the equations admit the solution

r(t) = o constant

0(t) = wt, with w constant
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2.5.

2.6.
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4

Uy

U2
Figure 2.10: Satellite in a circular orbit

3w? = K. This means that circular orbits are possible. Define z; =

r—o,x0 =% 23=0(0—wt), 14 = 0(% — w) and write down the linearized
differential equations which describe the resulting motion for small deviations

from a circular orbit. Show that the F' and G matrices are given by

where o

0 1 0 0 0 0
3w2 0 0 2w 10
F=1" o o0 1] “=lo o
0 —2w 0 0 0 1

Derive Eq. 2.46 on page 24. Also, show that B can be written as B = A; TG,
with A; given by A =1 + FTsA,, where A is given by Eq. 2.43.

This problem is concerned with discretization of time delay systems, addressed
in Sec. 2.5.4.

(a) Derive the expressions for By and B, derived in Eq. 2.50.

(b) Derive the ZOH equivalent discrete time state space model for d = 2.

(c) Is there any relation between the matrices By and By that we derived for
d =1 and those for d = 27

(d) Can you repeat the above two questions for a general integer d > 07
The following equations model a thermal system where the states denote

temperature and the control effort u(t) can stand for either steam or electric
current:

gt ch(t) =11 |wa] T {1]
Find a ZOH equivalent discrete system. Let the sample time be T§ in consistent

units. Use the diagonalization procedure described in Sec. A.1.2 and check the
results with that obtained through the direct method.
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Chapter 3

Linear System

The approach followed in this book is to design linear controllers using linear
models. We also have to ensure that the controllers are realizable, or equivalently,
implementable. We need the concept of causality for this purpose. In this chapter, we
present the concepts of linearity, causality, as well as time invariance and stability.

We will be concerned with discrete time signals that are defined at discrete time
instants, from —oo to co. An example of such a sequence is given by

{u()} 2 L. u(=2), u(=1),u(0),u(1), u(2),...} (3.1)
where (i) on the right-hand side of the equation denotes the scalar value of u taken
at time instant i. For example, u(—1), u(0) refer to the values of u taken at time
instants of —1 and 0. In general, we will denote such a sequence u as {u(n)} with
double braces. We will denote the value of the sequence u taken at time instant n as
u(n). When there is no confusion, we will drop the braces, even when talking about
sequences.

We work with finite energy signals in this book. The energy of a discrete time
signal {u(n)} is defined as

o0
Bo= 3 Ju(n)? (3.2)
n=-—oo

where, u can be complex. In case of real signals, the energy is the sum of the squares of
u at al time instants. We would also be interested in signals with finite power. Recall
that power is defined as energy per unit time. Periodic sequences are an example of
signals with finite power.

In this chapter, we will show the importance of convolution operation in the
modelling of linear time invariant systems: for any arbitrary input, the plant output
can be obtained by a convolution of the input and the impulse response.

3.1 Basic Concepts

In this section, we introduce the concepts of linearity, time (or shift) invariance and
causality. One that has all these properties is known as a linear time invariant (LTT)
causal system. In this book, we will deal mostly with LTI causal systems. We begin
the discussion with the property of linearity.

Digital Control ~ Kannan M. Moudgalya
© 2007 John Wiley & Sons, Ltd. ISBN: 978-0-470-03143-8
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3.1.1 Linearity

Linear systems are easier to understand compared to nonlinear systems. Often,
controllers designed with the assumption of the underlying process being linear are
sufficient. In view of this observation, the concept of linearity, to be discussed in this
section, becomes extremely important.

Let us first recall the definition of linearity of functions. A function f(z) is said to
be linear if

flaxy + Bra) = af(v1) + Bf(w2) (3.3)

where o and § are arbitrary scalars. For example, fi(x) = 2z is linear, but fa(x) =
sin x is nonlinear. We now ask the question, is

falz) =22 +3 (3.4)

linear? Let us see whether Eq. 3.3 is satisfied with @« = 3 = 1. The left-hand side
becomes

f3(x1 +w2) = 2(z1 +22) +3
while the right-hand side is
fa(z1) + fa(x2) = (221 +3) + (222 + 3) = 2(x1 +x2) + 6

We see that the two sides are unequal. Because Eq. 3.3 has to be satisfied for all a and
0 in order that the function be linear, we see that fs is not linear. Thus, addressing
functions of the form of Eq. 3.4 as linear should at best be considered as colloquial.
The presence of the nonzero constant in Eq. 3.4 is the reason why f3 is nonlinear.
Thus, we arrive at the following necessary condition for linearity:

f(0)=0 (3.5)

Now we will present the concept of a linear system. Consider a system at the state
x(no) at time instant ng. Suppose that we apply an input sequence of the form Eq. 3.1,
starting at time ng, i.e.,

{u(n)} = {u(n0)7u(n0+ 1),u(n0—|—2),}, n Z no

Suppose that the future states and the output of the system are defined as functions
of the input and the initial state:

z(n) = fa(z(no), {u(n)})
y(n) = gn(z(no), {u(n)})

This can be represented as in Fig. 3.1, where the inputs, shown on the left-hand side
of the block diagram, are

1. {u(n)} — input sequence

2. z(ng) — initial state

and the outputs, shown on the right-hand side of the block diagram, are
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{u(n)} —= = {z(n)}

z(ng) —* — {y(n)}

Figure 3.1: Diagrammatic representation of a system

1. z(n), n > ng, the future states
2. y(n), n > ng, the future outputs

If f, and g, are linear functions of x(ng) and {u(n)}, n > ng, the system is said to be
linear. In other words, a linear combination of (z(ng),{u(n)}) should give the same
combination of (z(n),y(n)) for all future n. In other words, suppose that under the
action of f,, we obtain the following two mappings:

z1(n0) I fain a
[t 1) (360

)] g al
s {aa(m)} (3.6)

If the system is linear, a linear combination of the left-hand sides should give the
same combination of the right-hand sides:

o || 45| 2o ] £ o) + saam) (3.6¢)

where, as before, a and (8 are arbitrary scalars. The output function g,, should also
satisfy this property. That is, under the condition

z1(no) on, ,
[{ul(n)}] {y1(n)} (3.7a)
z2(no) | gn, .
[{uz(n)}] {y2(n)} (3.7b)

the following also should hold true:

o {{ﬁ(&(})}} +8 [sz(&})}] 2 afyr(n)} + Blya(n)} (3.7¢)

This concept can be illustrated as in Fig. 3.2. We refer to this property as the
superposition principle when o = 3 = 1. We will present an example below.

Example 3.1 The system given by the following equations is linear:

z(n+1)
y(n)

A(n)x(n) + B(n)u(n) (3.8)
C(n)z(n) + D(n)u(n) (3.9)
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fur(m)} —= - (1)} fua(n)} —= L)}
1(no) —* — {n(n)} 2(no) —*] = {n2(n)}
afui(n)} + B{ua(n)} —* — a{zi(n)} + B{z2(n)}

axy(ng)+LBxa(ng) —* — a{yi(n)} + B{ya(n)}

Figure 3.2: Linearity of a system defined

We will first show that Eq. 3.8 is linear. Let us suppose that the future states for

(21(no), {u1(n)}) and (z2(ng), {ua(n)}) are {x1(n)} and {z2(n)}, respectively.
In particular, at the time instant ng + 1, we obtain the following relations:

€ (no + 1) = A(no)xl (no) + B(?’Lo)ul (TLQ)
,TQ(TLO + 1) = A(no)wg(no) + B(?’Lo)’U,Q(’rLQ)

Now, suppose that we use a linear combination of (z;(no), {u:(n)}), ¢ = 1,2, as
the starting point. At ng + 1, we obtain the following relation:

z(no + 1) = A(no)(ax1(no) + Bra(no)) + B(no)(aui(no) + Bua(no))

Note that we have used the same linear combination for both the input sequence
and the initial state. This can be written as

x(ng + 1) = a(A(no)z1(no) + B(no)ui(ng))
+ B(A(no)z2(no) + B(no)uz(no))

This is nothing but ax(ng + 1) + Bx2(ne + 1). That is, a linear combination of
(xi(no), {ui(n)}), ¢ = 1,2, has given rise to the next state also being of the same
combination. Thus, the linearity of f,, is verified for n = ng+ 1. By induction, this
can be shown to be true Vn > ng. Therefore f,, is linear. In a similar way, g,, can
also be shown to be linear. Thus, it is a linear system. I

The next example is obvious.

Example 3.2 |If the outflow from a tank y is proportional to the square root of
the height of the liquid z in the tank, i.e,,

y=kvz

the system is not linear.
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{u(n)} —= e {z1(n)} 0— = {z2(n)}
0—* = {yu(n)} z(no) —* — {a(n)}
Y- Due to only input yz: Due to only initial state
fu(n)} —= = {z1(n)} + {z2(n)}
z(no) —* = {vu(m)} + {g=(n)}

Figure 3.3: Output (y) is the sum of output due to input (y,) and output due to
initial state (y.)

The superposition principle allows us to study the system with zero and nonzero
values of the initial state. In particular, we have the following important property:
In a linear system, the output y(n) is the sum of output with zero input and output
with zero initial state. Suppose that under the action of the function gy, (z(ng), {0})
is mapped to {y.(n)}.! Also, (0, {u(n)}) gets mapped to {y,(n)}. Pictorially, this can
be seen as follows:

o) 2 ()

utoy] = o)

Using the property of linearity given by Eq. 3.7c, with o = § = 1, we obtain

[%ﬂ = [36{(3?)] + [{ufn)}] 2 o (n) + yuln)

This superposition property can be summarized by the following equation:

y(n) = Yz (n) + yu(n) (3.10)

This idea is illustrated in Fig. 3.3.

3.1.2 Time Invariance

Suppose that an input {u} = {a,3,...} is applied to a system at some initial state
xo at time ng. Thus, {u} is just a sequence of numbers. Let the state and the output
evolve as {z1(n)} and {y1(n)}, n > ng. That is, as given in Eq. 3.6a and Eq. 3.7a,
respectively. Suppose also that the same input sequence {«, ,...} is applied to the
system at the same initial state xg but at some other time ng — ky. Even though the

IThe subscript = does not denote a partial derivative. It says that the output is due to nonzero
value of initial state only.
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{ui(n)} ={a, B,...} —* = {z1(n)} {uz(n)} ={a,5,...} —= = {z2(n)}
ng ng — k‘o

Tp —* = {ui(n)} To —* = {v2(n)}

Figure 3.4: Time invariance of linear systems. Identical input sequence u is applied
at n =ng (left) and at n = ng — ko (right).

same sequence of numbers is used, because these start at two different time instants,
they will be represented by two different functions, us and wuy, respectively. We have

{u2(n)} = {wa(n = ko)}

Let the state and output corresponding to us evolve, respectively, as {z2(n)} and
{y2(n)}, n > ng — ko, i.e., as given in Eq. 3.6b and Eq. 3.7b, respectively. This is
illustrated in Fig. 3.4. Now if z5(n) and y2(n) are time shifted versions of x;(n) and
yi(n), ive.,

for all n > ng and for all kg, then the system is said to be time invariant. In this case,
we can replace f, by f and g, by g. That is, f,, and g,, are not functions of time.

Example 3.3 It is easy to verify that the system described by
xz(n+ 1) = Az(n) + Bu(n)
y(n) = Cx(n) + Du(n)

where A, B, C and D are constants, is a time invariant system. I

Now we will give an example of a system that does not satisfy the time invariance
property.
Example 3.4 Determine whether the system described by
y(n) = nu(n) (3.11)
is time invariant.

Since x does not appear in the equation, it is sufficient to consider u and y only.
Suppose that when an input w; is applied, we obtain the output y;, where, i can
take 1 or 2. That is,

yi(n) = nu;(n), i =1,2

Let us take uz(n) = ui(n — k), k # 0. We would like to check whether under the
application of ug(n), we obtain the output y2(n) equal to y1(n — k). We see that

ya2(n) = nua(n) = nuy(n — k)
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But, from Eq. 3.11, we obtain
yiln—k)=(n—kui(n—k)

We see that ya2(n) # y1(n — k), even though ua(n) = wui(n — k). Hence, the
system is not time invariant. I

3.1.3 Causality and Initial Rest

We will now discuss the important topic of causality. A system is causal if its output
depends only on the current and the past inputs. As a result, if two inputs that are
identical up to some time are applied to a causal system, the corresponding outputs
will also be identical up to that time. Such a system is known as nonanticipative as it
does not anticipate the future values of the input. In contrast, systems whose output
depends on future inputs are known as noncausal. An example of such a system has
the following input-output mapping: y(n) = u(n + 1).

Noncausal systems cannot be implemented, because no physical system can predict
the future. In view of this, we have to ensure that our designs produce causal systems.
In turns out that improper specification of initial conditions can result in the loss of
causality. One way to achieve causality is through initial conditions that correspond
to the system being at rest, also known as initial rest. A system that is initially at
rest will have all its past inputs and outputs zero. Equivalently, the initial state of
the system is zero. We illustrate these ideas in the following example [47].

Example 3.5 Solve the system
y(k) —ay(k — 1) = u(k) (3.12)

for initial conditions given at different time instances.

We will first consider giving an initial condition to determine the solution. Multiply
both sides of Eq. 3.12 by a~* and sum the result from N + 1 to n, with N < n.
The left-hand side is

yN+1) yN+2) Lyl y(n)
aN+1 aN+2 an—l am™
y(N) y(N+1D) y(N+2)  y(n—1)
alN o+l alV+2 an—1

Summing, all terms except the first and the last vanish. We obtain

am aN

ak
k=N+1

) _y ) _ 5 ull)

Solving this, we obtain

y(n) =a" Ny(N)+ Y a"Fu(k) (3.13)
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m N n
Figure 3.5: Specifying condition at a finite point, as discussed in Example 3.5

This shows that the output y(n) depends on y(N) and the values of the input
between the interval N and n, see Fig. 3.5. If we use the initial condition,
limy_. oo a~Ny(N) = 0, we obtain

y(n)= > a"Fu(k) (3.14)

k=—oc0

Eq. 3.13 suggests that the output y(m) could depend on u(N) even when m < N.
To see this, we carry out the following calculation. Multiplying both sides of
Eq. 3.12 by 1/a* and summing the result from m + 1 to N, the left-hand side

becomes
ym+1)  ym+2) oy -1  yN)
qm+1 am+2 aN-1 alVv
_y(m) ym+1) ym+2)  yN-1)
am™ am+1 am+2 aN—l

Summing, we obtain

_ylm) | y(N) g~ ulk)

m N k
a a b1 a
Solving this, we obtain
N
y(m) =a™ Ny(N) = Y a™ Fu(k) (3.15)
k=m-+1

This shows that the output y(m) depends on y(N) and the values of the input
between the interval m and N, see Fig. 3.5. We see that the value of y is specified
at a finite point IV; the system loses causality.

Let us consider the extreme case of limy_,oc a=Vy(N) = 0. We obtain

y(m)=— > a" Fu(k) (3.16)

k=m-+1

making it clear that the current output y(m) depends on only future values of

input, u(k), k > m. I

From this example, we see that if the value of output y is specified at a finite
point N, the system is not causal. There are two ways of handling this difficulty:
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{1(n)} {0(n)}
1 1
n=>0 n— n=>0 n—

Figure 3.6: Unit step (left) and unit impulse (right) signals

e The first solution is to choose N to be —oo. In this case, there is no question of
even worrying about what happens before N. On the flip side, we will have to
remember all the input values applied from —oo onwards.

e The second solution to this problem is to choose N to be finite, but let all values
of u in the interval (—oo, V) be zero. If the system is I/O LTI, the output y will
also be zero during this interval. This condition is known as initial rest. Thus,
the condition of initial rest helps achieve causality.

We generally prefer the second solution. A way to accommodate nonzero initial
conditions is explained in Sec. 3.4. The meaning of a nonzero initial condition is
explained in Sec. 4.3.3. Although we can assign any finite value to it, we generally
choose N to be zero.

If noncausal systems cannot be implemented, why should we study them? While
identifying a plant from input-output data, we need the concept of past inputs (see
Sec. 6.3.5), which calls for a general framework that can accommodate noncausal
systems as well.

3.2 Basic Discrete Time Signals

In this section, we will discuss a few discrete time signals that we will encounter
many times, their use and the relation between them. A unit step sequence {1(n)} =
{..,1(-=2),1(-1), 1(0), 1(1), 1(2), ...} is now defined:

L(n) = {(1) Zig (3.17)

As aresult, {1(n)} ={...,0,0,1,1,...}, where the first one appears at the location
corresponding to n = 0. The left-hand side of Fig. 3.6 shows the unit step sequence.
We will often refer to it simply as a step sequence.

Unit impulse sequence or unit sample sequence is defined as {§(n)} = {...,6(—2),

5(—1), 5(0), 6(1),8(2), ...}, where

o(n) = {(1) Z;g (3.18)



44 3. Linear System

Thus {6(n)} = {...,0,0,1,0,0,...}, where 1 appears at the location corresponding
to n = 0. The right-hand side of Fig. 3.6 shows the unit impulse signal. We will often
refer to it simply as an impulse sequence.

It is easy to verify the following relation between unit step and unit impulse signals:

{6(n)} = {1(n)} = {1(n - 1)} (3.19)

Note that {1(n)} and {1(n — 1)} are unit steps that start at n = 0 and n = 1,
respectively.

We will now present an important property of impulse sequences: it is possible
to represent arbitrary sequences as linear combinations of impulse sequences. Let us
consider an arbitrary sequence {u(n)}, defined in Eq. 3.1 on page 35, reproduced here
for convenience:

{u(n)} ={...,u(=2),u(-1),u(0),u(l),u(2),...}

Writing this as a sum of an infinite number of sequences, each with only one nonzero
term, we obtain

{u(n)} =---+1{...,0,0,u(—2),0,0,0,0,0,...}
+{...,0,0,0,u(—1),0,0,0,0,...} +{...,0,0,0,0,u(0),0,0,0,...}
+4{...,0,0,0,0,0,u(1),0,0,...} +{...,0,0,0,0,0,0,u(2),0,...} + -

where the summation sign indicates component wise addition. The first term on the
right-hand side can be written as u(—2){d(n + 2)}, because the nonzero term occurs
at n = —2. Note that this is a product of a scalar, u(—2), and a shifted impulse
sequence, {6(n + 2)}. Similarly, all other terms can also be written as products of a
scalar and a shifted sequence. We arrive at

{u(n)} = +u(-2){6(n+2)} +u(-1){é(n+ 1)}
+u(0){d(n)} + w(){d(n — D} +u(2){é(n —2)} +---

Thus the sequences {§(n + 2)}, {§(n — 1)}, etc., can be thought of as unit vectors
and u(—2), u(1), etc., can be thought of as components along these directions. The
above equation can be written as

o0

{utm)}y =Y uk){s(n—k)} (3.20)

k=—o0

If u(n) = 0 for n < 0, Eq. 3.20 becomes

o0

{u(n)} =Y u(k){s(n— k)} (3.21)

k=0

3.3 Input—Output Convolution Models

Transfer function based control design techniques are popular in industry. A starting
point for these models is the input—output convolution models. This section is devoted
to a study of such models. We begin with the concept of input—output linear models.
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3.3.1 Input—Output Linearity

There are times when we would be interested in systems that are linear from an input-
output perspective only, that is, without worrying about the state. To be precise, we
would want these systems to satisfy the following condition. If

{ur (n)} Ly {y(n)} (3.22a)
{uz(n)} 2= {12(n)} (3.22b)

then we would want

a{ur(n)} + Blua(m)} 2 afyr (n)} + Blys (n)} (3.220)

In order to fulfil this requirement, we need to study the general result so as to arrive
at the required condition on the initial state. Using the superposition principle of
Eq. 3.10, Eq. 3.7c can be written as

z1(no) 22(10) | 90, o ()Y 4 ko (n
o | Lo | | ol ] 2= atine) + atma)
£ By} + B{uum)

Comparing the outputs of g, and g/, we see that the latter has the additional
component of response due to initial state, y,. We see that y, has to be zero if
the outputs of ¢/, and g,, are to be equal. In other words, the right-hand sides of the
above two mappings g,, and g, are equal if and only if {y1,(n)} = 0 and {y2.(n)} =0
and {y1(n)} = {y1.(n)} and {y2(n)} = {y2.(n)}. Using the definition that the output
with the subscript x refers to the response due to initial state only, this observation
is equivalent to the requirement

i e )

From Eq. 3.5, we know that this is possible if x1(ng) = z2(ng) = 0. As a result,
we conclude that systems that are linear from the input—output perspective can be
produced by enforcing a zero initial condition.

When this property of input—output linearity holds, we can easily handle a
combination of two or more inputs. For example, suppose that a combination of m
inputs is given as below:

U= QU1 + s + -+ - + A Um

If the output corresponding to u; alone is y,1, that for us alone is y,2, etc., then using
input-output linearity, we arrive at

Yu = O1Yuy + O2Yuy + O3Yus + ++* + U Yu,, (3.23)

This idea is illustrated in Fig. 3.7.
An input—output model does not consist of state information and it can be
constructed from input-output data? alone. In Sec. 3.4, we will show how it can be

2This topic is discussed in detail in Chapter 6.
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{w(n)} —= — {n(n)} {uwa(n)} = = {z2(n)}

0—* — {yu1 (n)} 0—* = {Yu, (n)}

(a) Input/Output linear because the initial state is zero in both the experiments

afui(n)} + B{us(n)}+- - —* — afni(n)} + S{za(n)}+ -

0 == ™ a{yu ()} + B{yu(n)}+ -

(b) Superimposed system

Linear

ofui(n)} + Blua(n) - == /O == afyw, (n)} + B{yuw(n)}+- -
Model

Initial State = 0

(c) Can drop the initial state information as the system is input/output linear

Figure 3.7: Superposition principle for zero initial state

generated from a state space model. In view of this, we can say that the input—output
model is more general than the state space model.

Because of all of the above benefits, we will assume the initial state to be zero,
i.e., x(ng) = 0, in the rest of the book, unless otherwise stated. We will refer to
input—output linear systems as I/O linear systems and when no confusion arises as
simply linear systems.

Now we will address the question of what happens if the initial state x(ng) and
hence {y.(n)} are not zero. Recall that for linear systems, the output y can be written
as

y = Output at zero initial state and actual input (y,,)

+ Output at actual initial state and zero input (ya,)
Substituting for y, from Eq. 3.9, this equation becomes

y = alyU1 + a2yu2 + T + amyuwn + ywO

It is clear from this discussion that if we want I/O linearity (i.e., linear combination
of inputs giving the same linear combination of corresponding outputs), y,, must be
zero. This is satisfied if zg = 0.

We will next study the important concept of impulse response models, which one
can use to derive convolution models.
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{0(n)} | Time Invariant | {9(n)} {0(n —k)} | Time Invariant |{9(n —k)}

System I System

Figure 3.8: Impulse response (left) and response to a shifted impulse (right) for a time
invariant system

3.3.2 Impulse Response Models

The impulse response of an LTI system is the output measured as a function of time
for an impulse {§(n)} when the initial state value is zero. Similarly, a step response
model is the response due to a unit step {1(n)} with zero initial state. The impulse
response will be denoted by {g(n)} and step response by {s(n)}. We will now derive
expressions for these responses.

Suppose the input to an LTT system is {6(n)}. We obtain the response as in the
left-hand side of Fig. 3.8. For a time invariant system, the response to a time shift
in input will be a corresponding shift in the output also. As a result, we obtain the
input—output behaviour as in the right-hand side of Fig. 3.8. Notice that if the system
is not time invariant, we cannot use the same symbol g in both the figures.

We will now develop a formula to express the response to an arbitrary input {u(n)}
resolved in terms of impulses. Recall Eq. 3.21, reproduced here for convenience:

oo

{utn)y = Y u(k) {5(n—k)}

k=—o0

The term u(k) on the right-hand side is a scalar. It refers to the value of {u} taken
at time k. Thus, u is a linear combination of sequences of the form {§(n — k)}. The
output corresponding to this input u is the same linear combination of responses due
to {6(n—k)} — this follows from the I/0 linearity of the system. Also note that if the
response of {6(n)} is g(n), the response due to {§(n—k)} is g(n—k). This follows from
time invariance, as illustrated in Fig. 3.8. In view of these observations, we obtain the
following expression for y:

o0

{ym)y= > ulk){g(n—k)} (3.24)

k=—o00

We have made three assumptions to arrive at the above equation: the initial state is
zero, the system is linear and time invariant. In other words, the above equation holds
for I/O LTT systems. The right-hand side of Eq. 3.24 is known as the convolution sum
or superposition sum or convolutionof the sequences {u(n)} and {g(n)}, which will
be denoted symbolically as

{y(n)} = {u(n)} x {g(n)} (3.25)

The implication of Eq. 3.25 is that to find the output due to an arbitrary input,
all we have to do is to convolve the latter with the impulse response function of the
system. Hence it follows that all information about an LTI system at zero initial state
is contained in its impulse response function.
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We will now look at a simpler way of writing the above two equations. If we write
Eq. 3.24 term by term, we obtain the following relation:

oo

{'"7y(_1)7y(0)7y(1)7"'} = Z u(k){vg(_l - k)vg(_k)vg(l - k)v}

k=—o0

On equating the two sides term by term, we obtain the following relations:

o0

y(=1) = > uk)g(—1—Fk)
k=—o0

y(0) = 3 ulk)g(~k)
k=—oc0

y(1) = Y u(k)g(l—k)
k=—oc0

This can be generalized as

o0

ym)= > ulk)g(n k) (3.26)

k=—o0

In other words, the output at sampling instant n is obtained by summing the terms
of the form u(k)g(n — k) for all k values. Note that the sum of the arguments of u
and g is n, which is the same as the argument of y. This equation is also written as

y(n) = u(n) * g(n) (3.27)

Comparing the above two equations with Eq. 3.24-3.25, we see that the only
difference is the presence or absence of the braces.® In case the initial state is not
zero, we obtain

y(n) = yz(n) +u(n) * g(n) (3.28)
Now we present an example to calculate the convolution sum.

Example 3.6 If a system with impulse response {g(n)} = {1, 2,3} is subjected
to an input sequence {u(n)} = {4,5,6}, determine the output sequence {y(n)}.
It can be assumed that both g and w start at n = 0 and that they are zero for
n < 0.

It is given that g(0) = 1, g(1) = 2 and ¢(2) = 3. Similarly the values of u at
n=1,2 and 3 are 4,5 and 6, respectively. Evaluating Eq. 3.26 for different values
of n, we obtain

y(0) = u(0)g(0) = 4

y(1) = u(0)g(1) + u(1)g(0) =13

y(2) = u(0)g(2) + u(1)g(1) + u(2)g(0) = 28
y(3) = u(1)g(2) + u(2)g(1) = 27

y(4) = u(2)9(0) = 18

3In view of this observation, we will write the convolution sum with or without braces.
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All possible u and g combinations whose arguments sum up to that of y have
appeared in every line of the above set of equations. All terms that don't appear
in these equations are zero. M 3.2 shows how to do these computations in l\/IatIabi

In case the state at k = 0 is not zero, then Eq. 3.24 should be modified as

o0

{ym}y = > ult){g(n —k)} + yu, (3.29)

k=—oc0

where y,, is the zero input response due to nonzero initial state. We will now present
an example that requires the calculation of the impulse response.

Example 3.7 Through convolution sum calculation, verify that the impulse
response of an LTI system is the response one gets for an impulse input.

Let the impulse response be {g(n)}. The output sequence {y(n)} is calculated
using Eq. 3.27:

oo

y(n) =u(n) xg(n) = > ulk)g(n - k)

k=—00

We want to check whether we will obtain y(n) as g(n) if we substitute d(n) for
u(n). After this substitution, we obtain

y(n)= Y d(k)g(n—k)

k=—0o0

All the terms in the above sum are zero, except when k is zero, by the property of
the impulse sequence, see Eq. 3.18. As a result, we obtain

This is in agreement with the definition of the impulse response.

Systems that have finite numbers of terms in their impulse response are known
as finite impulse response systems and these are abbreviated as FIR systems. The
definition of infinite impulse response systems is obvious. These are abbreviated as
IIR systems.

3.3.3 Properties of Convolution

As the response of a system with zero initial state to an arbitrary input is given
in terms of this operation, convolution is fundamental to I/O LTI systems. In this
section, we present some of the well known and useful properties of convolution.
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w(n) Y2 (nl )

—= qi(n)

o ga(n) e == qi(n) * g(n)

Figure 3.9: Explanation of associative property of convolution

Commutativity: Convolution is a commutative operation, i.e.,
u(n) % g(n) = g(n) * u(n) (3.30)

We start with the left-hand side. Using the definition of convolution sum, we obtain

oo

u(n)* g(n) = Y u(k)g(n — k)

k=—o0

Substituting r = n — k, this becomes

oo oo

u(n)xg(n) = Y uln—r)g(r)= Y g(ryu(n—r)

r=—00 r=—00

which is the same as the right-hand side of Eq. 3.30. This property does not hold even
if one of the sequences is either nonlinear or time varying, or both, see Problem 3.2.

Associativity: Convolution is associative, i.e.,

(u(n) * g1(n)) * ga(n) = u(n) * (g1(n) * g2(n)) (3.31)

Because convolution has been defined with only two sequences at a time, brackets
in the above equation are necessary to indicate the order of the calculations. Let y;
denote the term on the left-hand side. We have

= < Z U(T)Ql(n—r)> * go(n) = Z Z u(r)gr(n —r — k)ga(k)

r=—00 k=—o00 r=—00

Let y2 be the term on the right-hand side of Eq. 3.31. We have

y2 = u(n) * ( > giln— k)gz(k)> =Y ulr) Y gin—k—r)ga(k)

k=—0o0 r=—00 k=—o0

which is the same as y;. An interpretation is given in Fig. 3.9. We obtain y; as the
final output while sending u into the first system and then sending the resulting
output to the second system. The output ys is computed by sending the input u to
the convolved system g7 * go. We have shown that y; = yo.

This property says that it does not matter in what order we carry out the
convolution operation. In other words, it does not matter where we put the brackets
in a convolution sum involving more than two terms. As a result, the expressions
given in Eq. 3.31 can be written as u(n) x g1(n) * ga(n). If the associativity property
does not hold, however, we cannot remove the brackets in Eq. 3.31.
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B N
@a
u(n) () J

—=1g1(n) + g2(n) —= g2(n)

Figure 3.10: Explanation of distributive property of convolution

Distributivity: Convolution distributes over addition, i.e.,

u(n) * (91(n) + g2(n)) = u(n) * g1(n) + u(n) * ga(n) (3.32)
Let the left-hand side be equal to y;. We have

o0

yi= Y u(n—r)(g(r) +g:(r))

r=—00

Expanding the brackets in the second term, we obtain

o0 o0

p= 3 uln @)+ Y uln —r)ga(r)

r=—00 rT=—00

which is equal to the right-hand side of Eq. 3.32; call it yo. The usefulness of this
property is illustrated in Fig. 3.10. The output y; can be thought of as the response
of a system with impulse response g; + go for an input u. The output ys, on the
other hand, is the sum of responses of two systems with impulse responses g; and
go, for the same input u. This property says that these two outputs y; and y, are
equal. By induction, we can extend this to any number of systems in parallel. Thus,
a parallel combination of LTI systems can be replaced by a single LTI system whose
unit sample response is the sum of the individual unit sample responses in the parallel
combination.

3.3.4 Step Response Models

In Sec. 3.3.2, We have presented the usefulness of impulse response models. The
problem with these models, though, is that it is difficult to generate the required
impulse signal at the input. For example, imagine opening a valve fully for only one
instant and then closing it back fully at the next instant. In comparison, step signals
are somewhat easier to generate. The response of an I/O LTI system to a unit step
signal {1(n)} is known as the step response and it will be denoted by {s(n)}.

In Sec. 3.3.2, we have shown that all information about an I/O LTT system is
contained in its impulse response model. In this section, we will show that it is possible
to characterize an I/O LTI system in terms of its unit step response also. That is, all
the information about this system is contained in its unit step response. We will begin
the discussion by calculating the step response. By substituting 1(k) in the place of
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u(k) in Eq. 3.24, we obtain

{s()}= > 1k{gn—k)}

k=—o0

Using the definition of {1(n)} from Eq. 3.17, this is simplified as

{s()} = {g(n—k)} (3.33)
k=0

This shows that the step response is the sum of the impulse response.

We can also obtain the impulse response from the step response. Because the
response to {1(n)} is denoted as {s(n)}, the response to {s(n—1)} is {1(n—1)}. This
follows from the time invariance property of the system. Recall the relation between
step and impulse signals, given by Eq. 3.19:

{0(n)} = {1(n)} —{1(n - 1)}

Using the property of linearity, we obtain

{g(n)} = {s(n)} —{s(n - 1)} (3.34)

In Sec. 3.3.2, we have shown that the impulse response contains all information.
The above equation, however, shows that given the step response s(n) of an 1/0O
LTT system, one can easily calculate its impulse response. This implies that the step
response also contains all information about an I/O LTT system.

Since {s(n)} also contains all the information about an I/O LTI system, it must
be possible to express the response of the system to an arbitrary input {u(n)} as a
function of {s(n)} only. To arrive at this relationship, we start with the convolution
relation involving impulse response:

{y(n)} = {u(n)} x{g(n)} = {g(n)} * {u(n)}

Using Eq. 3.34, we obtain
{y(n)} ={s(n)} = {s(n = 1)}] = {u(n)}

Using the distributivity property of convolution, this becomes

{y(n)} = {s(n)} = {u(n)} — {s(n — 1)} * {u(n)} (3.35)

The second term on the right-hand side can be simplified:

o0

{s(n =D} ={u)} = > s(k—1){u(n—k)}
k=—o0
With j = k — 1, the above equation becomes

oo

{s(n =D} fum)} = Y s(@G){uln—j—1)} = {s(n)} * {u(n - 1)}

j=—o0
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Substituting this in Eq. 3.35, we obtain

{y(n)} = {s(n)} x [{u(n)} = {u(n - 1)}]

where we have used the distributivity property of convolution. We finally arrive at

{y(n)} = {s(n)} x {Bu(n)} (3.36)

where

1>

Au(n) =u(n) —u(n—1) (3.37)

This gives a procedure to calculate the response to an arbitrary input, given that the
step response is known. Recalling the discussion to arrive at Eq. 3.28, we obtain

y(n) = yz(n) + s(n) * Au(n) (3.38)

3.3.5 Impulse Response of Causal Systems

In Sec. 3.1.3, we have shown that one popular way to achieve causality in LTI systems
is through initial-rest. Impulse response implies application of zero input everywhere,
except at n = 0. For I/O LTI systems, this is nothing but initial rest. It follows that
the output y(n) = 0 for n < 0. By the definition of impulse response, this is nothing
but {g(n)}. Thus we have g(n) = 0 for n < 0 in case of causal, I/O LTI systems.
Problem 3.5 examines this issue further.

The above observation that g(n) = 0 for n < 0 results in a simplification of the
impulse response expression. For example, Eq. 3.26 becomes

y(n) = Y ulk)g(n k)

k=—0o0

Most signals that we deal with take nonzero values only from the zeroth sampling
instant. For such systems, this equation becomes

y(n) = > ulk)g(n — k) (3.39)

k=0

n

When expanded, the above equation becomes

y(n) = u(0)g(n) +u()g(n —1) + -+ u(n)g(0)

which can be rewritten as

y(n) =Y glm)u(n —m) (3.40)

m=0
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Note that Eq. 3.40 can also be obtained by starting with y(n) = g(n) * u(n) and
simplifying.

We extend the above discussed property of causality of systems to sequences: a
sequence {u(n)} is said to be causal if u(k) = 0 for k < 0. This definition is extremely
useful because, in control applications, we often work with signals that are nonzero
from the time instant zero onwards.

3.3.6 Parametric and Nonparametric Models

The step and the impulse response models are known as nonparametric models. These
are characterized by a large number of variables. For example, we need to specify
{g(n)} for all n values in the case of impulse response models. Although an infinite
number of parameters are implied, we need to specify only a finite number of them
in most cases. In this case, the expression for the output given by Eq. 3.40 becomes

M

y(n) = 3" glm)u(n —m) (3.41)

0

where M is some large positive integer. Note that when n — oo, an infinite number
of g values are required in Eq. 3.40, while only M + 1 values are required in the
above equation. In view of the fact that only a finite number of impulse response
coefficients are required, Eq. 3.41 is known as the finite impulse response (FIR) model,
as mentioned earlier.

Although M is finite, it can still be large. For example, M is known to take values
even as large as 100. In view of this large number, the FIR model also can be classified
as nonparametric.

In contrast to the above, models that are characterized by a small number of
parameters are known as parametric models. For example, the following model

y(n) + ary(n —1) = biu(n — 1) (3.42)

between the input u and the output y is classified as parametric. In Sec. 6.6, we will
study such models from a probabilistic view point.

There is a tradeoff between the number of parameters and the ease of their
determination. For example, although the FIR models have more parameters, it is
easier to estimate them. In contrast, the identification of the nonparametric models
is more involved. We discuss some of these issues in Sec. 6.7 and 6.8.

3.3.7 BIBO Stability of LTI Systems

One of the important objectives of control system design is to ensure stability.
There are many notions of stability. Some are: stability in the sense of Lyapunov,
asymptotic stability and asymptotic stability at large [29]. For linear systems, these
notions are equivalent. In this section, we will present the concept of external stability.
In Sec. 7.4.2, we present the concept of internal stability.

A system is said to be externally stable if every bounded input produces bounded
output. This is also known as BIBO stability. We now characterize the condition under
which this property is fulfilled.
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Let an LTT system have an impulse response ¢(k). Then it is BIBO stable if and
only if

Z |g(k)| < o0 (3.43)

k=—o0

First we will show that if Eq. 3.43 is satisfied, the system is BIBO stable. Consider
an input sequence {u(n)} such that |u(n)| < M ¥n. Using Eq. 3.26, we obtain the
response to this input as

oo

y(n) = Y g(k)u(n — k)

k=—o0

Taking absolute values, we obtain

n)| < Z l9(F)[Ju(n — k)]

k=—o0

If we replace |u| by its bound M, we obtain

n) <M Y g(k)

k=—o00

Because Y oo |g(k)| < oo, we see that y(n) is bounded. As this is true for all n,
we find that the output signal is bounded at all the sampling instants.

Now we will show that if the system is BIBO stable, Eq. 3.43 will be satisfied. We
will prove this by contradiction. That is, we will show that if Eq. 3.43 is violated, i.e.,
Yoo o lg(k)] — oo, the system will not be BIBO stable. We produce the following
input signal that can take either 1 or —1

_ J9(=K)/lg(=k)| g(=k)#0
ulk) = {o g(=k) =0

Because it can take only 1 or —1, this input is bounded. We will now calculate an
expression for the output signal at time zero:

o0 oo

y(0) = > u(k)g(n—k)ln=o= Y ulk)g(—k)

k=—o0 k=—o00

Substituting the specific choice of u(k) constructed above, we obtain

> lg-

k=—oc0

Because of the assumption on g, y(0) is unbounded. Note that an unbounded output
has been obtained with a bounded input. As a result, we have shown that the system
is not BIBO stable.
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BIBO stability for causal LTI systems is equivalent to the following condition:
> lglk)] < oo (3.44)
k=0

as g(k) = 0 for k < 0. Notice that if this violated, using arguments similar to the ones
used above, one can show that a particular choice of bounded inputs applied from
n = 0 onwards will produce an unbounded output at n = co. We can do this because
in time invariant systems shifting the time makes no difference to the behaviour of the
system. The fact that this condition implies stability can be shown using arguments
identical to the ones used earlier. Note that Eq. 3.44 can be satisfied only if

g(k) =0, Vk > M (3.45)

where M is some large positive integer.

3.4 State Space Models Revisited

We conclude this chapter with an input—output study of state space models. Consider
the state space system

xz(n+ 1) = Az(n) + Bu(n)

y(n) = Cx(n) + Du(n)
Suppose that the initial state is x(0) and that the sequence {u(n)} = {u(0),u(1),
u(2),...} is applied. We obtain

z(1) = Az(0) + Bu(0)

x(2) = Az(1) + Bu(1) = A[Az(0) + Bu(0)] + Bu(1)

= A%2(0) + ABu(0) + Bu(1)
z(3) = Ax(2) + Bu(2) = A*2(0) + A2Bu(0) + ABu(1) + Bu(2)

Continuing, we get
n—1 .
z(n) = Ax(0) + Y A" CTDBu), A" =T (3.46)
1=0

Substituting this in the output equation, we obtain

n—1
y(n) = CA"z(0) + Y CA"C*VBu(i)+ Du(n) (3.47)
S——— i—0

zero input response

zero state response

Recall that in the input-output setting, we got the following relation for causal
systems:

n n-l 3.48
=y + Y uli)g(n—i) =ya + »_ u(i)g(n — i) + u(n)g(0) (3:45)
1=0

=0
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Comparing terms, we obtain

yr = CA"z(0)
g(n)=CA"™'B, n>0 (3.49)
9(0)=D

Most real life systems have at least one time delay in the sense that the output
depends only on the past inputs and not on the current one. That is, y(n) can depend
only on u(n — k), k > 0. The reason is that realistic systems require a nonzero time
to respond to external stimuli. As the input and output are synchronized by a clock,
even a small delay in the response can reflect only in the next sample of the output.
In view of this, D and hence g(0) are zero.

3.5 Matlab Code

Matlab Code 3.1 Energy of a signal. This code is available at
HOME/system/matlab/energy.m?

u= 1[4 5 6];
Eu = norm(u) " 2;
ruu = xcorr (u

) ;
Lu = length(ruu);
Eu = ruu(ceil (Lu/2));

Matlab Code 3.2 Convolution of two sequences. This code is available at
HOME/system/matlab/conv2.m

h=[12 3];
u=[45 6];
y = conv(u,h)

4HOME stands for http://www.moudgalya.org/dc/ — first see the software installation directions,
given in Appendix A.2.
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3.6 Problems

3.1. Suppose that a discrete LTT system has input u(n), impulse response g(n) and
output y(n). Suppose also that g(n) is zero everywhere outside the interval Ny <
n < Np and that u(n) is zero everywhere outside the interval No < n < Nj.
Determine over what maximum interval y(n) is not zero.

3.2. Commutativity of an I/O LTI system, discussed in Sec. 3.3.3, depends on both
linearity as well as time invariance of both systems. This is brought out by the
following two examples [49].

(a) Consider two systems A and B, where A is an LTI system with unit
sample response g(n) = ()" 1(n). If the input to system B is w(n), its
output is z(n) = nw(n), i.e., B is linear but time-varying. Show that the
commutativity property does not hold for these two systems by computing
the response of each of the systems below to the input u(n) = §(n).

u(n) y1(n)
—*| System A System B ——=
—*| System B System A ——

Figure 3.11: Checking commutativity

(b) Suppose that we replace system B in each of the interconnected systems
of the above figure by the system with the following relationship between
its input w(n) and output z(n): z(n) = w(n) + 2. Repeat the calculations
of part (a) in this case.

3.3. Given s(n) = (%)n 1(n+1) and u(n) = (—%)n 1(n), find y(n).

3.4. Let {s(n— 1)} denote the response of an I/O linear system to a unit step input
given at n = 1, i.e., response to 1(1). Comparing with Eq. 3.33, show that

{s(n=1} =2 {9(n—k)}
k=1

Subtracting the above from Eq. 3.33, show that
{s(n)} = {s(n - 1)} = {g(n)}
the same as Eq. 3.34.

3.5. The objective of this problem is to show by direct calculations that the impulse
response {g(n)} of I/O LTI causal systems satisfies g(n) = 0 for n < 0. Do this
as follows. Apply the following two inputs to this system:

wr(n =uz(n) n<ng
i ){#UQ(n) n > ng
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Argue that the expressions for y;(ng) and y2(ng) should be equal. Comparing
the convolution sum of these two outputs, show the following:

—1 -1
Y gkui(ng — k) = g(k)ua(ng — k)

From this, conclude that g(k) = 0 for k < 0.
3.6. This problem is concerned with the solution of a discrete time linear equation.

(a) Consider the homogeneous difference equation
N
> ary(n—k) =0 (3.50)
k=0

Show that if zp is a solution of

N
E akz_k =0
k=0

Az is a solution of Eq. 3.50, where A is arbitrary.
(b) Show that if zg is a zero of the polynomial p(z) defined as

N
p(z) = ZakzN_k (3.51)
k=0

then also Az{ is a solution of Eq. 3.50.
(c) Show that if y(n) = nz""! then

> dp(2) n_n —-N-1
Z ary(n — k) = 2"V 4+ (n— N)p(2)z" (3.52)
k=0

dz

for p(z) defined in Eq. 3.51.
(d) Suppose p(z) defined in Eq. 3.51 is factored as
p(z) =ao(z —2z1)™ ... (2 — 2)™" (3.53)
where 21, ..., 2, are distinct zeros of p(z) and mq, ..., m, are integers > 1.
If one of the zeros of p(z), say z;, has multiplicity 2, i.e., m; = 2, then
show that at z = z;, the right-hand side of Eq. 3.52 becomes zero.

(e) Using the fact from (d) above, show that nz]'~* and hence Bnz'~' are

solutions of Eq. 3.50, where B is arbitrary.

(f) Using the results from (b) and (e) above, show that if m; = 2 in Eq. 3.53,
Az and Bnz!"" are solutions of Eq. 3.50.

(g) Qualitatively argue by extending the logic of (c), (d) and (e) above that if
m; > 1 in Eq. 3.53,

n!
B%
ji(n —j)!
satisfies Eq. 3.50, where 7 =0,1,...,m; — 1.

n—j



Chapter 4

Z-Transform

In the previous chapter, we have seen that convolution is an important operation in
I/O LTI systems. In particular, the output at any instant is obtained as a convolution
sum involving an infinite number of products of impulse response and input. If the
output has to be evaluated at another time instant, the convolution sum has to
be recalculated. We show in this chapter that the Z-transform is a tool to simplify
convolution operations. The Z-transform makes easy the task of analysis and design
of useful devices, such as filters and controllers. This aspect of the Z-transform will
become clear as we proceed through the book.

We first present the conditions under which one can use the Z-transform. The
conditions for stability and causality follow immediately. After presenting some facts
about Z-transforms, we move on to the topic of transfer functions. The final topic is
related to inversion of the Z-transform, a step to be carried out for implementation.

4.1 Motivation and Definition of Z-Transform

We begin this section with a motivational discussion of the Z-transform. We discuss
the conditions under which the infinite sum converges. We formally define the
Z-transform next. We conclude this section with a discussion on properties of the
region where the Z-transform converges.

4.1.1 Motivation

Z-transforms are used to simplify the operations involving difference equations. For
example, the convolution of two discrete time signals gets reduced to the product
of two algebraic expressions with the use of Z-transforms. To see this, consider the
convolution sum

y(n) = Y ulk)g(n— k)

k=—0o0

Digital Control ~ Kannan M. Moudgalya
© 2007 John Wiley & Sons, Ltd. ISBN: 978-0-470-03143-8
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and let {u(n)} = {u(0),u(1),u(2)}, {g(n)} = {g(0),9(1),9(2)}. Let these sequences
be zero at all other times. We obtain the following y values:

y(0) = u(0)g(0)

y(1) = u(0)g(1) +u(1)g(0

y(2) = u(0)g(2) + u(1)g(1) + u(2)g(0) (4.1)
y(3) = u(1)g(2) +u(2)g(1

y(4) = u(2)g(2)

The same result will be obtained from the coefficients of the resultant series, if we
define two functions U(z) and G(z)

U(z) = u(0) +u(1)z™ +u(2)2z72

u
L ) (4.2)
G(z) = g(0) +9(1)z7" +g(2)2~
and multiply them. Let V(z) denote the product of U and V:
V(z) =G(2)U(z) (4.3)

Substituting for G and U from above and multiplying out, V is obtained as a fourth
degree polynomial in z~!, of the following form:

V(z) =y(0) +y(D)z"" +y(2)z> +y(3)z > + y(4)z~* (4.4)

where, y(i), i = 1 to 4, are identical to the ones obtained in Eq. 4.1. The functional
form U(z) and G(z) will be defined as the Z-transform in Sec. 4.1.3. At this point,
we may think of z as a position marker. For example, the term that multiplies z~*
occurs at the ith time instant in Eq. 4.2. Thus, the function U(z), given in Eq. 4.2,
can be thought of as a way of representing a sequence {u(n)} = {u(0),u(1),u(2)}.
The advantage in using U(z) in place of {u(n)} is that the former can often be
represented by a more compact expression, even if the original sequence has infinitely
many nonzero terms.

With an example, we have shown that the product of the polynomial equivalent
of two sequences gives the same result as their convolution. This approach is not of
great use to short sequences, because the effort involved in evaluating the convolution
and polynomial product is about the same. The main motivation for proposing this
approach is that it could come in handy for sequences consisting of an infinite number
of elements. The moment we have a sum consisting of an infinite number of elements,
we have to ascertain that it converges.

The second issue we have to address is whether we can recover from the product
polynomial the time domain elements, ¢.e., the values that the sequence takes at
different time instants. We would also like to know whether we can recover the
sequence uniquely from the polynomial. Both of these issues will now be addressed.

4.1.2 Absolute Convergence

We claim that the two issues raised above, namely convergence of the sum and
uniqueness of inversion, can be satisfactorily answered by the concept of absolute
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Figure 4.1: Plots of 0.9"1(n) (left) and —(0.9)"1(—n — 1) (right)

convergence. We begin the discussion with a motivational example. Let us study the
following two sequences:

ui(n) =a"1(n)

us(n) = —a"1(—n—1)
Fig. 4.1 shows the plots of these functions for a = 0.9. M 4.1 and M 4.2 have been
used to generate these plots. We will use the position marker approach with z~! and

calculate the sum of these two sequences. We will assign upper case letters to denote
this sum:

oo oo
Ui(z) = Z a"z™" = Z (az= 1"
n=0 n=0
1 . . z
= ——— (if the sum exists) =
1—az™1 z—a
o0 — 00
Us(z) = — Z a"1(-n—-1)z7" = — Z a"z "
n=-—oo n=-—1
Substituting m = —n, this becomes
o0 oo
=— Z L A Z (a™tz)™
m=1 m=0
=1- = (if the sum exists) = . i -

Thus both Ui(z) and Us(z) give —%-. We see that given the polynomial, such as
U(z), we cannot determine the underlying sequence {u(n)} uniquely. We would like to
explore whether this difficulty can be overcome. Note that we have not yet addressed
the phrase if the sum exists. The conditions for the sums in w; and us to exist, if a

and z are real numbers, are

az"! < 1 for uy and

a"lz < 1 for us
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We see that these two conditions are completely different. We show below that this
convergence condition can help overcome the difficulty in uniquely determining the
time domain sequence.

In the above discussion, we have assumed z to be real. This can be restrictive.
For example, we could be interested in the roots of the polynomial in z after
Z-transformation. These roots could turn out to be complex. Moreover, in some
problems, a can also be complex. Both situations are taken care of by modifying
the above conditions as

laz™ | < 1 for uy

la=tz| < 1 for uy

The above conditions result in absolute convergence. For example, the absolute
sum Y oo az™!|™ converges. This implies that the original sum Y - (az™!)™ also
converges. Thus, convergence is not affected by the use of absolute values. The above
two conditions result in the following pair:

ui(n) < z . Jaz7l < 1or|a| < |2
z—a

uz(n) < : , a7zl < 1or|z| < af
z—a

Another advantage of using the absolute values is the restriction of the region of
convergence to one side of a circle. For example, the u; sum converges for all z
values outside the circle z = |a| and the us sum converges for all z values inside
the same circle. Thus, the use of absolute values clearly demarcates the two regions
of convergence. This fact helps us to arrive at the inverse uniquely. For example, if
we know that the z value used is inside the circle of radius |a|, we can immediately
say that the inverse of z/(z — a) is u2(n). We will explain this idea further with the
following calculations:

z

Ui(z) = s =14az" +(az7) +- -

z—a 1—az™
since |az~!| < 1. On inverting, we obtain

{u1(n)} = {1,a,a? ...} = 1(n)a"

with the sequence in the braces beginning at n = 0. As the region of convergence' of
U, is different, it has to be factored differently:

z za~! —za~t
Ualz) = z—a zal—-1 1-zal
= (—za Y1+ (za ) + (za™ 1) + -], since [za" | < 1
=—za"' —(za™H)? = (za” 1) — .-
o ()

Thus ROC allows the sequences to be determined uniquely.

1We will abbreviate the region of convergence as ROC.
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4.1.3 Definition of Z-Transform

The Z-transform of a sequence {u(n)} is denoted by U(z) and it is calculated using
the formula

U(z) = Z u(n)z™" (4.5)

n=—oo

where z is chosen such that > 2

condition of absolute convergence

|u(n)z~"| < co. As discussed earlier, the stronger

1. allows complex quantities in u and z,
2. ensures that ROC lies on one side of a circle.

We will also use the following notation to represent a sequence {u(n)} and its
Z-transform U(z):

{u(n)} = U(2)

The main advantage in taking the Z-transform is that cumbersome convolution
calculations can be done easier. Moreover, issues such as stability, causality and
oscillatory behaviour of an infinite signal can easily be established by analyzing the
closed form expression involving the Z-transform. This fact will come in handy while
designing controllers.

Of course, there is an added burden of converting the polynomial to a closed form
expression and inverting this procedure to arrive at the resultant polynomial. We will
see later that it is possible to develop techniques to simplify these operations.

4.1.4 Region of Convergence

In Sec. 4.1.2, we have seen that z/(z — a) is the Z-transform of

—a"1(—n —1) for |z| < |a]
a"1(n) for |z| > |al

From this observation it is clear that in specifying the Z-transform of a signal, both the
algebraic expression and the range of values of z for which the expression is valid are
required. In general, as mentioned earlier, the range of values of z for which the sum
in the Z-transform converges absolutely is referred to as the ROC of the Z-transform.

It is convenient to describe ROC with respect to coordinate axes with the real part
of the complex number being on the abscissa and the imaginary part on the ordinate,
see Fig. 4.2.2 Such a plane is referred to as the z plane. Since the condition |z| > |a
refers to the region outside the circle of radius |a| with centre at the origin, ROC for
w1 is shown on the left by shaded lines. Similarly, ROC for us is shown on the right.

Example 4.1 Let us now consider a signal that is the sum of two real
exponentials:

utn) = (3) 100+ (3 ) 1)

2 We will abbreviate imaginary as Im and real as Re throughout this book.
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Im(2) Im (2)
[}

IV

Figure 4.2: Region of convergence of u1(n) = a™1(n) (left) and us(n) = —a"1(—n—1)
(right), shown with shaded lines, on the z plane

The Z-transform is

U(z) = n_io K%)n 1(n) + (%)n 1(@} 2
_ nioo <%>n 1(n)=" + nioo <—>n 1(n)z—"

[e%s) 1 n . [e%e] 1 n .
2 () 2 ()
n=0 n=0
o0 1 _1>n [ee) (1 _1>n
= 57 + -z
n=0 <2 n=0 3
Notice that the first and the second sums are, respectively,

1 for | |>1
——— Tor |z =
_ 1,1 3

1
—f > =,
T or |z| 5 ;

1-1
If we choose |z| > 1/2, both sums converge. We obtain

B 1 1 B 2(22—%)
YT T TR TG DE-D

1
f > =
or |z] 5

We observe that U is a ratio of polynomials in z.

The Z-transform of an exponential becomes a ratio of polynomials in z, because
of the presence of an infinite number of terms. In view of this, suppose that we have
the Z-transform of u as U(z), with the following form:

N(z)
D(z)

U(z) = (4.6)
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Im(z)

A

* Re(z)

NS

Figure 4.3: Pole—zero plot for [(%)n + (%)}n 1(n), studied in Example 4.1. The poles
are indicated by x and zeros by o.

where N(z) is the numerator polynomial and D(z) stands for the denominator
polynomial. When U(z) is of this form, it is referred to as a rational function
of z. In the above example, we have seen that the sum of the Z-transform of two
exponentials also is a rational. This property holds as long as we have a finite number
of exponentials. In the above equation, if we assume that N(z) is a polynomial of
degree n, we can write it as

Niz)=Ki(z—z1)(z — 22) ... (2 — z)

N(z) and hence U(z) become zero at z = z;, ¢ = 1,...,n, which are the roots of the
equation N(z) = 0. As at these values U(z) becomes zero, z;, i = 1,...,n, are known
as the zeros of U(z). Similarly if D(z) is a polynomial of degree m, we can write it as

D(z) = Ka(z—p1)(z —p2) ... (2 — pm)

At p;, i = 1,...,m, the roots of D(z) = 0, U(z) becomes infinite. These p;, i =
1,...,m, are known as the poles of U(z). The zeros in the above example are at
zero and 5/12 while the poles are at 1/2 and 1/3. From the above discussion, the
Z-transform of u(n) consisting of a finite number of exponentials can be written as

(z—z1)(z—22)...(z — zn)
(z=p1)(z=p2)... (2 = pm)

where K = K7 /K. It is clear that but for a scale factor, the Z-transform of {u(n)}
can be specified by its poles, zeros and ROC. In view of this, we can say that the pole-
zero plot in Fig. 4.3, along with ROC information, represents the function presented
in Example 4.1. In this figure, we have marked the zeros by circles (o) and poles by
crosses (x). ROC is indicated by the shaded region. M 4.3 can also be used to produce
a similar plot.

If the degree of the denominator polynomial is greater than that of the numerator
polynomial, then U(z) will become zero as z approaches infinity. Conversely, if the
degree of the denominator polynomial is less than that of the numerator polynomial,
then U(z) will become unbounded as z approaches infinity. This behaviour can be
interpreted as zeros or poles at infinity. If we include the zeros or poles at infinity in
counting, the number of poles will be equal to that of zeros in any rational function.

U(z)=K
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Figure 4.4: ROC has rings (left). Larger rings belong to ROC.

The order of a pole is the number of times it is repeated at a given location.
Similarly, the order of a zero can be defined. A first order pole is known as a simple
pole. In a similar way, a simple zero is defined. In the following transfer function,

2% (z—1)
U(z) = =067 |z| > 0.6

there is a pole of order 3 at z = 0.6, a simple zero at z = 1 and a second order zero
at z =0.

When the degree of the numerator polynomial is less than or equal to that of the
denominator polynomial, we describe the transfer function as proper. For example, if
dN < dD in Eq. 4.6, we describe U as proper. Here, the prefix d denotes degree of.3
If, instead, the degree is strictly less, i.e., AN < dD, we describe U as strictly proper.
Finally, if the degree of N is higher than that of D, i.e., dN > dD, it is improper.

We will refer to the sequence {u(n)} and its Z-transform U (z) as Z-transform pair.
We will use the symbol < to indicate that one came from the other. We will indicate
all of these by writing u(n) < U(z).

Before concluding this section, it is emphasized that the Z-transform is defined so
as to represent an infinite sum in a compact way. If the sequence that is Z-transformed
is a growing (unbounded) one, it is handled by choosing ROC appropriately, so as to
make |z| sufficiently large.*

4.1.5 Properties of Region of Convergence

In this section, some of the properties of ROC will be discussed. Suppose {u(n)} is a
sequence and U(z) its transform.

ROC has rings: ROC of U(z) consists of a ring in the z plane centred around the
origin. The claim is that if a point rge? on a circle of radius ry belongs to ROC, then
all points rge® where 6 is arbitrary will also belong to ROC, see the diagram on the
left-hand side of Fig. 4.4. Let us start with the definition of the Z-transform of U(z):

3The prefix d will denote the degree of the polynomial that follows.
4Thus the compactness of the Z-transform has nothing to do with whether the sequence is growing
or bounded.
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n=—oo

By the requirement of absolute convergence of Z-transforms, we obtain

o> Y Jumzm = 3 fun)]lzg"]
= > Ju@)llzl ™ 2SN )l =Y Jun)e

Thus, arbitrary z also belongs to ROC.

ROC has no pole: No pole can be present within ROC. This is because, at a pole,
the Z-transform is infinite and hence, by definition, does not converge.

ROC for causal systems: Suppose {g(n)} is causal. If the circle |z| = r¢ is in
ROC then all z for which |z| > 7o will also belong to ROC, see the diagram on the
right-hand side of Fig. 4.4.

This is because the larger the radius of z, the smaller will be the sum, thanks to
the negative powers of z. We will now demonstrate this. G(z) is of the form g(0) +
g(1)z=1 4+ g(2)272 + - - -. This shows that whenever z € ROC, z cannot be zero. From
this it follows that ro > 0. Because zg € ROC,

oo
> lg(n)z "l < oo
n=0

Rewriting this expression with obvious steps,

S S S - lg(n)]
00> gz "= lam)llz "l =D lg(n)llzol " =D P
n=0 n=0 n=0 n=0 0
- lg(n)]
>y EOEEN 2] > |20l
n=0

= > lg(m)="")

We have shown that all z such that |z] > |zo| belongs to ROC. It is clear that ROC
includes lim,_. o, as well. We say that larger circles belong to ROC.

Using the above discussed properties, we now proceed to prove two extremely
useful properties.

Poles of stable systems: If a system with impulse response g(n) is causal and
stable, the poles of G(z) will be inside the unit disc |z| < 1.

As g(k) is causal and stable, we have >, |g(k)| < co. From the expression for
the Z-transform of {g(n)},

G(z) =) g(k)z""
k=0
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we obtain

oo

0o > > lg(k) = > Ja(k)=*| _,
k=0

k=0

Thus, there is absolute convergence at |z| = 1. In other words, the unit circle belongs
to ROC. Because larger circles belong to ROC for causal sequences, all points outside
the unit circle also belong to ROC. From the property of the poles, the unit circle or
the region outside of it does not contain the poles and thus the poles should lie inside
the circle.

Degrees of the Z-transform of causal systems: Let u(k) be a causal sequence
with its Z-transform U(z) = N(z)/D(z), where N(z) is a polynomial of degree n and
D(z) is a polynomial of degree m. Then n < m.

Since u(k) is causal, larger circles belong to ROC and hence lim,_, is in ROC.
If n > m, U(z) will diverge at co. Thus n < m.

4.2 Z-Transform Theorems and Examples

In this section, we will present some properties of the Z-transform. We will
demonstrate these with some examples. We will begin first with the Z-transform
of some fundamental sequences.

Example 4.2 Find the Z-transform of the unit impulse sequence {J(n)}.

We obtain

S(n) < Y d(n)z"

By the definition of 4, there is only one nonzero term in the above infinite
summation. In view of this, we obtain

5(n) < 1 (4.7)

Because the above expression is true for all values of z, ROC includes all of the z
lane.
P I

Example 4.3 Find the Z-transform of the unit step sequence {1(n)}.

Note that 1(n) is nothing but wi(n) with a = 1 in Sec. 4.1.2. As a result, we
obtain

z
1 1 4.
(m) = =, J2l> (43)

Recall from Example 4.2 that there is no restriction on z for the Z-transform of
the impulse function. But this is not true in the case of step functions. .
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4.2.1 Linearity

The Z-transform of a linear combination of sequences is the same linear combination
of the Z-transform of individual sequences:

Z[afur(n)} + B{uz(n)}] = ali(2) + BU2(2)

where ui(n) < Ui(z) and uz(n) < Us(z), with a and /8 as arbitrary scalars.
The left-hand side is given by

o0 o0

Z [aug (n) + Bug(n)] z~" = Z auy(n)z™" + Z Bua(n)z™"

n=—oo n=—oo n=—oo

= OzUl(Z) + 6U2(Z)

which is equal to the right-hand side. We will use this result and calculate the
Z-transform of a few signals.

Example 4.4 Find the Z-transform of
ui(n) =26(n) —36(n — 2) +46(n — 5)

Ui(z) =2 i d(n)z™" =3 i d(n—2)z""+4 i d(n—5)z~"

=92-32"24+427°Vz"! finite
225 —3234+4

That is, all points, except the origin of the z plane, are in ROC.

Example 4.5 Find the Z-transform of a signal obtained by sampling the
continuous function e=%/7, 7> 0, t > 0, with a period T5.

) =~/ 0) = (07) 1)
Taking the Z-transform, we obtain

_ z —Ts/1
U(Z)_Z_e_TS/Tv |Z|>€

This approach is useful in discretizing transfer functions that correspond to the
continuous time domain, the topic to be discussed in detail in Sec. 8.2.2. I

Example 4.6 Find the Z-transform of

{ua(n)} = [24+4(=3)"]{1(n)}

oo

Us(z) =Y [2+4(=3)"] 2"
n=0
2z 4z

= — 1N 3
1ty FAnE>
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Simplifying this expression, we obtain

622 + 2z

e P

|z] >3
This shows that the region outside of the circle with radius 3 lies in ROC.

Now we will demonstrate with an example that it is not always necessary for the
Z-transform of a sequence to exist.

Example 4.7 Find the Z-transform of
{us(n)} = {1(n)} +{0.5"1(—n)}

The Z-transform of the first term is z/(z — 1) for |z| > 1. The Z-transform of the
second term is now calculated:

00 0 oo
D05t I(=n)z = ) 05" =) (057"

n=—oo n=-—oo m=0
1 —1
0.5
= : <05
05—z

ROCs of the first and second terms are, respectively, |z| > 1 and |z| < 0.5, which
are mutually exclusive. Thus the Z-transform for this example does not exist.
]

This example is presented just to prove the point that we cannot take the existence
of the Z-transform for granted. Fortunately, however, we will not come across this
situation again in this book, as the signals of interest to us have Z-transforms.

Example 4.8 Find the Z-transform of coswn 1(n) and sinwn 1(n). Since the
Z-transform is easy to obtain for sequences of the form a™, Euler's identity helps
achieve precisely this:

coswn + jsinwn = e/*"
Take the Z-transform of both sides to obtain

Z [coswn + jsinwn] = Z {e/*"}
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Im(z Im(z)
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v NS

Figure 4.5: Poles and zeros of coswn 1(n) (left) and sinwn 1(n) (right)

‘\J

f\

Comparing real and imaginary parts, we obtain Z [coswn] = Re [Z {e/“"}] and
Im [Z {€’“"}]. Let us now evaluate the Z-transform of /"

Z [sinwn| =
Z [e™™ 1(n)] = Z eI 27 1(n) = Z edwn
n=—oo n=0
z

T e 2] > || =1

2(z —eI¥)
(z —elw)(z — emIw)
2(z — cosw + jsinw)
(=) (=)
z(z — cosw) ) zsinw
(z —elw)(z — e™Iw) +J (z —elw)(z — e™Iw)

Equating the real and imaginary terms, we obtain
z(z — cosw)
(z —elw)(z — e Iw)
zsinw
(z = =) (z — e 9)

(coswn)1l(n) «

(sinwn)1(n) <

Notice that the zeros of (coswn)l(n) are at 0 and cosw while the poles are at
e*3% The zero of (sinwn)1(n) is at 0 and its poles are at e*7%. Pole-zero plots

of these two functions are given in Fig. 4.5. I

4.2.2  Shifting

The Z-transform of a shifted sequence is given as follows:

Z lu(k + d)] = 29U (2)

(4.9)
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Starting with the left-hand side, we arrive at the following;:

oo

> ulk+d)zh =21 Z (k + d)z= D = 29U (2)

k=—0o0 k=—0o0

which is the expression on the right-hand side of Eq. 4.9.
Example 4.9 If
{u(n)} = U(2)
then

{u(n+3)} < 2°U(2), {uln—-2)} < 27°U(2)

In Example 3.5 on page 41, we have explained that the time at which we specify
the condition may determine the causality. We will continue this discussion here.

Example 4.10 Calculate the Z-transform of Eq. 3.14 on page 42 and Eq. 3.16.
Expanding the summation in Eq. 3.14, we obtain

y(n) = u(n) + au(n — 1) + a®u(n —2) + - - -

Making use of the linearity and the shifting property, we take the Z-transform of
both sides to obtain

Y(2) =U(2) + az"*U(2) + a®272U(2) + - -
= {l—l—g—l— (3)24_...] U(z)

Because there are an infinite number of entries within the square brackets, we need
to enforce a convergence condition. We obtain

Y(2) = ——U(2), |2 > |al (4.10)

zZ—a

Note that ROC is the region outside a circle of radius |al|, as expected in causal
systems.

Let us now consider taking the Z-transform of Eq. 3.16 on page 42. Expanding
the summation term in this equation, we obtain

y(n) = —a tu(n+1) —a2u(n +2) —

Once again, we make use of the linearity and the shifting properties, take the
Z-transform of both sides and obtain

Y(2) = —a '2U(2) —a 22%U(2) —
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As before, we need to be concerned with ROC. We obtain
z a z
Y(2)=—— , < =—VU(z2), < 4.11
()=, <l = ——U(), <l (111)
Note that this ROC is inside the circle of radius |a|, as expected in noncausal
systems. The expression for Y(z) in Eq. 4.11 is identical to the one obtained in
Eq. 4.10, but for ROC. The algebraic expressions are identical, because both are
Z-transforms of Eq. 3.12 on page 41. ROCs are different because of the difference
in the initial condition. I
4.2.3 Effect of Damping
The presence of an exponential in the time sequence results in the following:
Z [u(k)e="*] = U(ze®) (4.12)

i.e., U evaluated at ze®. Starting from the left-hand side, we obtain

o0 o0

Z u(k)e= 27k = Z u(k)(etz) "

k=—o00 k=—o0

which is the right-hand side of Eq. 4.12.

4.2.4 Initial Value Theorem for Causal Signals

Provided the limit exists, the initial value of a causal signal can be obtained by its

Z-transform,

u(0) = lim U(z) (4.13)

zZ— 00

From the definition of causal signals, we obtain

UE) = 3wl = ) + () 4w

k=—o0

Taking the limit, we obtain

lim U(z) = u(0)

Z— 00

4.2.5 Final Value Theorem for Causal Signals

If U(z) converges for all |z] > 1 and if all the poles of U(z)(z — 1) are inside the unit

circle then

-1
lim u(k) = lim (1 — 27 1)U(z) = lim z

k—oo z—1 z—1 z

U(z) (4.14)
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The condition on U(z) assures that the only possible pole of U(z) not strictly
inside the unit circle is a simple pole at z = 1, which is removed in (z — 1)U(z2).
This allows the important situation of stable systems being excited by a unit step
signal. Moreover, the fact that U(z) is finite for arbitrarily large z implies that u(k)
is causal. As u(c0) is bounded we can evaluate the following expression, which has an
extra u(—1) = 0:

u(l) = —u(=1) + u(0) — u(0) +
u(2) = —u(=1) + u(0) — u(0) +
lim u(k) = —u(—1) + u(0) —u(0) +

k—oo

u(1)
u(1l) —u(l )+u(2)
u(1) —u(l) + u(2) -

Au(0) Au(l) Au(2)

With the definition Au(k) = u(k) — u(k — 1), the above equation can be written as
Jim u(k) = Au(0) + Au(1) + Au(2) +
= lim Au(0) + Au(1)z7! + Au(2)z72 + - -

z—1

Because it is a causal sequence, Au(k) = 0 for all £ < 0. Thus, we can extend the
sum and obtain

lim u(k) = lim Z Au(k

k—o0 z—1
k=—o0

Invoking the meaning of Au(k), we obtain

oo

kli)rgo u(k) = lm Z [u(k) —u(k —1)]z7*
k=—o0

Using linearity and shifting properties of the Z-transform, we obtain
klim u(k) = lim1 [U(z)—27'U(2)] = hm (1-2"1U(z2)

Note that we can write the right-hand side also as lim,_,1(z — 1)U(2).

Example 4.11 Using the final value theorem, calculate the steady state value

of (0.5™ —0.5)1(n) and verify that it agrees with the direct result.

We will start with the pair

z 0.5z
z—05 z2z-1
It is easy to see that as n — oo, the left-hand side becomes —0.5. We can also
apply the final value theorem, by multiplying the right-hand side by (2 —1)/z and

taking the limit as z — 1. When we do this, only the second term is nonzero. We
obtain

(0.5" = 0.5)1(n) « , 2] >1

=—-0.5

—10.
hm (z —1)RHS = — hm 0.52
z—1 z z-—1

where RHS denotes right-hand side. We see that the two approaches give identical
results. .
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Example 4.12 Find the initial value and final value of a causal sequence whose
Z-transform is given by

U(z) = 0.79222
(2 —1)(22 — 0.4162 + 0.208)
and verify.
79222
Initial Value = lim U/(2) = 7932 =0
zZ—00 ya

B 0.792 .
T 1-0.41640.208

Final Value = linq(z - 1)U(z2)

We will verify these results as follows. Expanding the expression for U(z) by long
division, we obtain

U(z) = 079227 + 112272 +1.0912 7% + 1.0127*
+0.983275 4+ 0.98927% +0.99277 + - -

It is easy to verify the initial and final values from this expression. I

The next example shows the importance of the preconditions required to be satisfied
for the application of the final value theorem.

Example 4.13 s it possible to use the final value theorem on 2"1(n)?

z
2"1(n) & ——, |z| > 2
(n) = ==, I
Since the right-hand side is valid only for |z] > 2, the theorem cannot even be
applied. On the left-hand side, we have a growing sequence without a limit; this
once again violates the conditions of the theorem. Thus, the final value theorem
cannot be used. I

We conclude this section with the observation that the final value theorem for causal
signals cannot be used for growing sequences.

4.2.6 Convolution

Recall that while motivating the Z-transform, we showed with an example that the
product of the Z-transform of two sequences gives the same result as the convolution
of the said sequences. Now we will generalize this result. If U(z) and G(z) are
Z-transforms of {u(n)} and {g(n)}, respectively, then U(z)G(z) is the Z-transform
of {u(n)} * {g(n)}. In other words, if u(n) < U(z) and g(n) < G(z), then

g(n) xu(n) « G(2)U(z) (4.15)

Let y(n) = g(n) * u(n). Using the definition of convolution, we obtain



78 4. Z-Transform

Taking its Z-transform, we obtain

SO% gkum—k = 3 gkt S uln— ke (b

n=—00 k=—oo k=—0o0 n=—oo

which is nothing but the right-hand side of Eq. 4.15.
The same result is applicable for causal g and w also, as we now show. Let

= g(k)u(n -

k=0
Taking its Z-transform,
()= 323 glhputn — k)z "
n=0 k=0
With m =n — k,

= Z g(k)z=* Z u(n —k)z="=k) = Z g(k)z7" Z u(m)z™™
k=0

k= n=0 m=—Fk

[}

Because u is causal, the last term can be written as

= Zg(k)z_k Z u(m)z
k=0 m=0

which is nothing but the right side of Eq. 4.15. It is possible to show the ROC condition
for convolved sequences, see Problem 4.10.

Example 4.14 Determine the step response of a system with impulse response
g(n) = 0.5™1(n) using the convolution and Z-transform approaches.
First, we will evaluate the step response using the convolution approach:

o0

y(n)= > g(rjuln—r) 205’“ u(n —r)

r=—00
_Zow n—r)=1(n ZosT
Note that 1(n) appears in the last expression, because, for negative n, the previous
summation is zero. As this is a geometric progression, we obtain

_ (n+1)
y(n) = 1n) - = (2 - 05")1(n)
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Next, we take the Z-transform of w and g and multiply them:

U(z) = Z u(j)z™ = ZO.5jz—j
Jj=—o00 Jj=0
1
140527 40522 4] = ———
[1+05z""+ (0527 )" +---] T 051
where we have assumed |z| > 0.5. We also have
—_— y . — - — _1 _2 DR = -
G(z)—j;mgmz —Z:; e e ey

where we have assumed |z| > 1. On multiplying these two expressions, we obtain

1 1

Y(#) =GRUE) = T =705

|z| > 1

Note that we have taken ROC to be |z| > 1, which lies in ROC of both G and U. A
procedure to handle expressions such as the one obtained above will be explained
in Sec. 4.4. For the time being, it is easy to check that the above expression is
equivalent to

2 1

Y == " 1oos 1

|z| > 1

On inverting this expression, we obtain

y(n) =2x1(n) —0.5"1(n) = (2—0.5")1(n)

Thus the two expressions for y(n) are identical.

4.2.7 Differentiation
We have the following useful result that deals with derivatives:
u(n) < U(z) with ROC = R, then
nu(n) < —zdlé—iz) with ROC = R, (4.16)
Differentiating the Z-transform of u(n), we obtain

W LS e == 3 i = Y s

n=—oo n=—oo n=—oo

Therefore,

dU(x) _ < —n
—E— = Z nu(n)z

n=—oo

which is what we have to show. We will present an example to illustrate this approach.
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Example 4.15 Invert
U(z) =log(1+az™t), |z| > la
Differentiating both sides with respect to z, we obtain

dU(z)  az™!
dz  1+az™!

—z » |zl > al

We need to find the inverse Z-transform of the right-hand side. But we know that

1

C Tar >l

(—a)"1(n)

Multiplying both sides by a and applying the shifting theorem, we obtain
az"!

a(—a)"M(n—1) < Tra T

2| > |al

The left-hand side is equal to —(—a)™1(n —1). By Eq. 4.16, it should be equal to
nu(n). Equating the two, we obtain

u(n) = —l(—a)"l(n -1)

n

We can also carry out the differentiations with respect to a. By successively
differentiating

a"l(n) < p, i o= ;a"z_", laz7t < 1 (4.17)

with respect to a, we obtain

Z nin—1)...(n —p+2)a"PHz" (4.18)

n=0
see Problem 4.9. By substituting p = 2, 3, respectively, we obtain

z

na"'1(n) — G_a? |z > |a]
. (4.19)
n(n—1)a"*1(n) < G—ap 2] > lal

We will now illustrate the utility of this development with an example.
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Example 4.16 Determine the Z-transform of n21(n).
We first split the given function into two terms:

n?1(n) = [n(n — 1) +n] 1(n)
We find that Eq. 4.19 is applicable with a = 1. We obtain

2z z 224z
21 = 1
R P E N P 1 A ) A

If a were not 1, the above approach could still be used, with a little more work. This
is illustrated in the next example.
Example 4.17 Find the Z-transform of n2a™1(n).

First, we will split n2a™ into a convenient form:

n?a"1(n) = [n(n — 1) +n]a" 2a?

= [n(n—1)a"? +na" " 'a7"] a?
We will now use Eq. 4.19 and obtain

2z z
2 n —1| 2
n<a"1(n) < (z—a)3+(z—a)2a a”, |z| > |a

2za2 +az(z —a) az(z+a)
R N E Y

This reduces to the result of Example 4.16 for a = 1.

4.2.8 Z-Transform of Folded or Time Reversed Functions

In control applications, signals defined in the time instant n > 0 only are used.
On the other hand, identification techniques require the concept of signals being
defined over negative n, see, for example, Sec. 6.3.5. This motivates the next result. If
the Z-transform of u(n) is U(z), the Z-transform of u(—n) is U(z~1). If ROC of U(z)
is given by |z| > |a|, ROC of U(z71) is given by |z| < |a™}|.

u(—n) « = Z u(—n)z="
= Z u(m)z™, where m = —n
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If ROC of u is given by |z| > |al, it implies that u(n) = a™1(n) and hence
U(z) = Z a"z " =1+azt+a?2 2 +a3273 4.
n=0

Substituting 2! in the place of z, we see that
Uz Y =14az+a*22+a®2>+ -

converges if |az| < 1 or |z| < |1/al.

4.3 Transfer Function

The transfer function of a system is defined as the Z-transform of its impulse response.
For example, if g(n) is the impulse response, the transfer function is given by the
Z-transform of g and it will be denoted by G(z). Similarly, given the transfer function
G(z) of a system, its impulse response is denoted by g(n). This is denoted by the
following expression:

9(n) = G(z)

Now suppose an arbitrary signal {u(n)} is applied to such a system. The output
{y(n)} is given as

{y(n)} ={g(n)} *{u(n)}
Using the Z-transform of convolutions given by Eq. 4.15, we obtain
Y(z) = G(2)U(z)

In Sec. 3.3.2, we introduced the notion of FIR systems. Because FIR systems have a
finite number of terms, the corresponding transfer function will be a polynomial in
powers of z~! with a finite number of terms. For example, if {g(n)} has only three
nonzero terms, say go, g1 and go, the transfer function is given by Z-transform of

{g(n)}, ie.,

G(z)=go+ g1z '+ goz™?

Because the above is a polynomial in 27!, these systems are also known as all zero
systems, even though, when written in powers of z, G(z) has two poles at z = 0, as
can be seen from the following:

g0t + g1z 4 g2
=T

G(2)

In other words, the poles at z = 0 don’t count. ITR systems, also defined in Sec. 3.3.2,
have an infinite number of terms in the impulse response. The Z-transform of the
impulse response of these systems generally results in a ratio of two polynomials.
Indeed, all the impulse responses with infinite terms presented so far in this chapter
have given rise to a ratio of two polynomials. Transfer functions of the following type,
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where A(z) is a polynomial in 27!, are known as all pole systems. This is in spite of

the fact that when written as powers of z, G(z) will have zeros at z = 0.

4.3.1 Gain of a Transfer Function

The gain of a transfer function of a stable system to a unit step input is an important
parameter, especially in control applications. Let the Z-transforms of input to and
output from a system be U(z) and Y(z), respectively. Let G(z), the Z-transform of
the impulse response g(n), be the transfer function of the system. Because u(n) is a
unit step sequence, U(z) = z/(z — 1). We obtain

Y(2) = G)U(2) = G(z) — (4.20)
»—
By applying the final value theorem,
. .oz—1 z
nh_)rrgo y(n) = i:nll . G(Z)z — = G(1) (4.21)

where, as usual, y(n) is the response y at the sampling instant n. As a result, the
steady state gain of a stable system to a unit step input is simply G(1).

4.3.2 Transfer Function of Connected Systems

We will often connect linear systems in series and in parallel. In the case of parallel
interconnection of LTI systems, the impulse response is added. For example, we obtain
from Fig. 3.10 on page 51,

9(n) = g1(n) + g2(n)
and from the linearity of the Z-transform,
G(Z) = Gl (Z) + GQ(Z)

where (G; and G5 are respectively the Z-transforms of g; and gs. In the case of LTI
systems in series, their impulse responses are convolved. For example, from Fig. 3.9
on page 50, we obtain

9(n) = gi(n) * g2(n)
and the corresponding transfer functions satisfy the convolution property
G(z) = G1(2)Ga(2)

The above properties help us to arrive at a transfer function of a feedback loop
that arises in control applications. Consider the feedback loop given in Fig. 4.6.
The different signals appearing in this system representation are given next:

r(n) reference trajectory or setpoint or reference input
e(n) error between reference and actual value
u(n) control variable or manipulated variable

(n) output variable or controlled variable
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Figure 4.6: Feedback control

Analysis of this system in the Z-transform domain is straightforward. As usual, let the
capitals indicate the Z-transform of the corresponding discrete time signal represented
with lower case letters. We obtain

Y(2) =G(x)U(z

(2)Ge(2)E(2)
(2)Ge(2)(R(2) = Y (2))

~—

Bringing all terms involving Y on one side, we obtain
Y(2) + G(2)Ge(2)Y (2) = G(2)Ge(2) R(2)
Solving this for Y, we obtain

G(2)Ge(2)

Y(z) = 14+ G(2)G.(2)

R(z)
We define the closed loop transfer functions as

(4.22)

The closed loop transfer function maps the reference input R(2) to the output variable
Y (z). An important objective in control design is to make T'(z) well behaved. Using
similar arguments, the relation between the Z-transform of e(n) and r(n) is given by

E(z) = S(2)R(2) (4.23)

1

S(z) = 14+ G(2)G.(2)

(4.24)

The use of Z-transforms allows us to replace time domain operations, such as
convolution and time shifting with algebraic equations. The use of Z-transforms
to convert system descriptions to algebraic equations is also useful in analyzing
interconnections of LTT systems, such as series, parallel and feedback interconnections.
This comes in handy while designing controllers. We conclude this section with a
discussion of how Z-transforms can be applied to state space models.
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4.3.3 Z-Transform of Discrete Time State Space Systems

In this section, we would like to study systems described by state space models.
In addition to the advantages already explained, Z-transforming the state space
system helps clearly state the implicit assumptions, including those in the nonzero
initial conditions. Consider the standard state space system,

z(n+ 1) = Az(n) + Bu(n) (4.25)
y(n) = Cx(n) + Du(n) (4.26)

with
x(0) = xo (4.27)

The state space model is defined only for n > 0. For example, the state equation, given
by Eq. 4.25, is not meant to be used to calculate z(0) by setting n = —1. Because
of this, the model does not clearly explain the state of the system before n = 0 and
what happens at the time of transition, namely at n = 0. Nevertheless, our definition
of Z-transform, given by Eq. 4.5 on page 65, requires values from —oc. As a result,
we are forced to explain what happens for n < 0. As a first step, we rewrite the state
equation as suggested by [17]. We obtain

z(n+1) = Az(n) + Bu(n) +5(n+ 1)z (4.28)

If, in addition, we assume that our system is initially at rest (see Sec. 3.1.3) and u(n)
is a causal sequence (see Sec. 3.3.5), the system is defined for all times, as we now
describe.

Causal sequence implies that u(n) = 0 for all negative n. Initial rest implies that
the state x(n) is zero for negative n. We will now evaluate the validity of Eq. 4.28 for
different values of n:

1. For all n < —2, both sides are zero.
2. For n = —1, it gets reduced to Eq. 4.27.
3. For n > 0, it is identical to Eq. 4.25.

Thus Eq. 4.28 and the conditions of initial rest and causal u present a clear picture:
all the variables are zero prior to n = 0 and, somehow, = takes the value of z( at
n=0.

We are now in a position to take Z-transform of Eq. 4.28. We obtain

2X(z) = AX(2) + BU(2) + z02
(21 — A)X(z) = BU(2) + 202

As in the scalar case, we have to make a choice for z once again. We choose z in such
a way that zI — A is invertible. This selection procedure is explained in Problem 4.11.

X(2) = (21 — A)T'BU(2) + 2(2I — A) "'y (4.29)
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The Z-transform of Eq. 4.26 is

Y(z) =CX(z)+ DU(2)
Substituting the expression for X (z) from Eq. 4.29, we obtain

Y(2) = C(2I — A)"'BU(2) + DU(2) + C(2I — A)~'22(0)
Gu(2)U(z) 4+  Gu(2)xg
——— N——

zero state response zero input response

1>

The first term on the right-hand side is due to nonzero input. The second term is due
to nonzero initial state. In Eq. 3.46 on page 56, we derived an expression for y(n) in
the time domain. Because Y (z) is the Z-transform of y(n), we see that the RHS of
the above equation is the Z-transform of RHS of Eq. 3.46. Comparing the zero state
response terms, we obtain

C(z2I —A)™'B«CA"'B

Example 4.18 Find the transfer function of the antenna control system,
discussed in Example 2.4 on page 25.

Because the initial conditions are zero, we obtain
G(z)=C(:I-A)~'B

_fo 1][oose2 o 11 0.0198
- —0.19801 z—1] |0.001987

_ 0 1] {2—1 0 ][0.0198}
(z — 1)(z — 0.9802) |0.19801 =z —0.9802| |0.001987
[0.19801 2 —0.9802] [ 0.0198

T T (z—1)(z - 0.9802) [0.001987]

~0.001987z 4 0.0019732

(z —1)(z — 0.9802)
2+ 0.9931
(z—1)(z — 0.9802)

= (0.001987

M 4.4 illustrates how this calculation is carried out in Matlab.
These calculations could be more involved in some applications. We illustrate this by
taking the Z-transform of the supply chain problem, given in Sec. 2.3.2.

Example 4.19 Determine the transfer function between production release
PREL and sales SALES, in the supply chain problem discussed in Sec. 2.3.2.
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By taking the Z-transform of Eq. 2.31-2.35, we obtain

FD(z) = (Z’iﬁifs;j)
INV(z) = Zé(PRATE(ZZ)__l SALES(2))
WIP(z) = Zé(PREL(Zz:lF’RATE(Z))
PREL(z) = (L Lo+ HFDE) o WIP(2) — BINV(2)
PRATE(z) = %LL(Z)

Solving the equations simultaneously, we obtain the following relation between
PREL and SALES:

PREL(z) _ Zo[(z = 1)1+ La)p+ B(z—1—p+zp+dp)] (4.30)
SALES(z) [2LH1 + (B —a)d + 2L (ad — 1)](2 — 1 + da) '

In Matlab, the impulse response of a discrete time transfer function can be
obtained by the function dimpulse.

4.3.4 Jury’s Stability Rule

We have seen that for a causal LTI system to be stable, its poles should be inside
the unit circle. While designing controllers, we would like to know the range of
control parameters for which the closed loop system is stable. Jury’s test provides
an analytical procedure to determine this range. We present it in this section and
give an example to illustrate the application.

Let the transfer function of a causal LTI system be given as

with dB < dA, where d denotes the degree of the polynomial. Suppose that A is given
by

A(z) =apz" +a1z" 4+ +a, (4.31)

Form the entries as in Table 4.1. Here, the first row consists of the coefficients from
Eq. 4.31. The coefficients in the second row have been obtained by reversing those in
the first row. The third row is obtained by multiplying the second row by b, = a,,/ao
and subtracting it from the first row. It is easy to see that the last coefficient in the
third row will be zero. As a result, only the rest of the elements have been written in
the third row. The fourth row is obtained by reversing the third row. The fifth row
(not shown) is obtained by multiplying the fourth row by b,,_1 and subtracting from
the third row. Here, b,,_1 is the ratio of the last entry of third row to the fourth row.
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Table 4.1: Jury’s table

ao ai An—1 an
an an—1 e ai ao bn = an/ao

n—1 n—1 n—1
ag ay Ap_1

n—1 n—1 n—1 _ . n—1 n—1
Ap_1  Qp_2 ) bn-1 = ap_1/ag
ag

As a result, the fifth row is one term shorter than the third or fourth row. This process
is continued until only the first entry in a row is nonzero.

Jury’s stability rule can be stated as follows. If ag > 0, Eq. 4.31 has all its roots
inside the unit circle if and only if af* > 0, where m =0,1,...,n—1. If no af’ is zero,
the number of negative a{j’ is equal to the number of roots outside the unit circle.

We illustrate Jury’s stability criterion with an example.

Example 4.20 Determine the stability region for the transfer function obtained
in Example 419 with L =2, p=1and § = 1.
With L, p and § as chosen above, Eq. 4.30 becomes

PREL(z)  z[(z—1)(1+2a)+ (22 —1)]

SALES(z) 2+ (a—1)22+ (8 — )

The characteristic polynomial is given by the denominator of the above transfer
function:

b =22+ (a—1)22+(B—a) (4.32)
We have the following values for variables:
n=3,a1=a—1,a=0,a3=0—«

Jury’s table is constructed as in Table 4.2, where we have shown only the first six
rows. Jury's table ends with one more row with the following entry:

(B-a)(a=1)2]?
» (B—aP(a-1? |le-D+ 550
L= ma) =5 B-a)? 1 (B—a)— el (433)

We apply Jury’s stability condition now. Because ap = 1, the conditions to be
satisfied for stability are

ad=1-(B-a)*>0

(B—a)’(a—1)
1—(6—a)?

ap=1—(8—a) - >0
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Table 4.2: Jury’s table for the problem discussed in Example 4.20

1 a—1 0 B—a«a
8-« 0 a—1 1
1—(8—a)? a—1 —(B—a)(a—1)
—(B—a)(a—1) a—1 1—(8—a)?

e g (B=a)(a—1)? _ (B—a)(a—1)*
1-f-a) G- VTG ap

_ (B—a)(a—1)° Ca o (B-a)P(a—1)?
oD R e CET

and that the expression given in Eq. 4.33 is greater than zero. We have mentioned
in Sec. 2.3.2 that we have to assign the values of « and 3 so as to achieve a
certain performance. One such performance indicator is stability: these parameters
have to be chosen so as to make the system stable.

Although the conditions for stability look complicated, we can make some quick
observations. For example, if we choose « =0 and =1, a% becomes 0, violating
the condition for stability. This implies that even if we make a complete account
of the shortcoming in the inventory (8 = 1), if we ignore the work in process
(a = 0), the system will become unstable. Often it is difficult to get information
on the work in process and hence one may like to ignore this factor. The above
analysis suggests that it is suicidal to do so. For more details on how such an
approach is used in supply chain problems, the reader should refer to studies such
as [58] or [14].

A symbolic computing program is usually used for this purpose. An alternative
approach is to assign values for the model parameters and to calculate the zeros

of the characteristic equation, using a Matlab routine such as roots. In other
words, one assigns values for a and § in Eq. 4.32, finds the roots, and repeats this

procedure.

4.4 Inverse of Z-Transform

As mentioned earlier, Z-transformation is carried out to simplify convolution. After
completing all the calculations in the Z domain, we have to map the results back to
the time domain so as to be of use. We will give a simple example next to explain

this.

Example 4.21 How would you implement a system, whose transfer function is

given by G(2) = 1/(1 — 0.5271)?
Let the input and the output be e(n) and y(n), respectively. We have

1

U(z) = G(2)E(z) = 105,71

E(z)
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Cross multiplying,
(1—-0.52"HU(2) = E(2)
Inverting,
u(n) —0.5u(n — 1) =e(n)
Thus, we obtain the system’s output u(n) as
u(n) = 0.5u(n — 1) 4+ e(n)

This equation says that the current output u(n) is a sum of the previous output
u(n — 1) and the current input e(n). This is a popular way to implement transfer

functions in real life. I

The above method is known as inversion. It is also known as realization, because
it is through this methodology that we can realize transfer functions in real life.

Now we will see how to come up with methods to invert general transfer functions.
In this section, we will present different techniques of inversion. We will present
contour integration, partial fraction expansion, combined with table lookup and long
division.

4.4.1 Contour Integration

We now discuss how to obtain the sequence u(n) by contour integration, given its
Z-transform. Recall that the Z-transform is defined by

Uz)= Y u(k)z™" (4.34)

k=—oc0

Let us multiply both sides by 2"~! and integrate over a closed contour within ROC
of U(z); let the contour enclose the origin. We have

]{CU(z)z”—ldz: jéckimu(k)z"—l—kdz

where C' denotes the closed contour within ROC, taken in a counterclockwise
direction. As the curve C is inside ROC, the sum converges on every part of C' and,
as a result, the integral and the sum on the right-hand side can be interchanged. The
above equation becomes

o0

7{0 U(z)z"Mdz = Y u(k) ]{ 2"k (4.35)

k=—oc0 C
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Now we make use of the Cauchy integral theorem, according to which

L QU ) L (4.36)
2mj 0 kE#n

Here, C is any contour that encloses the origin. Using the above equation, the right-
hand side of Eq. 4.35 becomes 27 ju(n) and hence we obtain the formula

u(n) = —— ]{ U(2)2"1dz (4.37)
2nj Jo

Depending on the nature of U(z), the above integral can be simplified further. The

Cauchy residue theorem can be used for this. Let f(z) be a function of the complex

variable z and let C be a closed contour in the z plane. If the derivative df /dz exists

on and inside the contour C' and if f(z) has no pole at z = 2, then

1 f) { f(zo) if 2o is inside C

?j cZ— 20 0 if zg is outside C'

(4.38)

If the (m + 1)th order derivative of f(z) exists and if f(z) has no pole at z = zp, then

1 dm1f(2) ) L
1 7{ ( £(2) P iy B = if 2o is inside C (4.39)

2mj z— z9)™ =70

0 if 2z is outside C'

We can use Eq. 4.38 and Eq. 4.39 to determine the values of useful contour integrals.
For example, suppose that the integrand of the contour integral is G(z) = f(z)/A(2),
where f(z) has no pole inside the contour and A(z) is a polynomial with simple zeros
at zi, n > k > 1. Then, the contour integral is given by

(2) fr(z 1 Je(2)
27Tj A (2) 271’] [Z z— zk] N ; 2nj |z — zg dz

(4.40)
= fulzk)
k=1
where
fele) = (= 5)G() = (- 0 5| (4.41)

We call fi(z) the residue at the pole zx. Thus, the contour integral is the sum of the
residues of all the poles inside the contour. When higher order poles are present, one
will have to make use of Eq. 4.39.

Example 4.22 Using the contour integration approach, calculate the inverse
Z-transform of

1
U(z) = [y |z| > |al
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We will now use Eq. 4.37 to arrive at

1 n—1
u(n) = — jl{ S P
275 ] 1—az"!

where C is a circle of radius > |a|. We will first convert all the terms into
polynomials in z:

u(n) = — j'{ G, (4.42)

T ) 2 —a

Let us evaluate this using the Cauchy residue theorem, stated in Eq. 4.38. Because
|z| > a is ROC, the closed contour, which is in ROC, will enclose the pole at z = a.
We will have to consider two cases, one for n > 0 and another for n < 0. For
n < 0, 2™ will give rise to a simple or a multiple pole at z = 0.

n>0: f(z) = 2", which has no pole at z = a (20 = a), and hence, using
Eq. 4.38, we obtain

n < 0: 2" has an nth order pole at z = 0, which is also inside C. Thus we have
poles at z = 0 and at z = a. In Eq. 4.37, we will substitute n = —1,—-2,.. .,
evaluate each integral and thus obtain values of u at these negative n values.
For n = —1,

1 1
u(—1) = ﬁj?{ciz(z—a)dz

The right-hand side is equal to the sum of the residues at z = a and at z = 0.
Using Eq. 4.38, we obtain

1

We do the same for n = —2:

1 1
u(=2) = — ?{ —dz
2rj | 2%2(z —a)
The right-hand side is once again equal to the sum of the residues at z = a

and at z = 0. For the first integral, we use Eq. 4.38 and for the second, we
use Eq. 4.39 to obtain

u(=2) = %Jr (21_1)6% (zia>

Differentiating and simplifying, we obtain

2=0

1 1
e

1 1
=2 20

zZ=a
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We can continue this procedure and find that u(n) = 0, ¥n < 0. As a result, we
obtain u(n) = a™1(n), as expected. I

In the above example, we have taken ROC as |z| > |a|. From Sec. 4.1.2, we know that
we should obtain a different answer if ROC is taken as |z| < |a|. We will illustrate
this in the next example.

Example 4.23 Using the contour integration approach, calculate the inverse
Z-transform of
1
Ulz)= —, |z|<]a
()= —— | <ldl

The closed contour, which has to be inside ROC, will be inside the circle of radius
|a|. As a result, the contour integral in Eq. 4.42 will have poles only at z = 0, and
that too when n < 0. When n > 0, there will be no pole inside the closed contour
and hence u(n) = 0. We will now carry out the calculations for n < 0.

For n = —1, we obtain

(—1) 1 j{l 1
u(—=1)=— ¢ —
23 ] zz—a

Using the Cauchy residue theorem, we obtain

1

zZ—a

u(-1) =

2=0

For n = —2, we obtain

1 1 1
A S
u(=2) 271"]'74222’—@

Using the Cauchy residue theorem, we obtain

d 1 -1 1
—2 = — = — —_——_
u(=2) dzz—al|,_, (2—a)?|,_, a?
For n = —3, we obtain
1d 1 1 1
—3 = ——— = - —_——_
u(=3) 20d22z—a|,_, (2—a)?|,_, a3
In summary, we obtain u(n) = —a™1(—n — 1). Thus, the results of this example

and Example 4.22 are in agreement with the results of Sec. 4.1.2. I

We would like to remark that depending on ROC and therefore the selection of
the closed contour, we would obtain different inverse Z-transforms. Signal processing
books, such as [49], state the condition on the contour in a general way, so as to
accommodate noncausal transfer functions as well. Control texts, such as [44], on the
other hand, make the contour enclose all poles of the transfer function, thus ensuring
that the result of contour integration is a causal sequence.

The contour integration approach is especially suitable when we want to find the
inverse at a few points only. In the next section, we will present a simpler and a more
popular method of determining the inverse Z-transform.
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Table 4.3: Z-transform of popular discrete time sequences

Time sequence Z-transform
o(n) 1
z
1 — |2 >1
(n) o
z
"1 o >
a"1(n) 1o > Ja
na™"'1(n) ﬁ, |z] > |al
L = 1)a"21(n) 2 2| > lal
2! (z —a)?’

2(z — cosw)

coswn 1(n) Gz —eT%)’ |z| > 1
. zsinw
sinwn 1(n) o) — o)’ |z] > 1
" z
—a"1(—n—1) P |z| < al

4.4.2 Partial Fraction Expansion

Z-transforms of popular discrete time sequences are listed in Table 4.3. From such a
table, we can directly read out the sequence, given its Z-transform. In case the given
Z-transform is more complicated, it is decomposed into a sum of standard fractions,
which appear in Table 4.3. One can then calculate the overall inverse Z-transform using
the linearity property. We will restrict our attention to inversion of Z-transforms that
are proper.

Because the inverse Z-transform of z/(z — p) is given by p™, we split Y (z)/z into
partial fractions, as given below:

Y(Z) Al AQ Am

— + 4t (4.43)
z Z=p1 Z—DP2 Z = Pm
where we have assumed that Y(z)/z has m simple poles at p1,pa,...,Pm. The
coefficients Ay, ..., A,, are known as residues at the corresponding poles. The residues
are calculated using the formula
Y
A= (z—pi) () , i=1,...,m (4.44)
z 2=Pi

We will now present a few examples to illustrate this approach, before taking up the
case of multiple poles.

Example 4.24 Find the inverse Z-transform of

222 4+ 922

YO =219, 3

, |zl >3
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Because Y'(z) has z as a factor in the numerator, division by z is simplified:

Y(Z)_ 2242 A B
: GH3GE-D 213 i-1 (4.45)

with the region of convergence being |z| > 3. Multiply throughout by z 4+ 3 and

let z = —3 to obtain
A:2z—|—2 :—_4:1
z—1 —4

z=-3

Next we calculate B. Multiply Eq. 4.45 throughout by z — 1 and let z = 1 to
obtain B =4/4 = 1. Thus, we have

Y (2) 1 1
= 3
z z—|—3+z—1’ 12>
Cross multiplying, we obtain
z z
= 3 4.46
()= gt o, Jal> (4.46)

It is straightforward to invert the fractions in this equation. We obtain the inverse
of Y(z) as

y(n) = (=3)"1L(n) + L(n)

M 4.6 sets up the problem discussed in this example and invokes M 4.5 to obtain
the result. M 4.5 divides Y (2) by z and carries out the residue computation.

In the next example, we will see another approach to solve this problem.

Example 4.25 Determine the inverse Z-transform of the problem discussed in
Example 4.24, namely

222 4+ 22

Y(z) = =2 T2
(2) 22422-3’

|z| >3

after splitting it into a strictly proper transfer function.

Because the degrees of the numerator and the denominator polynomials are equal,
we can begin by dividing, as follows:

—224+6
Y(z)=2+ 224+22-3
We define
—22+6 —2z+46 A B
Y; = = = 4.47
1(2) 22422—-3  (z2+3)(z—1) z+3+z—1 (447)

95



96 4. Z-Transform

We will now describe how to calculate the residues A and B. Multiply the above
equation by z — 3, cancel common terms and let z = 3 to obtain

_ —22+6 12

A= _c
z—1 —4 3

z=—3

We calculate B in a similar manner. Multiply Eq. 4.47 by z 4 1, cancel common
terms and let z = —1 to obtain B = 4/4 = 1. Putting it all together, we obtain,

3 n 1
z+3 z-—-1

Y(z)=2

Because the inverse Z-transform of z/(z + 3) is (—3)"1(n), using the shifting
property of Sec. 4.2.2 we see that 1/(z + 3) has the inverse Z-transform
(—=3)"~11(n — 1). The same approach is to be used for the third term in the
above equation as well. The inverse of Y (z) is obtained as

y(n) =26(n) —3(=3)""(n—1)+1""t1(n - 1)
=25(n)+(=3)"1(n—1)+1(n—1)

Note that we can write 25(n) = (—3)%3(n) + 1°§(n). Substituting this in the
above expression and using the fact that 1(n) = §(n) + 1(n — 1), we obtain

y(n) = (=3)"1(n) + 1(n)

which is identical to the result obtained in Example 4.24.

Now, we will take up the case of repeated poles. From Eq. 4.19 on page 80, we
see that it is useful to have z in the numerator of fractions with multiple poles as
well. In view of this, when we have multiple poles, we look for an expansion of the
following form:

Y(z) __ N(z)

z (z — a)PD1(2)

where « is not a root of N(z) and D;(z) is a polynomial not containing « as its zero.
On expanding this in partial fractions, we obtain

Y(Z) Al A2 . Ap .
z z—a+(z—a)2+ (z—a)P+G1()

where Gi(z) is a rational that has poles corresponding to those of Di(z).
On multiplying this by (z — «)P, we obtain

(z — a)? =A1(z—a)P P+ Az — )PP+ A+ Gr(2) (2 — Q)P
(4.48)
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Substituting z = «, we obtain

Now we differentiate Eq. 4.48 once and let z = «:

Ap1 = diz <(Z_a)pw>

z

2=

Then we differentiate Eq. 4.48 twice and let z = o

Ap—2 = %j—; <(z - a)P@>

In general, for an arbitrary integer m such that 0 < m <p —1,

A = 2 (- ap ™)

m! dzp—1 z

2=

Z=x
Substituting m = p — 1, we obtain

b= G (o)

We now illustrate this with a few examples:
Example 4.26 Carry out a partial fraction expansion:
224z
Y(2)= ——
(2) CEE

Expanding this in partial fractions, we obtain

Y(2) z+1 A B C
z _(2—1)3_2—1+(Z_1)2+(Z_1)3 (449)

On multiplying both sides of Eq. 4.49 by (z — 1)3, we obtain
z4+1=A(z-1)*+B(z-1)+C (4.50)

On letting z = 1, we obtain C' = 2. On differentiating Eq. 4.50 with respect to z
and letting z = 1, we obtain B = 1. On differentiating Eq. 4.50 twice with respect
to z and letting z = 1, we obtain A = 0. Substituting these in Eq. 4.49, we arrive
at the partial fraction expansion:

z 2z

V() = (z—1)2 + (z—1)3

Using Eq. 4.19 on page 80, we obtain its inverse as

y(n) = nl(n) +n(n—1)1(n)

M 4.7 shows how to solve this problem through Matlab.
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Now we will consider a transfer function Y (z) with two poles: one is a simple pole
and the other has multiplicity two. If Y'(z) is not divisible by z, we can proceed with
the methods developed earlier, but without first dividing by z. We illustrate this also
in the next example.

Example 4.27 Obtain the inverse of Y (z), defined by

1122 - 152+ 6
YO = e —1e

We begin with partial fraction expansion:

B N Ay N Ay
z2—2 z—-1 (2-1)2

Multiplying this equation by z—2 and letting z = 2, we obtain B = 20. Multiplying
it by (z — 1)%, we obtain the following equation:

1122 =152 +6

—1)2
— Az —1) 4 Ay BEZ LS

z—2

Substituting z = 1, we obtain Ay = —2. On differentiating once with respect to z
and substituting z = 1, we obtain

_ (2—2)(222 —15) — (1122 — 1524 6) B
A = EEDE =-9

Thus we obtain

20 9 2
Y(z) = - -
() z—2 z—-1 (2-1)2

Because we need z in the numerator for easy inversion, we multiply by z:

Y (2) 20z 9z 2z
2Y(z) = — —
z—2 z—-1 (2-1)2

To invert the last term, we make use of Eq. 4.19 on page 80. After inverting and
making use of the shifting theorem of Sec. 4.2.2, we arrive at

y(n+1)=(20x 2" —9 —2n)1(n)
Finally, we arrive at the solution we are looking for:
y(n) =(20x 2" —9—-2(n—1))1(n —1)

M 4.8 shows how to solve this problem through Matlab. I

If Y(z) is proper, but not divisible by z, we have to divide the numerator by the
denominator and then carry out the partial fraction expansion, to be illustrated in
the next example.
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Example 4.28 Obtain the inverse of

(22 —22+32-1)

Yiz) = (z=1)(z2—2+1)

Because it is proper, we first divide the numerator by the denominator and obtain

2(z+1) é(

Vi) =1+ (z=1)(z2—2+1)

14+Y(2))

As Y'(z) has a zero at the origin, we can divide by z:

Y'(2) z+1 z+1

z (z—1(z2—2z+1) (z = 1)(z — ei™/3)(z — e=i™/3)

Note that complex poles or complex zeros, if any, would always occur in conjugate
pairs for real sequences, see Problem 4.13. We obtain

2 1 1
z—1 z—e"/3 Lz —eit/3

We cross multiply by z and invert:

2z z z
z—1 z—ei™/3 z—eim/3

— (2 — eITR/3 e_j”k/3) 1(k) = (2 — 2cos gk) 1(k)

Y'(2) =

Recall the fact that Y (z) = 1+ Y'(z). Because the inverse Z-transform of 1 is
0(k), we obtain

For the sake of completeness, we will now take an example where ROC lies in a
ring.

Example 4.29 Determine the inverse Z-transform of

22 4+ 22

Y@ = Crpe o

1<z <2

As the degree of the numerator polynomial is less than that of the denominator
polynomial, and as it has a zero at the origin, first divide by z and do a partial
fraction expansion:

Y(z) z+2 A n B N C
2 (z+12(2-2) z+1 (2412 z-2




100 4. Z-Transform

Multiplying by z — 2 and letting z = 2, we obtain C' = 4/9. Multiplying by (z+1)?
and letting 2 = —1, we obtain B = —1/3. Multiplying by (z + 1)?, differentiating
with respect to z and letting z = —1, we obtain

2= [£{5]]

Combining the above, we obtain

_(z2=2)—(2+2) 4
- (z-2p

z=—1 z=-—1

1 4 1

Y (2) 4 1 1 n
3(z+1)2  9z-2

z __§z—|—1

Because it is given to be the annulus 1 < |z] < 2, and because it does not contain
the poles, ROC should be as follows:

4 =z 1 z +4 z
9z+1 3(z2+1)2 9z-2
——

|z|>1 |z]<2

Y(z)=

We make use of Eq. 4.19 on page 80 to invert the second term and the results of
Sec. 4.1.2 to invert the third term. We obtain the inverse as

y(n) =~ (~1)"1(n) + zn(~1)"1(n) ~ 52" (~n — 1)

M 4.9 shows how to solve this problem through Matlab.

Sometimes it helps to work directly in powers of z~'. We illustrate this in the next
example.

Example 4.30 Invert

3-2z71 2 > 1

’ z a9
=305

3
A note on the notation used here is in order. Even though the right-hand side is a
function of z~1, we call it a function of z only.®

Y(z)=

There are two poles, one at z = % and one at i. As ROC lies outside the outermost

pole, the inverse transform is a right handed sequence:

3-5z71 A B
Y — 6 = 4.51
N (e (e P R A S o

Multiply both sides by 1 — 2z7* and let z = { to obtain

5We use this notation throughout this book, unless stated otherwise.
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Multiply both sides of Eq. 4.51 by 1 — %z‘l and let z = % to obtain

Substituting in Eq. 4.51, we obtain

Y () = 1= ;_1 + ;_1 - Ki)n +2 (%)n] 1(n)

M 4.10 shows how to solve this problem through Matlab.

Now we will present another method of inversion. In this, both the numerator and
the denominator are written in powers of 2~ and we divide the former by the latter
through long division. Because we obtain the result in a power series, this method is
known as the power series method. We illustrate it with an example.

Example 4.31 Invert the following transfer function by the power series
method:
1
Y(z) = 1 a1’ |z| > |al

Now the method of long division is applied:

l+azt4+a%272+. .

l—azt | 1
1 —az7!
az~1
az™t —a?z72
a?z72
To summarize,
1
—  =l4az '+ 4 4.52
1—az"1 ( )

from which it follows that

y(n)=0, n<0

y(0) =1

y(l)=a

y(2) = a®
Generalizing,

y(n) = a"1(n)

which is in agreement with the result obtained in Sec. 4.1.2.
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In the next example, we will explain how to carry out long division in Matlab.

Example 4.32 Obtain a long division solution of Example 4.27 through Matlab.

In Example 4.27, we have obtained the solution as y(0) = 0, and for n > 1,
y(n) = —9 — 2(n — 1) + 20 x 2"~ Substituting for n we obtain y(1) = 11,
y(2) =29, y(3) =67 and y(4) = 145.

M 4.11 implements this in Matlab. The command filter provides numerical
values through long division. The command impulse provides the solution in a

graphical form. I

How does one use the long division method for noncausal sequences? This is explained
in the next example.

Example 4.33 In Example 4.31, we have solved for a causal sequence.
If, instead, ROC is specified as |z| < |a|, we cannot use the expansion of Eq. 4.52.
Instead, we would solve the problem as given below:

—az7'4+1 | 1
1 —alz
a”lz
a1z +a_222
a=222
From this, we obtain
1
—— =—a'2-a"%? - = —a"1(-n—-1)

1—az"1

which is in agreement with the result obtained in Sec. 4.1.2.

Although we have presented examples of both causal and noncausal systems, in
view of the fact that control applications require mostly the former, we will assume
causality from now on,® unless stated otherwise.

We will next present an example that shows how to convert a parametric model
presented in Sec. 3.3.6 into a nonparametric model.

Example 4.34 Determine the impulse response of the system described by
Eq. 3.42, reproduced here for convenience

y(n) + ary(n — 1) = byu(n — 1)

6In view of this observation, ROC will also not be explicitly stated.
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Taking the Z-transform of this system and using the notation, as mentioned in
Footnote 5 on page 100, we obtain

(1+a127 )Y (2) = b2 'U(2)
blz_l

Y(Z) = 71 + alz—l

Using the power series method explained in Example 4.31 for causal systems, we
obtain

Y(z)=biz7'(1—a1z7t +a2z72 - )U(2)
Using the shifting theorem, we invert this and obtain
y(n) = bifu(n —1) — aju(n — 2) + a®u(n — 3) — -]

which can be written as

oo

y(n) = b > (~1)Fafu(n — k — 1)

k=0

In the latter part of this book, we will design controllers to improve the
performance of plants of interest. We will often work with transfer functions of
the plant. As a result, control design techniques will give rise to controller transfer
functions. We cannot implement the controller if we know only its transfer function;
we need to derive its time domain equivalent. Deriving the time domain equivalent of
the transfer function is known as realization, as mentioned earlier. In the next section,
we will look at two approaches to obtaining the time domain equivalent of transfer
functions.

4.4.3 Realization

For discrete time systems, the time domain equivalent can be obtained by direct
inversion. Suppose that the transfer function to be inverted is given by G(z):

_bo+ b1zl 4 boz2 4+ b3z 3 + - - s B(z)

G(z) =
(2) l+arz7 V4 az72+asz34+---  A(z)

(4.53)

If the input to this system is U(z) and the corresponding output is Y (z), we obtain
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l 2 0 2o b

i i Al M

—as —Q9 —aq

Figure 4.7: State space realization: observer canonical form

Using the expressions for A and B, the above equation becomes

Y(2) +a127 Y (2) + a2 2Y (2) + a3z 3Y (2) + - - -
= boU(2) + b2 U (2) + boz2U(2) + b3z 33U (2) + - -

From this, we obtain the following expression for Y (z):

Y(2) = —a127Y (2) — a2272Y(2) —azz?Y (2) — - -

1 5 3 (4.54)
+bU(2) +b127U(2) + baz"°U(2) + b3z °U(2) + - - -

Using the shifting theorem, given by Eq. 4.9 on page 73, the above equation becomes

y(n) = —ary(n — 1) — azy(n — 2) —asy(n = 3) + - - (4.55)

+ bou(n) + bru(n — 1) + bou(n — 2) + bgu(n —3) + - - '
Suppose that u is the input to and y the output from the controller, whose transfer
function is given by G(z). Then, the current control action at time instant n is
obtained as a function of previous control actions and current and previous inputs.
This approach is applicable only to discrete time systems.

In Sec. 3.4, we have shown how to obtain a transfer function, given the state space
description of a system. The next section is devoted to the inverse problem: how to
obtain a state space equivalent, given the transfer function? This is another way to
realize transfer functions.

Because most real life systems have at least one sample delay (see Sec. 3.4), we
will take by to be zero. The resulting expression can be realized as in Fig. 4.7, where
we have taken the numerator and denominator degrees to be 3. If the states x; are
ignored for the time being, it is easy to check that this figure is just an implementation
of Eq. 4.54.

Because the transfer function z~! denotes a system with the input—output
equation y(n) = u(n — 1), a block containing z~! is known as the delay block.
It is clear that if the output of a delay block is 21 (n), its input should be z1(n + 1).
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Using this idea, we arrive at the following relations from Fig. 4.7, where the outputs

of the delay blocks are denoted as x1, z2 and x3:

y(k) = z1(k)
z1(k+1) = zo(k) + biu(k) — a1z1 (k)
zo(k + 1) = z3(k) + bau(k) — asz1 (k)
x3(k 4+ 1) = bgu(k) — azz1 (k)

which can be written in the form of state space equations:

T (k + 1) —ai 1 0 T (k) bl
$2(/€ + 1) = [ —a2z 0 1 l'g(k) + b2 u(k)
$3(/€ + 1) —as 0 0 1‘3(k) b3

1‘1(k)
y(k)=[1 0 0] |z2(k)

(4.56)

This realization is known as the observer canonical form. It should be pointed out
that this state space realization is not unique. A way to arrive at another realization,
known as controller canonical form, is given in Problem 4.18. For other forms of

realization, the reader is referred to [24].

4.5 Matlab Code

Matlab Code 4.1 To produce a™1(n), discussed in Sec. 4.1.2. This code is available

at HOME/Z-trans/matlab/aconvl.m’

a = 0.9;
n = —10:20;
y = zeros(size(n));
for i = 1:length(n)
if n(i)>=0,
y(i) = an(i);
end
end
axes(’'FontSize’ ,18);
o = stem(n,y);
set(o(1), Marker’,’.");

label (’ul’,18, ' Time(n)’,’0.9"nl(n)’,18)

Matlab Code 4.2 To produce —(a)"1(—n — 1), discussed in Sec. 4.1.2. This code is

available at HOME/Z-trans/matlab/aconv2.m

a=0.9;
n = —10:20;
y = zeros(size(n));

THOME stands for http://www.moudgalya.org/dc/ — first see the software installation directions,

given in Appendix A.2.
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end

axes(’FontSize’ ,18);

o = stem(n,y);

set(o(1),’Marker’,’.");

label (’u2’,18, Time(n)’,” —(0.9) "n.1(—n-1)",18)

Matlab Code 4.3 To produce pole—zero plots of the form of Fig. 4.3 on page 67.
This code is available at HOME/Z-trans/matlab/pz.m

% Pole zero plot

z = [0;5/12];

p = [1/2;1/3];

A = axes(’FontSize’ ,18);

[hz ,hp,hl] = zplane(z,p); % Get handle

set(hz,’MarkerSize’,12,’Color’,[0 0 0]) % Set colour and size
set (hp, "MarkerSize ’ ,12,’color’ ,[0 0 0])
label (’Pole—Zero.plot’,18, Real(z)’, ’Imaginary(z)’,18)

Matlab Code 4.4 Discrete transfer function of the continuous state space system,
discussed in Example 4.18 on page 86. This code is available at
HOME/Z-trans/matlab/discl.m

F=1[0 0;1 —-0.1]; G= [0.1; O];
C=1[0 1]; D= 0; Ts = 0.2;
sys = ss(F,G,C,D);

sysd = c2d(sys,Ts, ’zoh’);

H = tf(sysd)

Matlab Code 4.5 Computation of residues, useful for calculations in Sec. 4.4.2. This
code is available at HOME/Z-trans/matlab/respol.m

% This function computes residues for G(z)

% 1If G(z)=0 at z=0, residues are calculated for G(z)/z

function [res,pol,other] = respol (num,den)
len = length (num) ;
if nun(len) = 0
num = num (1:len—1);
end
[res ,pol,other] = residue (num,den);

Matlab Code 4.6 Partial fraction expansion for Example 4.24 on page 94. This
code is available at HOME/Z-trans/matlab/respoll.m
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% 27z°2 + 2z
% G(z) = ————————————
% z"2 4+ 2z — 3

num = [2 2 0];
den = [1 2 —3];
[res ,pol] = respol(num,den) % respol is user defined

Matlab Code 4.7 Partial fraction expansion for Example 4.26 on page 97. This
code is available at HOME/Z-trans/matlab/respol2.m

% z "2 + z A B C

% G(z) = ——————————— = —————— + +

% (z — 1)°3 (z — 1) (z — 1)"2 (z — 1)°3
num = [1 1 0];

den = COHV([l —1],COHV([1 —1],[1 —1])), % poly multiplication
[res ,pol] = respol (num,den)

% % Output Interpretation :

% % res =

% % 0.0000 A =0

% % 1.0000 B =

% % 2.0000 C = 2

% % pol =

% % 1.0000 (z — 1)
% % 1.0000 (z — 1)°2
% % 1.0000 (z — 1)°3

Matlab Code 4.8 Partial fraction expansion for Example 4.27 on page 98. This
code is available at HOME/Z-trans/matlab/respol3.m

% 112°2 — 152z + 6 Al A2 B

% G(z) = —————mmm = T — .
% (z — 2) (z — 1)"°2 (z — 1) (z — 1)°2 (z — 2)
num = [11 —15 6];

den = conv([1 —2],conv ([l —1],[1 —=1]));

[res ,pol] = respol(num,den) %User defined function

% % res =

% % 20.0000 <——————

% % ~9.0000 <————— |- ———————

% % ~2.0000 <————— |-—————— e

% % \ | |

% % pol = \ | |

% % 2.0000 <—————— | |

% % 1.0000 <—————m——————— |

% % 1.0000 <——————————m
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Matlab Code 4.9 Partial fraction expansion for Example 4.29 on page 99. This
code is available at HOME/Z-trans/matlab/respol5.m

% z"2 4+ 2z

% G(z2) = ——mmmmm

% (z + 1)°2 (z — 2)

num = [1 2 0];

den = conv(conv([1 1],[1 1]),[1 =2]);
[res ,pol] = respol (num, den)

Matlab Code 4.10 Partial fraction expansion for Example 4.30 on page 100. This
code is available at HOME/Z-trans/matlab/respol6.m

% Coefficients are in ascending power of z7 -1

% 3 — (5/6)z" -1 A B
% G = ————————— = - + -
% (1 —=(1/4)z"—=1)(1 —-(1/3)z"—1) 1—-(1/4)z" -1 1—-(1/3)z" -1

num = [3 —5/6];
den = COHV([l —1/4],[1 —1/3]), %Polynomial multiplication
[res ,pol,other] = residuez (num,den)

Matlab Code 4.11 Long division of the problems discussed in Example 4.32 on
page 102. This code is available at HOME/Z-trans/matlab/division.m

num = [11 =15 6];

den = conv([1 —-2], conv ([l —1],[1 —=1]));
u = [1 zeros(1,4)];

y filter (num,den ,u)

G = tf(num,den,—1)

impulse (G)
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4.6 Problems

4.1.

4.2.

4.3.

4.4.

4.5.

4.6.

4.7.

4.8.

Find the Z-transform of the following and draw the pole—zero plot and ROC, if
the transform exists:

u(n) =a"1(n) «b"1(—n)

Consider the sequence u(n) = (n + 1)1(n).

(a) Find its Z-transform using the fact that u(n) = 1(n) x 1(n) (derive this).
(b) Find the Z-transform of u through the Z-transform of nl(n) and 1(n).
Compare the results.

Consider the equation

k=—o00

(a) Express the Z-transform of y(n) in terms of U(z). [Hint: Find the difference
y(n) —y(n—1)]

(b) Use the convolution property to determine the Z-transform of y(n) in terms
of U(z). [Hint: If the right-hand side of the above equation can be written
as u(n) x g(n), what is g(n)?]

Find the causal sequence, whose Z-transform is given by

1
(I —az=1)(1-bz71)

G(z) =

where you can assume that a # b. Verify by computing g(0) and g(1) through
some other means.

The inverse Z-transform of
224+ 2z
Giz)= ————7—
C) =i =

has already been computed for the case of 1 < |z] < 2 in Example 4.29 on
page 99. Now, find its inverse for two other cases: (a) |z| > 2; (b) |z| < 1.

Determine the inverse Z-transform of

422 — 172 4+ 17

Y(2) = G-1(z-2)(z-3)

|z| >3

Recall that the ratio test [25] is one possible way of determining if a series
is convergent. Use this test to show that the sequence {kp"*} is absolutely
summable if [p| < 1. Will this test also work for a sequence of the form {k"p*},
Ip| < 17 Take k > 0.

Consider a right sided sequence u(n) with the Z-transform
1

U(z) = TR T (4.57)
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(a) Carry out a partial fraction expansion expressed as a ratio of polynomials
in 27! and, from this expansion, determine u(n).

(b) Rewrite Eq. 4.57 as a ratio of polynomials in z and carry out a partial
fraction expansion of U(z) expressed in terms of polynomials in z. From
this expansion determine u(n). How does this compare with the result
obtained in part (a)?

4.9. Differentiating Eq. 4.17 on page 80 with respect to a, show that
P o0
E n—1_—n
ﬁ = na z
(z—a)? =

and hence that

z

na"'1(n) < ooe

Successively differentiating with respect to a, show that

n—2 PN 2z
n(n—1)a""*1(n) EEE
D — 2)a™31(n) o %
R R

Generalize this to arrive at Eq. 4.18. Verify the condition on ROC.
4.10. If

z € ROCa NROCy
then show that

Z ly(n)z~"] < oo, i.e., z€ ROCy

4.11. In Eq. 4.29 on page 85 we assumed the existence of (21 — A)~!. Show that a
sufficient condition is given by |z| > ||A]|. [Hint: Key theorem 5.8 on page 169 of
[42] gives a sufficient condition for the existence of (I—A/z)~! to be ||A/z]| < 1.]

4.12. Show that with z = €79 in the stable function

L1

Glz)="—2, 0<a<l1 (4.58)

zZ—a

|G(e7%)| is independent of 6. Since its magnitude is not a function of 0, G(z) is
known as an all pass transfer function. [Hint: Show that G(z)H (27') = %]

4.13. This problem demonstrates a condition on complex poles of a real sequence [49].
Consider a real valued sequence u(n) with a rational Z-transform U(z).
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(a) From the definition of the Z-transform, show that
U(z) =U*(z")
where * indicates complex conjugation. The RHS means: take the transform

with respect to z* and then take the complex conjugate of the entire thing.

(b) From the result in part (a), show that if a pole of U(z) occurs at z = z,
then a pole must also occur at z = z*. Show also that the same result is
true for zeros.

4.14. Invert the following transfer functions:
2 — bel1
z — aeiw?
z—bedr  z—beTIr

z—aeiv2  z — ge=Iw2

(a)

|21 > al

(b)

12 > 1b]
and determine whether the result is real. Explain.

4.15. Obtain the time domain equivalent of a system whose transfer function is

22 4+3z+1

G(z)= 4——5——
(2) 23 —222 4241
Use the following two approaches:

(a) Recursive formulation.

(b) State space realization.

4.16. This problem involves the solution of a famous difference equation.
(a) Consider
z(n+2)=z(n+1)+z(n)+dn+2) (4.59)

with z(n) = 0 for n < 0. Evaluate z(n) recursively for n = 0 to 4. Do you
know the name of this famous sequence?
(b) By Z-transforming Eq. 4.59 and simplifying, obtain an expression for X (z).

(¢) Invert the Z-transform obtained above and obtain an expression for z(n).

(d) Find the ratio z(n + 1)/x(n) for large n. Do you know what the ancient
Greeks called this famous ratio?
4.17. Suppose that in a sequence {u(k)}, u(k) =0 for k < 0, i.e., u is causal. Let

|z| > ro

be its Z-transform with the degree of N(z) = n and the degree of D(z) = m.
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(a) Show that m = n if and only if u(0) # 0. Notice that you have to show
both the directions.

(b) Suppose that w(0) =0, u(1) # 0. Then show that n =m — 1.
(c) Generalize the above result for u(k) =0, 0 < k < ko.

If possible, give examples for each.

4.18. In this problem we obtain another realization of the transfer function given in
Eq. 4.53. We do this as follows:

(a) Show that the following relation can be arrived at from the transfer
function:

y(k+3) + ary(k + 2) + azy(k + 1) + azy(k) =
bsu(k) + bau(k + 1) + bru(k + 2)

Show that

u(k) = £k +3) + a1é(k + 2) + azé(k + 1) + azé(k)
y(k) = b3&(k) + b2b(k 4+ 1) + b1&(k +2)

satisfy the above relation.

(b) Fill in the boxes in the following block diagram so that it implements the
above equation. Ignore z; for now.

(¢) The ¢ at different time instants become different states as indicated by z in
the diagram. Write expressions for states at k41 in terms of the states at k
and the input at k. Write this in matrix form. Similarly write an expression
for y(k) in terms of the states at k and the input at k. This is known as
the controller canonical form.

u(k) _&(k+3) ek gk ) €(R)
AN - o 2 | 7 3




Chapter 5

Frequency Domain Analysis

In this chapter, we study frequency domain aspects of signals and systems. Such an
insight is extremely important for the design of filters and controllers. We present the
tools required for this study: Fourier series and Fourier transform. We also discuss
Shannon’s sampling theorem, which specifies the minimum speed of sampling. Finally,
we present a brief introduction to filtering.

5.1 Basics

In this section, we discuss how oscillations naturally enter the system response. We
also point out the differences between continuous time and discrete time sinusoids.

5.1.1 Oscillatory Nature of System Response

Let us first consider I/O LTI systems with a single real pole. These systems have a
transfer function of the form

G(z) = pr (5.1)

see Footnote 6 on page 102. We will consider different cases of the location of the
pole, p. If the impulse response of the system is denoted by y(n), its Z-transform,
Y'(z), is identical to G(z). On inversion, we obtain y(n) = p™. A plot of the response
for different p values is presented in Fig. 5.1.

Notice that when 1 > p > 0, y decays to zero monotonically. If, on the other
hand, p > 1, the response grows monotonically. For negative values of p, we obtain
an oscillatory response. For 0 > p > —1, we obtain an oscillatory, but decaying
exponential, while for p < —1, the output grows with oscillations.

We will next consider a system with a complex pole, at pe’“. If complex poles are
present in real systems, they should occur in conjugate pairs, see Problem 4.13. As a
result, pe ™7 will also be a pole, as shown in the diagram on the left-hand side of
Fig. 5.2. Let the transfer function be given by

22

OO = e = pe ) (52)

Digital Control ~ Kannan M. Moudgalya
© 2007 John Wiley & Sons, Ltd. ISBN: 978-0-470-03143-8
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Im(z)
n

~ N
N )

Figure 5.1: Impulse response for poles on the real axis

The response Y (z) for an impulse input is

Y(z) z Aq A7

2 (z—ped®)(z —pei¥)  z—pei® | z— peiw
where A; is some complex number, of the form ae??, and Aj is the complex conjugate
of A;. On inverting, we obtain the impulse response y(n) as

y(n) = A1p"ed™ + Ajple I = ap” [ej(nw+9) + e—j(nw+9)} 53)
=2ap"cos(nw+6), n>0

Notice that this response is sinusoidal. One can see w to be the frequency of oscillation.
For w = 0, there is no oscillation, which reaches the maximum for w = 180°. So long
as the denominator is of the form assumed here, Eq. 5.3 holds true. For different
numerator values, only the value of A; and hence those of o and 6 will vary. The
impulse responses for different pole locations are given in the diagram on the right-
hand side of Fig. 5.2.

In Sec. 3.3.2, we have shown that the response to any signal can be written as
a linear combination of impulse responses. As a result, one can expect the poles to
have a say in the oscillatory nature of general responses as well. Problem 5.2 asks the
reader to verify that the step response of Eq. 5.2 also is oscillatory.

Often, transfer functions having more than one or two poles can also be
approximated by simpler transfer functions. As a result, the examples studied in
this section are of general interest and the results are applicable to a larger class of
systems.
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Im(z) T T = / Re(z)

!
x e

Figure 5.2: Pole locations of a typical stable second order discrete time LTT system,
indicated within unit circle

These examples show that oscillations are inherent in a large class of systems. In
order to understand this aspect, we undertake a frequency domain study of signals
and systems.

5.1.2 Continuous and Discrete Time Sinusoidal Signals

We will first see some properties of continuous sinusoidal signals. Consider a
continuous time sinusoidal signal of the form

ug(t) = Acos (U +6), —oo<t<oo (5.4)

where A is the amplitude,  is the angular frequency in rad/s and 6 is the phase in
rad. With Q = 27 F, where F' is the frequency in cycles/s or hertz, we can write u,(t)
also as

uq(t) = Acos (2nFt + 0) (5.5)

Some properties of such signals are now listed. For every fixed value of F, u,(t) is
periodic with a period T, = 1/F"

ug(t +Tp) = Acos(2nF(t +1/F) 4+ 0) = Acos (27 + 21 Ft + 0)
= Acos (2nFt + 0) = u,y(t)

Because uq(t +T}p) = ug(t) for an arbitrary ¢, the signal is periodic with a period T),.
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Figure 5.3: Plot of u;(t) = cos (27 x t/8) (slow changing) and us(t) = cos (27 x 7t/8)
(fast changing)

Continuous time sinusoidal signals with different frequencies are different. To see
this, observe the plots of u; = cos (27 x t/8) and us = cos (27 x 7t/8) in Fig. 5.3.
It is clear that these plots are distinct from each other.

Increasing the frequency of u results in an increase in the rate of oscillation of the
signal. We can go on decreasing the frequency, i.e., F' — 0 and T}, — oo. Similarly, we
can go on increasing F' as t is a continuous variable. These relations hold good also
for complex exponential signals of the following form:

Uqa(t) = Ae? U+ = Alcos (U + ) + jsin (Ot + 0))]

For mathematical convenience, the concept of negative frequency is introduced.
While positive frequency can be thought of as a counterclockwise rotation
(see Fig. 5.2), negative frequency can be assumed to produce clockwise rotation. With
this, sinusoidal signals can be expressed as a combination of complex exponential
signals:

AT iire) —j(Q+6)
ua(t):Acos(Qt+9):5 [EJ +e’ }
If we refer to the real and the imaginary parts of u, as ug and uy, we have
ur(t) = Acos (2 + 0) = Re {Aej(mw)}
see Footnote 2 on page 65. We obtain,

ur(t) = Asin (Qt + 6) = Im {Ae‘j(m"'e)}

We will now study discrete time sinusoidal signals briefly. Consider discrete time
periodic signals of the form

u(n) = Acos(wn +6), —oco<n<oo (5.6)

where the variables have the following meaning:
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integer variable, sample number
amplitude of the sinusoid

frequency in radians per sample and
phase in radians.

T E »n 3

If w = 27 f, where f is known as the normalized frequency with units of cycles/sample,
we obtain

u(n) = Acos 2nfn+60), —oco<n<oo (5.7)
The reason why f is called normalized frequency will be made clear shortly.
The signal u(n) is said to be periodic with period N, N > 0, if and only if

u(n+ N) = u(n) for all n. The smallest nonzero value for which this is true is known
as the fundamental period. Some properties of a discrete time sinusoid are now listed.

Periodicity: A discrete time sinusoid is periodic only if its frequency f is a rational
number. To see this, let

u(n) = cos (27 fon + 0)
To check whether u has a period N, we need to calculate u(n + N):
u(n+ N) =cos(2rfo(n+ N) +6)

The signals u(n) and u(n + N) will be equal if and only if there exists an integer k
such that

2r foN = 2km (5.8)

or equivalently,

k

fo = = (5.9)

i.e., fo is rational. N obtained after cancelling the common factors in k/ fy, obtained
from Eq. 5.8, is known as the fundamental period.

Identical signals: Discrete time sinusoids whose frequencies are separated by
integer multiple of 27 are identical, as the following equation holds for all integer n:

cos ((wo + 2m)n + ) = cos (won + 0), Vn
As a matter of fact, all sinusoidal sequences
ug(n) = Acos (wgn + 0)
where

wp =wo +2kr, —T<wy<T (5.10)
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Figure 5.4: Plots of sinusoids of different frequencies

are indistinguishable or identical. In view of this observation, only the sinusoids in
the frequency range —m < wo < 7 are different, i.e.,
1

1
—T<wy<T Or —§<f0<§ (5.11)

As a result, the above equation gives the unique frequency range. This property is
different from the previous one: now we have a fixed n and a variable f while we had
f fixed and n a variable earlier.

Alias: The highest rate of oscillation in a discrete time sinusoid is attained when
w=morw= —m, or equivalently, f =1/2 or f = —1/2. In Fig. 5.4, plots of coswon
have been drawn for wg values of 7/8, w/4, 7/2 and 7 with n taking integer values.
Matlab code M 5.1 shows how these plots are produced.

As wy increases, the frequency of oscillation also increases reaching a maximum
at wg = m. What happens if wq increases beyond 77 Let w1 = wp and wy = 27 — wy.
Then, u; = Acoswin and us = A coswsan are identical, as shown below:

ui(n) = Acoswin = Acoswon

uz(n) = Acoswan = Acos(2m —wp)n = Acoswon

Observe that us(n) = wui(n). We say that wo is an alias of wy. We will study more
about these properties shortly.

5.1.3 Sampling of Continuous Time Signals

The first decision to make in sampled data systems is the sampling period. Although
we will study it in detail in Sec. 5.3, we introduce the topic of sampling now. Suppose
that we sample the analog signal u,(t) at a uniform sampling rate of Ts. Then

u(n) = ug(nTs), —oo<n < oo (5.12)
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where we have used

n
t=nTs = T (5.13)
where Fs; = 1/Ty is the sampling frequency, in samples/s or hertz.

Let the continuous time signal have a frequency of F cycles/s. We will derive a
relation between the continuous time frequency F' and the discrete time frequency f.
Let us sample the continuous time signal, given by Eq. 5.4-5.5, at a rate of Fy = 1/T.
We obtain

u(n) = Acos (2rnFTsn + 0) = Acos (27T§n + 9) (5.14)

S

Comparing this with Eq. 5.7, we obtain

f== (5.15)

and, therefore, f is called normalized frequency or relative frequency. Multiplying both
sides by 27, we obtain the following relationship in angular frequency:
Q

W= =T, (5.16)

We know from the earlier discussion that while the continuous frequencies can vary all
the way up to infinity, i.e., —oo < F' < 0o or —oo < () < 00, the discrete frequencies
are bounded, as given by Eq. 5.11. In view of this, the maximum continuous time
frequency that can be accommodated is given by

F s

Fmax = 5 Qmax = 27-‘—1'7‘max = 7TFS =7 (517)
2 Ts
We see that by sampling, frequency values in an infinite range are mapped into a

finite range. We illustrate this with an example.

Example 5.1 Consider sampling at the rate of Ts = 1 s the two functions
plotted in Fig. 5.3, namely u(t) = cos (27 x t/8) and ua(t) = cos (27w x 7t/8).

On sampling, we obtain the discrete time signals as
1
ui(n) = cos 27T§n

7 1
uz(n) = cos27r§n = cos 2w (1 - g) n

1 1
= cos (27m — 27r§n) = cos (27T§7’L>

Thus, we see that ua(n) = ui(n) at all the sampling instants, which can be seen
from Fig. 5.3 as well. In this figure, the two waveforms intersect exactly at the
sampling instants. Thus if we have a sequence generated by sampling cos 27 x n/8
at the rate of 1 s, we will not know whether it comes from w;(t) or from wua(t).
We see that fo = 7/8 Hz is an aliasof f; = 1/8 Hz. In fact, f1 + nF; are aliases
of fy for all integer values of n. I
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The above example shows that we lose information when wus is sampled at a slow
rate. We are interested in knowing the rate that we should maintain while sampling a
continuous signal. The Fourier transform is a tool that will help us study this problem.
We discuss the topic of Fourier transforms in the next section.

5.2 Fourier Series and Fourier Transforms

Fourier series is a powerful tool to study periodic signals. Many useful signals are
not periodic, though. Fourier transforms can be used to study these. We begin
the discussion with continuous time signals. We motivate the discrete time Fourier
transform with frequency response and point out how it can be obtained from the
Z-transform. We also discuss some properties of Fourier transforms.

5.2.1 Fourier Series for Continuous Time Periodic Signals

Let u(t) be a periodic signal with a fundamental period, T}, given by

1

Tp:FO

(5.18)

where Fp is the frequency of oscillations. We can write it in a Fourier series as follows:

u(t)= Y Cpermot (5.19)

k=—0o0

To find Cy, we multiply both sides by e 7270t and integrate from to to to + Tp:

to+Tp . to+Tp ) [e’e) ‘
/ u(t)e_JQTrlFotdt:/ e—gQﬂ'ngt Z CkEJQTrkFOt dt

to to k=—o0

Exchanging integration and summation,

to+1T,
0

t0+TP > P
/ u(t)e—jQTrngtdt: Z Ck/ ejQﬂ(k—l)thdt

to k——o00 t

Separating the integral corresponding to k = [, we obtain

to-‘er ) t()-l-Tp o0 to-l—Tp )
/ u(t)e—J%rlFotdt:Ol/ dt + Z Ck/ ei2m (k=) Fot gy

to to k=—o00,k#£l to

Carrying out the integration, we obtain

ei2m (k=) Fot |to+Tp

fotty 2l Fot S
t —Jeamilo t — T -
/ u(t)e dt =T, + E C =D

to k=—00,k#l

(5.20)

to
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bu(t)

up(t)

121

Figure 5.5: Conversion of an aperiodic signal into a periodic signal

Note that if we had not separated the k = [ term, we would have had a zero in the
denominator of the second term. On taking limits, the second term becomes zero, as

we show now:

ej27rnFot‘t0+TP — pi2mnFo(to+T,) _ gj2mnFoto _ gj2mnFoto (ej27rn
to

because, from Eq. 5.18, Fy'T), = 1. In view of this result, Eq. 5.20 becomes
to-‘er )
/ u(t)e#otqr = 0T,
to
from which it follows that

1 to+T)p ) 1 ]
C = —/ u(t)e 2ot gt = —/ u(t)e 72 Eot gy
T;D to T;D Ty

~1)=0

(5.21)

where the last integral is over any one period T, as u(t) is periodic. Eq. 5.19 and
Eq. 5.21 make the Fourier series pair, which we reproduce below in one place:

oo
§ CkejQﬂkF()t

k=—oc0

1 .
C=— u(t)e_]z”lFDtdt
Ty Jr,

u(t)

(5.22)

5.2.2 Fourier Transform of Continuous Time Aperiodic Signals

To extend the above analysis to aperiodic signals, which are common in control
applications, we produce a periodic extension of u(t), as shown in Fig. 5.5, and call
it u,(t). Here we have assumed that u(t) vanishes outside the interval (=7},/2,T,/2),

where T}, can be arbitrarily large. We can recover u(t) from uy,(t), as follows:

lim  u,(t) = u(t)

Tp—00

(5.23)
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As u,(t) is periodic with period T}, it has a Fourier series pair, similar to Eq. 5.22:

up(t): Z Ckej%rkFot
h=eo (5.24)

1 (T2 .
Cy = —/ up(t)e_ﬂ”kFotdt
Ty J 1,2

where Fy and T}, are reciprocals of each other, see Eq. 5.18. As u, and u are identical
over one period, we obtain

1 (T2 _
Cyr = —/ u(t)e T2kt gy
Ty ) 1,/2

As u vanishes outside one period, this becomes

1 [~ ;
Cr = / u(t)e 72 kEot gy (5.25)
p

— 00

We define a function U(F), called the Fourier transform of u(t), as

U(F) = / h u(t)e 92t gy (5.26)

— 00

where U(F) is a function of the continuous variable F'. It doesn’t depend on T, or Fp.
But if we compare Eq. 5.25 and Eq. 5.26, we obtain

1 1
Cx TpU < Tp> (5.27)

where we have used Eq. 5.18. Thus, Fourier coefficients are samples of U(F') taken at
multiples of Fy and scaled by Fy. Substituting Eq. 5.27 in Eq. 5.24, we obtain

I kY

1) = — Ul == j2wkFot

wi =7 3 (T) )

Defining AF' = 1/T,, = Fp, the above equation becomes
up(t) = Y U(KAF)e®™ AR

k=—o0

Invoking Eq. 5.23, we obtain

u(t) = Thinoo up(t) = Alzirnio U(kAF)ejkaAFtAF
P P
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0 T
Figure 5.6: Impulse response of zero order hold

This is nothing but rectangular approximation of an integral. We obtain, on taking
limits,

u(t) = /OO U(F)ed* ™ Ftgp

— 00

Thus, along with Eq. 5.26, we obtain the following Fourier transform pair:

u(t) :/Oo U(F)ed*Ftgp
o (5.28)
U(F) = / u(t)e > dt

With radian frequency €2 given by Q = 27 F', we obtain the following Fourier transform
pair:

u(t) = 2i /OO U(Q)e?Hd0
TS (5.29)
U((Q) :/ u(t)e 7t

We will now illustrate these ideas with an example.

Example 5.2 Find the Fourier transform of a pulse of height 1 and width Tj,
as given in Fig. 5.6.

We can think of this function as the response of zero order hold to an impulse
sequence. In other words, this can be thought of as the impulse response of ZOH.
We obtain its Fourier transform as

o0t

T 1 — 99T
W 50

Ts
ZOH(jQ :/ eIt = .
() A . 0

We can write this in polar form by factoring out e=77s/2

dividing by 2:

and multiplying and

ZOH(jQ) = e~ I /2 (emnm — e—jQTS/2) 2 _ e_jQTs/Qw
Q

2j Q/2

Thus, we arrive at the Fourier transform of ZOH:

, in (QT, /2
ZOH(j) = Tse—ﬂm“% (5.30)
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5.2.3 Frequency Response

In this section, we will motivate the need for the discrete time Fourier transform with
the concept of frequency response. The phrase frequency response denotes the response
of an I/O LTI system to a sinusoidal input. Suppose that a complex frequency signal

u(n) = " (5.31)

is applied to an LTT system with impulse response g(n). The output y is given by

oo oo

y(n) =gn)xun) = > gkun—k) = Y g(k)e*""

k=—o0 k=—o0

Pulling the constant part out of the summation sign, we obtain

oo

y(n) = 7" Z g(k)e 9wk (5.32)

k=—oc0

Notice that the term inside the summation is a function of w alone. It is of the form
S g(k)z7*, which is the Z-transform of {g(n)}. Motivated by this fact, we define
the discrete time Fourier transform of {g(n)} as

oo

G(ej“’)é Z g(k)e=Iwk (5.33)

k=—o0

We will discuss the convergence condition for this series in Sec. 5.2.5. Combining
Eq. 5.32 and Eq. 5.33, we obtain

y(n) = "G () (5.34)

As G(e7*) is a complex number, it can be written as |G/(e?*)|e/?, where ¢ is the phase
angle of G(e?¥) at the given w. With this, the above equation becomes

y(n) = " |G(M)[e/ = |G(el) |/ He) (5.35)

We see that when the input is a sinusoid with frequency w (see Eq. 5.31), the output
of the LTI system also is a sinusoid with the same frequency w. In addition, we observe
the following:

1. The amplitude of the output is multiplied by the magnitude of G(e/*).

2. The output sinusoid shifts by ¢, the phase angle of G(e’*), with respect to the
input.

The frequency response behaviour is fundamental to the design of filters, which are
ubiquitous. This topic is discussed in detail in Sec. 5.4. Central to frequency response
is the Fourier transform of discrete time signals, defined in Eq. 5.33. Problem 5.4
is concerned with the Fourier transform of discrete time periodic signals. The next
section is devoted to the topic of Fourier transform of discrete time aperiodic signals.
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5.2.4 Fourier Transform of Discrete Time Aperiodic Signals

In the previous section, we motivated the need for the Fourier transform of discrete
time signals. Such a transform is known as the discrete time Fourier transform. Unless
otherwise stated, we will refer to this simply as the Fourier transform. The Fourier
transform of a finite energy discrete time signal u(n) is defined as

o0

UE) 2 3 un)en (5.36)

n=—oo

Recall the definition given earlier in Eq. 5.35. We would like to find an expression for
u(n) in terms of its Fourier transform, U. First observe that U is periodic in w with
a period of 27:

U (ej(w+2ﬂ'k)) _ Z u(n)e—j(w-i-QTrk)n — U(e*) (5.37)

n=—oo

This periodicity is just a consequence of the frequency of any discrete time signal
being unique only in the range (—m, ) or (0,2m). The Fourier transform in this case
is a summation instead of an integral. Because U is periodic, it has a Fourier series
expansion, the same as in Eq. 5.36. The Fourier series coefficients, namely u(n), can
be calculated by integrating both sides of Eq. 5.36 as follows:

/7r U(e?)ed* " dw = /7r [ i u(n)e_j“’"] eI dw (5.38)

-n T [n=—0c0

If the infinite sum in this equation converges, we can change the order of integration
and summation to obtain

o0 T

/ U(ejw)ejwmdw: Z u(n)/ edw(m=n) g,

-n n=—oo -n

Using the procedure used to arrive at Eq. 5.20, we can split the right-hand side into a
term consisting of only m and the rest and then show that the entire right-hand side
is equal to 2mu(m). We arrive at the expression we are looking for:

Lo 2
u(m) _ %/ U(e]“’)e]“’mdw - /1/2 U (ej27rf) eJ27rfmdf (5.39)

—T

because w = 27 f. To summarize, we obtain the Fourier transform pair

Ue) = Z u(n)e 7w
e (5.40)

1/2 . ‘
u(m) = /1/2 U (eﬂwf) eI fmqr
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5.2.5 Convergence Conditions for Fourier Transform'

We now briefly address the conditions under which the Fourier transform of discrete
time sequences converges. Recall that while defining the Z-transform, we have enforced
the condition of absolute convergence. The objectives of this requirement are that the
Z-transform should exist and that we can uniquely invert it.

In case of the Z-transform, we have had the luxury of choosing z so as to
achieve absolute convergence. As a result, we can obtain Z-transforms of unstable
sequences as well, see Footnote 4 on page 68. In the case of Fourier transforms,
we substitute z = e/ and hence get constrained to the unit circle. As a result,
absolute convergence becomes restrictive for Fourier transforms. A weaker condition
is that of mean square convergence. This results in the sequence converging to
the mean at the points of discontinuity. Signals with finite energy (see Eq. 3.2 on
page 35) can be accommodated through this relaxation, even if they do not satisfy the
condition of absolute convergence. Unfortunately, even this condition is not sufficient
to accommodate useful signals, such as step and sinusoidal sequences. These sequences
may be accommodated by requiring the convergence in a distributional sense, through
special functions such as Dirac delta functions. This is the least restrictive criterion
of all.

This topic is not pursued any further here. The interested reader is referred to
texts such as [38].

5.2.6 Fourier Transform of Real Discrete Time Signals

As the Fourier transform is the Z-transform evaluated at z = /%, all properties of
the Z-transform hold, with appropriate substitutions. In this section we will discuss
some additional properties, in the case of real signals. Starting from the definition of
Fourier transform, we obtain

oo o0 o0

U(el®) = Z u(n)e 1em = Z u(n) coswn — j Z u(n)sinwn  (5.41)

n=—oo n=—oo n=—oo

Similarly, we obtain for negative frequency:

oo o0

U(e‘j“’)z Z u(n)ejw": Z u(n) coswn + j Z u(n) sinwn (5.42)

n—=—oo n=—oo n=—oo

Next, we will derive the inverse Fourier transform for real valued signals. From
Eq. 5.39, we obtain for a real valued signal u,

u(m) ! /7T U(e?*)ed* ™ dw

:% -

Denoting the real and imaginary parts of U as Ug and Uy, respectively, we obtain

u(m) = i /7T (UR(ej“) —|—jU1(ej“’))(coswm + jsinwm)dw

—T

1This section may be skipped in a first reading.
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Let us compare the real and imaginary parts. Because u is real, we obtain

u(m) = L /F (Ur(e?*) coswm — Uy (e?*) sin wm)dw (5.43)

—T

Symmetry of real and imaginary parts for real valued sequences: Notice
that the real parts of Eq. 5.41 and Eq. 5.42 are identical. Also, the imaginary parts
of these two expressions are negatives of each other:

Ur(e’) = Ug(e™*)

Ur(e) = ~Uy(e=) o4

From the above equations, we see that the real part is an even function of w, while
the imaginary part is an odd function of w. We can summarize these properties as

U(e?®) = U*(e™¥) (5.45)

where the asterisk denotes complex conjugation.

Symmetry of magnitude and phase angle for real valued sequences: By
the definition of magnitude and phase of complex signals, we have

U(e)] = \/UR(e1) + UR(er)
-1 Ul(ejw)

Arg(U(e’)) = tan Un(e7)

In view of Eq. 5.44, we obtain the following symmetry properties for both magnitude
and phase:

U()] = [U(e™)]

. . (5.46)
Arg(U(e’)) = —Arg(U(e™*))

In other words, the magnitude and the phase are even and odd functions, respec-

tively.

Example 5.3 Find the Fourier transform of the unit impulse sequence, {6(n)}.

The Z-transform of {§(n)} is one, see Eq. 4.7 on page 70. Because the Fourier
transform is obtained by substituting z = e’*, the Fourier transform of {§(n)}
also is one.

We see that the Fourier transform of the impulse sequence is unity at all
frequencies. Because the time sequence is real, as expected, the symmetry
properties implied by Eq. 5.44 and Eq. 5.46 are trivially satisfied: the imaginary

part of the Fourier transform is zero. I
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Example 5.4 Find the Fourier transform of

A 0<n<N-1
u(n) = .
0 otherwise

where A can be taken to be real. As u(n) is a finite sequence, its Fourier transform
exists. We obtain

w —jwn 1 —e N
e—ij/Z (e]wN/Z _ e—ij/?)
e—Jjw/2 ( jw/2 _ e—jw/Q)

_ Ap—iw(N— 1)/2SinwN/2

sinw/2
Using
im sulle/2: . NJ/2 cos,w]\f/?:N7
w—0 sinw/2  w—0 1/2cosw/2
we obtain
_ AN w=20
U] = inwN/2
U (e™)] M‘ otherwise
sinw/2
w sinwN/2
ArglU)=—-=(N-1)+A —_—
glU) = —5(V -1+ rg( sinw/2 )

The symmetry properties of Eq. 5.44 and Eq. 5.46 are once again satisfied.

Properties of real and even signals: If u is real, we obtain from Eq. 5.41 the
real and imaginary parts of U, respectively, as

oo

Ugr(e?™) = Z u(n) coswn
S (5.47)
Ur(e?*) = — Z u(n) sinwn

If u(n) is real and even, i.e., u(—n) = u(n), then u(n) coswn is even and u(n) sinwn
is odd. Hence, from Eq. 5.47, we obtain

Ur 67“’ ) =u(0)+2 ) coswn
( Z (5.48)

Uj(ej“’) =0
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This shows that for real and even signals, the Fourier transform is real. In view of the
fact that the imaginary part is zero, using Eq. 5.43, we obtain a simplified expression
for the inverse Fourier transform as

u(m) = 1 /07T Ur(e?) cos wm dw (5.49)

s

The fact that the Fourier transform of real and even signals is real has been
demonstrated already in Example 5.3. We present one more example to illustrate
this fact.

Example 5.5 A moving average filter of order n averages n consecutive inputs.
Find the Fourier transform of the moving average filter of order three,

y(n) = Sl + 1) + () + u(n — 1)

We would like to determine the impulse response coefficients first. Let us write
y(n) as a convolution of impulse response and input:

o0

y(n) = Y glkuln — k) = g(=1)u(n + 1) + g(0)u(n) + g(1)u(n - 1)

k=—o00

Comparing the above two expressions for y(n), we obtain

and g is zero at all other time instants. We can now calculate the Fourier transform:

oo

G (") = G(D)lamerw = Y g(m)z"smern

n=—oo

. . 1
(6-7“’ +1+ e‘-“") = 5(1 + 2 cosw)

W =

Observe that G is real for w, which is not surprising as the time sequence is real and
even. For w in the range [0,27/3), cosw > —1/2. As a result, G(e/*) > 0 in this
range. For w in the range (27/3, 7], cosw < —1/2 and, as a result, G(e’*) < 0.
In view of this, we obtain the phase of G as

2
0 0<w< =

Arg(G) = 9 3
™ ?<w§7r

As G is real, but with sign changes, we obtain

|G (7] = %|(1 + 2 cosw)|

Plots of magnitude of G vs. w using a log—log scale and the phase of G vs. w
using a semi-log scale are together known as the Bode plot. A Bode plot of this
example, evaluated using M 5.3, is given in Fig. 5.7. I
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Figure 5.7: Bode plot of moving average filter

Example 5.6 Find the Fourier transform of the differencing filter,
y(n) =u(n) —u(n—1)

Using the procedure of Example 5.5, it is easy to verify that g(0) =1, g(1) = —1
and all other terms are zero. We obtain

G (/) = G(2)emere = Y g(0)27" |z
] i = i/ (ejw/2 _ e—jw/Q) = 2jeIw/? sin%
Gl =2 sin’S |

A Bode plot of this example is given in Fig. 5.8. M 5.4 is used to draw this. From

this figure, one can see that the differencing filter is high pass. I

5.2.7 Parseval’s Theorem

In this section, we will derive a relation for finite energy signals. The energy of a
discrete time signal {u(n)} has been defined in Eq. 3.2 on page 35; we reproduce it
for convenience:

Eu= Y l|u(n) (5.50)
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Figure 5.8: Bode plot of differencing filter

We write |u(n)|? as u(n)u*(n) and express u*(n) with the inverse Fourier transform,
given by Eq. 5.39:

oo o0

Bu= 3 umuwm) = 3 u(n) [% / ! U*(ej“’)dw]

n=-—oo n=—oo -

As u is a finite energy signal, it is possible to exchange the order of integration and
summation. We obtain

1 T ) [eS) ) 1 T )
_ * ([ Jjw —jwn _ Jwy|2
E, Py /_ﬂU (e’*) L_E_mu(n)e 1 dw ) |U(e7*)|%dw

We arrive at the relation

oo T

Bo= 3 lumpP =5 [ [0(e)ds (5.51)

5.3 Sampling and Reconstruction

We saw in Example 5.1 on page 119 the pitfalls that result from not sampling a signal
at a fast enough rate. Using Fourier transforms, we will study this problem in more
detail. This will also help determine the minimum rate at which a continuous signal
has to be sampled and how to reconstruct the continuous signal, given the discrete
time signal.

It is not difficult to understand that a frequency domain perspective is useful in the
sampling rate selection problem. For example, we expect that large sampling periods
T, will be sufficient for slowly varying signals. Similarly, small T will be required for
fast changing signals. It is obvious that the phrases slowly varying and fast changing



132 5. Frequency Domain Analysis

denote the frequency aspect of the underlying signal. Hence, it should not come as a
surprise to the reader that the Fourier transform will be used to decide the sampling
rate.

5.3.1 Sampling of Analog Signals

Suppose that an aperiodic analog signal u,(¢) is sampled at a uniform sampling period
of T to produce a discrete time signal u(n). Then,

u(n) = ug(nTy), —oco<n<oo (5.52)

Suppose that u,(t) has finite energy. Then, Fourier transforms of these signals exist.
We will write each of the two sides in Eq. 5.52 with the help of the inverse Fourier
transform, using Eq. 5.29 and Eq. 5.40. We obtain

1/2 - oo )
/ U(f)e??™Inif = / Uy (F)el* g

—1/2

where we have replaced U(e/2"f) with the simplified notation of U(f). Because Ty =
1/F,, we obtain

1/2 ) 00 .
/ U(f)e?> Inaf = / Uy (F)e??m™F/Fs g (5.53)

—-1/2
The left-hand side of the above equation becomes
1/2 o 1 [Fs/2 Ia _
/ U(f)e* mdf = — / U <—) eIt g (5.54)
—-1/2 F —Fs/2 s
while the right-hand side becomes

> , o (/DR |
/ Ua(F)eJ%rnF/Fde — E / Ua(F)ej%rnF/Fde
(k—1/2)F,

- k=—o

Substituting @Q = F — kFy,

F, /2
Z / _|_ kF, )6327Tn(Q+kF )/ Fs dQ

k=—o00 Fs/2

Because /2™ =1,

F, /2
Z / Ua(Q + kFy)e??™Q/ P2 qQ
F./2

k=—o0

Because @ is dummy,

F, /2
Z / o(F + kF,)e??mF/F g
k=—o00 Fs/2
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Finally, exchanging the integral and the sum, we obtain

o0

00 _ F./2 .
/ Uy (F)e??mFIFs g = / < > Uu(F+ sz)> eI F/Fgp (5.55)
—0 F,/2

k=—o0

Because of Eq. 5.53, Eq. 5.54 and Eq. 5.55 are equal. So we obtain

Fy/2 Fy/2 0o .
_/ < )6727rnF/Fde / Z Ua(F+kFS) e]27rnF/Fde

Fy/2 Fo/2 \ p e

From this it follows that

1 F =
U (F) = > Ud(F+FkF,)

k=—o00

or equivalently,

U (FE> _ES UF kR (5.56)

k=—oc0
A study of this equation will help us determine the minimum required speed of
sampling. The above equation can be written for a specific Fy, Fs/2 > Fy > —F/2,
as follows:

U (%) = Fs[ .. +Ua(FO _Fs) +Ua(F0) +Ua(FQ +FS) + - ] (557)

In Fig. 5.9, a function u,(t) and its Fourier transform U, (F’) are plotted. It is assumed
that Uy (F) = 0 for F > B, i.e., B is its bandwidth. Tt is also assumed that £= > B,
i.e., a fast sampling rate is used and hence U,(F) =0 for F > ==. In other words,
Uas(Fy + kFs) =0, k==+1,42,.... Using this fact in Eq. 5.57, we obtaln

Fo
U F, U, (F
(7) = Foar
i.e., U is a scaled version of U,. In other words, the shape of the Fourier transform of
the analog signal is not affected by sampling. Thus for F,/2 > F > —F,/2, the plot
of U(F/F;) looks similar to U, (F'). From Eq. 5.56, however, notice that U(F/F}) is
periodic in F' with a period Fj, i.e.,

F F +F, F-F\  (F+kF\ ,
(5o () o () = omv (P e

A plot of U(F/F;) reflects this fact in Fig. 5.9. The right-hand side consists of a
periodic repetition of the scaled spectrum of F,U,(F) with period Fj.

If sampled fast enough, we will not lose any information, as shown in Fig. 5.9. We
can recover U, (F) from U(F/Fs). If not sampled fast enough, aliasing takes place
as shown in Fig. 5.10. We cannot recover U,(F) from U(F/F;), because the high
frequency components have changed.
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Figure 5.9: Fast sampling preserves all required information. The central part of U is
identical in shape to that of U,.

Sometimes aliasing cannot be avoided. This will happen when the Fourier
transform of the continuous signal never vanishes. For example, consider Fig. 5.11. We
can see that the Fourier transform of the sampled signal is a superposition of frequency
shifted signals. In a situation like this, there will always be aliasing irrespective of the
sampling rate. The only way to handle this problem is to filter the high frequency
components before sampling, as shown in Fig. 5.12.

5.3.2 Reconstruction of Analog Signal from Samples

In the previous section, we have presented the condition to be satisfied so that the
Fourier transform of the discrete time signal will have no distortions. Suppose that we
sample at the required rate and obtain discrete time signals. Observe that this is the
only measurement we have of the continuous time signal, i.e., we do not measure the
values in between the sampling instants. Given that we have not lost any information
while sampling, can we recover the continuous time signal completely? Because this
method of reconstructing the continuous time signal is likely to be more accurate than
ZOH, presented in Sec. 2.4.2 and Sec. 2.5, can we use it for control purposes?

To answer these questions, let us first see if it is possible to reconstruct the
continuous time signal from the sampled data. Let us assume that we have sampled
the analog signals fast enough and hence that there is no aliasing. As a result, let

1 F

U |—= F| < F,/2
Ua(F) = § Fs (F> Fls
0 |F| > Fs/2

(5.58)

Let us proceed to construct the analog signal from the samples. Recall the inverse
Fourier transform relation given in Eq. 5.28 on page 123:

ua(t) = / Uy (F)ei2 Pt

— 00
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Figure 5.10: Slow sampling results in aliasing. The central part of U is no longer
identical to U, and, as a result, U, cannot be recovered from U.

UalF)

Figure 5.11: Signal that is not band limited results in aliasing, whatever the sampling
rate

Next, substitute for U, from Eq. 5.58:

F,/2
a _]27rFtdF
TR /F/2 ( )
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Figure 5.12: Filtering of signal of Fig.

5.11 to produce a band limited signal

Substitute for U the Fourier transform relation given in Eq. 5.40 on page 125:

o0

=

1

U (t) T

F,/2

u(n)e—j27rnF/Fs‘| ej27rFtdF

Assume that this expression converges and hence exchange the summation and

integration:
L ¥ I anEenyr)
ua(t) = — u(n)/ e] us t—n s dF
PP
Integrating,
1 o 1 : F./2
o ) = — “ T j2wF(t—n/Fy)
Uq(t) T n;wu (n )].7%@_%) e e

Taking the limits,

o0

1

n

ejQﬂ(t—n/Fs)Fs/Q _ e—jQﬂ(t—n/Fs)Fs/Q

ua(t) =

>

n=—oo

)

Simplifying, we obtain the reconstruction

F,

®

e}
n

sin {w(t — Fls

j2m(t —n/Fs)

formula,

)Fs}

ug(t) =

>

n=—oo

)

F

7T(t — Fﬂ)FS

(5.59)

This is also known as the ideal interpolation formula. Let us summarize our findings.

If the highest frequency contained in any analog signal u,(t) is Finax = B and the
signal is sampled at a rate Fs, > 2F . = 2B, then u,(t) can be exactly recovered
from its sample values using the interpolation function

sin (27 Bt)
t) = T
9(t) 2n Bt

(5.60a)
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Thus

wl®) = 3 va( 4 ) att—n/P) (5.60b)

Ua (ﬂ) = ua(nT) = u(n) (5.60c)

are the samples of u,(t). Thus, we have answered the first question of whether we can
uniquely reconstruct the analog signal in the affirmative.

Now, let us look at the second question of whether we can use this reconstruction
procedure to replace ZOH. The reconstruction procedure indicated in Eq. 5.59-5.60
is not causal: the sum requires all samples, including the ones yet to be obtained.
For example, the reconstruction formula requires samples from the infinite future as
well. As a result, this reconstruction is not useful for real time applications, such as
control.

What is the utility of this result, if it is not causal and hence not useful for
real time applications? This important result provides the absolute minimum limit
of sampling rate. If the sampling rate is lower than this minimum, then no filter
(whether causal or not) can achieve exact reproduction of the continuous function
from the sampled signals. Moreover, in certain applications, such as image processing,
the reconstruction takes place offline, i.e., reconstruction is attempted on all sampled
data already obtained. Here, the variable ¢ can be taken to denote the space and the
results derived earlier can be used.

We conclude this section by stating that if Fy = 2F,.x, Fs is denoted by Fly, the
Nyquist rate.

5.3.3 Frequency Domain Perspective of Zero Order Hold

Although the Shannon sampling theorem gives a way of reconstructing the original
signal from samples, ZOH is more practical as it is a causal function. Suppose u(k)
is the sample sequence and we want to produce a continuous function out of this. We
define up(t) as

un(t) = u(kTy), KTy <t < (kTs+Ts)

As uy, is composed of a zero order polynomial passing through the samples u(kT5),
this hold operation is called the zero order hold or ZOH. The result of applying ZOH
on sampled signals is that we obtain a staircase waveform. It is clear that if we sample
fast enough, the staircase becomes a better approximation of the original, smooth,
waveform. It is also clear that if the original signal sample is one of high frequency,
we need to sample it fast so as to make the staircase waveform a good approximation.
It is clear from this that the goodness of ZOH is dependent on the frequency content
of the original waveform. In order to get a better feel for this, we would like to study
the effect of ZOH in the frequency domain.

The process of sampling and ZOH, which will be abbreviated as SH, is not a time
invariant function. This will be clear if one studies Fig. 5.13, where a continuous time
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time

Figure 5.13: Staircase waveforms obtained for different starting sampling times. The
sampled waveforms are not time shifted versions of each other.

function is sampled, followed by ZOH, for two different starting points, arriving at
two staircase forms. If the operation of SH, considered as a single operation, is time
invariant, the two staircases will be time shifted versions of each other. It is clear from
this figure, though, that this is not the case. As a result, SH is not time invariant.
Nevertheless, we will pretend that SH is LTI and carry out the following approximate
analysis, as it provides a frequency domain perspective of SH.

Note that when a unit impulse {§(n)} is sent through a ZOH, the resulting output
is as shown in Fig. 5.6 on page 123. In other words, Fig. 5.6 has the impulse response
of a ZOH. Its Fourier transform has been calculated in Eq. 5.30. Using Q = 27F =
2nf /T, we obtain QTs/2 = wf. Thus Eq. 5.30 becomes

gsinmf
Tf

Now we will see the effect of sampling and ZOH together. If the sampling is carried
out fast enough, the transfer function of sampling is F, see Fig. 5.9. Thus the transfer
function of sampling and ZOH, denoted as SH, is given as

ZOH = T,e ™ (5.61)

_jﬂfsinwf _ 6_j,Tfsinﬂ'f

SH = F.T;
e of

(5.62)

since Fs = 1/T;. If SH were equal to one, there would be zero distortion while going
from a continuous to a discrete time signal. Let us now evaluate the actual distortion
in the SH operation. From the above equation, we obtain the magnitude of the SH
operation as

sinm f
mf

A plot of [SH|, as a function of f, is shown in Fig. 5.14. For f values close to 0, |SH]|
is approximately one and hence there is not much distortion. For values of f close to
the maximum value of 0.5, however, the gain is far from one. If only we can operate
the system at low values of f, the distortion due to sampling will be small. We now
show that this can be achieved by increasing the sampling frequency.

Consider a band limited continuous signal as shown in Fig. 5.9. The frequency
over which the sampled function is nonzero is (0, B). Recall from Eq. 5.15 on page 119

ISH| =

(5.63)
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Figure 5.14: Magnitude Bode plot of SH and frequency limits when sampled at Fy =
4B or twice the minimum rate (dashed vertical line) and at F; = 8B or four times
the minimum rate (solid vertical line)

that the normalized frequency is f = F/F,. As a result, the maximum normalized
frequency becomes fimax = B/Fs. Hence, if the sampling rate F is twice the band, i.e.,
Fy = 2B, we obtain fiax = 1/2. As a result, the normalized frequency is nonzero only
in the interval (0,0.5). Note that this is the absolute minimum sampling frequency, as
dictated by the sampling theorem. Let this minimum sampling frequency be denoted
by Fj,. In other words, we obtain

B
F.

S0

=05 (5.64)

Suppose that we now explore the use of a sampling frequency Fs, at twice the
minimum frequency, i.e., Fs, = 2F;,. Then, using Eq. 5.64, we obtain B/F,, = 0.25.
Because B is the largest frequency present in the continuous time signal, the largest
f that we have to deal with is precisely 0.25. In other words, for all other frequencies
present in the input signal, the f value will be even smaller. This frequency limit is
indicated by the dashed vertical line in Fig. 5.14. The maximum distortion is produced
at f = 0.25 and it is about 10%. If, instead, we use four times the minimum frequency
F,,, i.e., Fs, = 4F,,, using the same argument as above, we obtain B/F,, = 0.125.
We once again indicate the working frequency range by drawing a solid vertical line
at f = 0.125 in Fig. 5.14. The maximum distortion is now produced at f = 0.125
and it is about 3%. It is easy to see that as the sampling frequency increases, the
distortion in the reconstructed signal decreases.

Thus, even though the above analysis is only approximate, it agrees with our
intuition that as the sampling frequency increases, the discrete time signal, obtained
through SH, gets closer to the continuous time signal.

5.4 Filtering

Measurements are often corrupted by high frequency noise, and have to be filtered
before further processing. Systems that transmit the low frequency information while
removing the effect of high frequency noise are known as low pass filters and this action
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is known as low pass filtering. Sometimes we are interested in monitoring a transient
response so as to take early corrective action. Often this requires a derivative action
that works on the basis of the slope of the response curve. We will see later that this
requires the usage of the high frequency content of the response. Indeed we may be
interested in filtering the frequency content in some arbitrary frequency range while
passing the others. We now show how to achieve this using the frequency response
property of LTI systems, discussed in Sec. 5.2.3.

We have seen in Sec. 5.2.3 that when the input to an LTI system is a sinusoid,
the output also is a sinusoid of the same frequency, but with a phase shift and an
amplitude change. Recall also from Eq. 5.35 on page 124 the expression for the filter
output y, reproduced here for convenience:

y(n) = |G(em)[ed et (5.65)

where the input is e/*” and G is the transfer function of the LTI system. Observe
from this equation that at frequencies where |G (e?%)] is large, the sinusoid is amplified
and at those frequencies where it is small, the sinusoid is attenuated:

1. The systems with large gains at low frequencies and small gains at high
frequencies are called low pass filters as these transmit low frequency signals
without much loss in information.

2. On the other hand, the systems that have high gain at high frequencies and
small gain at low frequencies are called high pass filters.

3. A filter that filters out a specific frequency is called a notch filter, often used to
filter the harmonics associated with the power source.

4. A filter that amplifies frequencies in a specified frequency range w1, ws] is known
as a band pass filter. This frequency range is known as the pass band of this
filter. The range [w3,wy] is known as a stop band when signals with frequency
in this range are stopped or filtered out.

Other filtering characteristics lead to other kinds of filters. We will look at some more
definitions associated with filtering. The cutoff frequency of w, of a filter is defined as
the value of w such that |G(ei*)| = G/2, where G is |G(ei%)]| for low pass, |G(e/™)|
for high pass and the maximum value of |G (e?“)| in the pass band for the band pass
filter.

The bandwidth of a low pass filter is the frequency range [0,w.], where w, is the
cutoff frequency. Pass band filters have two cutoff frequencies, weo > w1 > 0, and for
these, [we1, wea] is the bandwidth.

5.4.1 Pole—Zero Location Based Filter Design

There are many different ways to design filters. Indeed, there are entire books
devoted exclusively to this topic. In this section, we will look at the method of filter
design through appropriate choice of pole and zero locations. This quick and simple
method helps arrive at first-cut filters, capable of meeting all needs, except the most
demanding ones.

Consider the application of the input u(k) = a*1(k) to an LTI plant with transfer
function G(z). As we are interested in finding out what happens to the frequency



5.4. Filtering 141

content of u by the action of G(z), we will take a to be of the form /. Let the
output from the LTI system be y(k). Then

(5.66)

z—a
Suppose that G(z) does not have a pole at a. On expanding by partial fractions, we
obtain

Y(z)=eo+e; :

P + {terms due to the poles of G(z)} (5.67)

Notice that the effect of the input v on the output y depends on e;. If e; is large,
this input component is present in the output y, while if e; is small, the effect of u is
removed in the output. Substituting for Y in Eq. 5.67 from Eq. 5.66, we obtain

z z
=e€9+ e
z—a z—a

G(2)

+ {terms due to the poles of G(z)}

From this, we arrive at the value of e; as

G2 = G(a) (5.68)

z z—al,_

€1 =
a

From this equation, it is clear that if we want to pass the input signal a* in the output,
G(a) should be large, while a small G(a) would result in the attenuation of this input
signal in the output. Large G(a) can be achieved if G(z) has a pole close to a while
a zero of G(z) near a will ensure the reduction of the effect of u on the output.

In summary, a designer should place the poles of the transfer function near the
frequencies of the input signal that they want to transmit. Similarly, the zeros should
be placed at the frequencies of the input that they want to reject.

We have already seen that the frequency response characteristics of a system with
impulse response g(n) are given by its Fourier transform G(e“). We also know that
the range of unique values of G are obtained over —m < w < 7 only. We have seen
earlier that values of w close to 0 correspond to low frequencies while those close to
+7 correspond to high frequencies as far as the sampled signal g(n) is concerned.
Notice that e/ with w € (—, 7] defines the unit circle. As a result, we can mark the
low and high frequency regions as in Fig. 5.15. From the earlier discussion, to pass
signals of frequency wy, we should place poles around that frequency and, to reject
wo, we should place zeros around that. In a low pass filter, we pass low frequency
signals and reject high frequency signals. Thus a low pass filter is of the form given
on the left-hand side of Fig. 5.16. Notice that the poles are generally placed inside the
unit circle so that the system is stable. Although we have shown three poles and three
zeros, there can be more or less number of poles. The only thing we have to ensure
is that the complex poles or zeros should occur in conjugate pairs. An example of a
high pass filter is given on the right-hand side of the same figure.

Example 5.7 Draw the Bode plots of two filters with transfer function G1(z) =
0.5/(z — 0.5) and G2(z) = 0.25(z 4+ 1)/(z — 0.5) and comment on their filtering
characteristics.
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Figure 5.15: High and low frequency regions

Im(z) Im(z)

Re(z)

(1
N

Figure 5.16: Pole and zero locations of a low pass filter (left) and of a high pass filter
(right)

Note that G1(2)|z;1 = 1, so that its steady state gain is 1, see Sec. 4.3.1.
Substituting z = /%, we obtain

0.5 0.5

G (e7%) = — =
1(e™) ew —05 (cosw—0.5)+ jsinw

(cosw —0.5) — jsinw

=0.5
(cosw — 0.5)2 4 sin? w

As we want to draw the Bode plot, let us evaluate the magnitude and the phase:

. 0.5
G1(eY)| = ———
[G1(e™)] v1.25 — cosw
. sinw
4 Jwy — _ —1
Gi(e™) tan (cosw — 0.5)

The Bode plot for this system, obtained using M 5.1, is drawn with solid lines
in Fig. 5.17. From this plot it is clear that this filter only magnifies the signal
frequencies near w = 0 in relation to other frequencies. As a result, it is a low pass
filter.

The filter G2, on the other hand, actively rejects high frequencies with the help
of a zero. Note that the steady state gain of G also is one, i.e., |G2(2)|.=1 = 1.
Let the filter now have the transfer function. Let us now calculate the magnitude
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Figure 5.17: Bode plot of Gi(z) = 0.5/(z — 0.5) (solid line) and Ga(z)

0.25/(z + 1)(z — 0.5) (broken line)

and phase of Ga:
Ga(e?®) e +1  cosw+ jsinw+ 1
K  e%—05 cosw+jsinw—0.5
[(cosw + 1) + jsinw][(cosw — 0.5) — jsinw)]

- (cosw — 0.5)2 4 sin? w
G2(e7¥)  (cos®w + 0.5cosw — 0.5) + sin® w

025  sinw + cos2w + 0.25 — cosw
jsinw(cosw — 0.5 — cosw — 1)

sin w + cos? w + 0.25 — cosw
0.5+ 0.5cosw) — 1.5jsinw

0.25
1.25 — cosw

ng(

The Bode plot of G5 is shown with dashed lines in M 5.1. Notice that |Ga(e/¥)| <

143

‘Gl (ej“’)‘, VYw > 0. Thus, G2, which actively rejects high frequency input with the

help of a zero, is a better low pass filter.

Example 5.8 Study how the filter G5(z) = (# + 1)/(z — 1) handles the input

signal u(n) = (=1)"1(n).
First, we split G3(z) as

z 1
z—1 =z-1

Gs(z) =
Inverting this, we obtain the following impulse response:

g3(n) =1(n)+1(n—1)
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Recall the expression for output as a convolution of impulse response and the input,
given by Eq. 3.26 on page 48, reproduced here for convenience:

o0
y(n) =Y gliyu(n—1)
1=—00
Substituting the expression for the impulse response obtained above, we obtain
o0

y(n) = 37 [16) + 10 - Dlu(n — i)

i=—00

Using the meaning of the step signal 1(n), this equation becomes

oo n

:iun—z —|—Zun—z = Z u(n — 1) — u(n)
i=0 i=1

We will now use the statement of the problem, namely u(n) = (—1)"1(n):

= [2 Z(—l)"_i] 1(n) = (=1)"1(n)
i=0

With the substitution of £ = n — ¢, this becomes

0
:FZew%w—emww
k=n

1—(=1)n+t

)~ (D)
=10 [1 = (=)™ = (-1)"] = 1(n)

=2

This shows that (—1)™ has been filtered in the output. This is only expected, of
course, because the filter has a zero at z = —1. I

5.4.2 Classification of Filters by Phase

We will now classify the FIR or all zero systems, defined in Sec. 4.3, according to their
phase characteristic. An FIR filter that has the smallest phase change as w goes from
0 to 7 is known as the minimum phase filter. Minimum phase filters have all their
zeros inside the unit circle. Filters that have some of their zeros outside the unit circle
are called nonminimum phase filters. The phase Bode plot of these systems shows a
net phase change as w goes from 0 to 7. An example of minimum and nonminimum
phase filters is given in the next example.
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Figure 5.18: Bode plot of Gi(z) = 1.5(1 — 0.4271) (solid line) and Ga(z) =
—0.6(1 — 2.5271) (broken line), as discussed in Example 5.9

Example 5.9 Draw the Bode plots of the following transfer functions

Gi(z) = 1.5(1 — 0.4271)
Go(z) = —0.6(1 — 2.5271)

and verify the above mentioned phase characteristic.

In Fig. 5.18, the Bode plots of G; and G2 are drawn with solid and broken lines,
respectively. Note that the magnitude plots of these two functions coincide. This is
because the zeros of G; and G> are reciprocals of each other and the formula for
the magnitude of |G(e’“)|? = |G(2)G(271)|,—¢—s«. Note that in this expression,
G(z) and G(z7') are polynomials in z and 271, respectively. As expected, the
phase angle of G; does not show a net change, which is not the case with Gs.
M 5.5 shows how these plots are created using Matlab. I

It is more difficult to design controllers for nonminimum phase systems, compared
to the minimum phase systems. For example, see Sec. 9.2 and Sec. 11.2.3. Because the
magnitude plots of a nonminimum phase and of the corresponding minimum phase
filters are identical, there is a loss of uniqueness while identifying systems from input—
output data. The standard practice is to choose minimum phase systems. The details
are in Sec. 6.4.4. A continuous time minimum phase system could lose this property on
sampling. Problem 8.4 shows how this happens. A standard reference that discusses
the fundamentals of nonminimum phase systems is [46].

If every zero of an FIR system is outside the unit circle, it is known as a mazimum
phase filter. The phase of this filter changes the maximum as w is varied from 0 to .
When some zeros are inside and the rest outside the unit circle, it is known as a mized
phase or nonminimum phase system.

A filter that has the same magnitude at all frequencies is known as an all pass
filter. Because the magnitude is constant at all frequencies, the zeros and the poles
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are reciprocals of each other. As a result of this, it is possible to write any filter as a
product of minimum phase and all pass filters, as we see in the next example.

Example 5.10 Show that G; and G5 of Example 5.9 can be related by a
transfer function, whose magnitude is constant at all frequencies.

G1 and G are related by the following equation:

1—25271

We need to show that G3(z), defined as

1—-252"1
Gy=—"F"—
1-0.4z~
has a constant magnitude at all frequencies. We have been using the argument
2z to indicate polynomials in powers of =1 as well, see Footnote 5 on page 100.
In this example, we have to use polynomials in z as well. In view of this, we will
explicitly use the dependence on z~! and z. In other words, we let

1—2.5z"1
_1 _
Gs(7) = T=pa
and
1-252
Gs(2) = T—01s

We rewrite this relation as follows:

92520421 — 1 1—04z-1
_ 2:52(042 ) _ 6.25 i

@a(2) = S @12 1-25.-1

It is easy to see that
G3(271)G3(2) = 6.25
By letting z = e/, we obtain
G3(e™9)G3(e?¥) = |G3(e?¥)|* = 6.25

which shows that 3 has a constant magnitude at all frequencies.

Problem 5.12 generalizes this result.
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5.5 Discrete Fourier Transform

The Fourier transform of the discrete time signal {g(n)} is a continuous signal

o0

Gy = 3 glyeen

n=—oo

We know that this is a periodic signal with period 27. The important thing to note
is that G(e’*) is a continuous signal. Indeed, the inverse Fourier transform of this
function is given by

1 ™

=5/ G(e??)e? dw

g(n)
As we cannot store all of a continuous signal but only samples of it, we would like to
sample G(e’*). As we have to store G(e/*) only over a finite interval of length 27,
we need to store only a finite number of its values. The discrete Fourier transform,
DFT, is the finite duration discrete frequency sequence that is obtained by sampling
one period of the Fourier transform. This sampling is carried out at N equally spaced
points over a period of 0 < w < 27 or at wy, = 27k/N for 0 < k < N — 1. In other

words, if {g(n)} is a discrete time sequence with a Fourier transform G(e?*), then the
DFT denoted by {G(k)} is defined as

G(k) = G(")|ymwp2rk/ns 0< k<N -1

The DFT starts at w = 0 but does not include 2. It was shown in Sec. 5.3.2 that when
a continuous function of time is sampled with a sampling period T, then the spectrum
of the resulting discrete time sequence becomes a periodic function of frequency
Fy = 1/T;. In a similar way, it can be shown that if the Fourier transform G(e’) is
sampled with a sampling period of 1/N, i.e., N sampling points, the inverse of the
sampled function, denoted by {g(n)}, becomes a periodic function of frequency N.
This periodic discrete time sequence can be expressed in terms of {g(n)} as
o0
g(n) = Z g(n+mN)
m=—oo
The sequence {g(n)} is called the periodic extension of {g(n)}. It has a period N.
As we are free to choose N, we should select it to be reasonably large. Ideally N

should be larger than the time during which g(n) is nonzero. Suppose g(n) is a causal
finite duration sequence containing M samples, choose N > M and let

gn) 0<n<M-1

0 M<n<N-1
If N > M, we say that {g(n)} is obtained by padding {g(n)} with zeros. If N > M,
g(n) can be recovered uniquely from §: choose the values corresponding to the first
period. If M > N, time aliasing will take place. Since g is periodic, it has a Fourier
series:

oo

~_ = e j2wkn /N
9=w Z G(k)e’

k=—o0
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Since e72™"/N ig periodic in k with a period of N, this can be written as
| V-1
PR é k j2wkn/N
9= 2 (k)e

G(k) is calculated by multiplying both sides by e and summing over 0 < n <
N —1. This is similar to the procedure we have used to arrive at Eq. 5.21 on page 121.
We obtain

—j2mnr/N

~ N_l .
G(T‘) — Z ge—]Qﬂ'nT‘/N
n=0

It is instructive to compare this with the Fourier transform of the original sequence.
Consider the Fourier transform of a causal, finite time sequence over 0 to M — 1,
M < N:

M—-1

Gle) = 37 gln)e "

Padding with zeros,
G(e™) =) g(n)e "
n=0

Sampling this at N equally spaced points over 0 < w < 27 produces the sequence

N—-1
G(k) = G(e™)|mwmi/n = Z g(n)e /N 0 < k< N -1

n=0
Notice that the first NV samples of § are equal to g(n), i.e.,
gn)=g(n), 0<n<N-1

But only the first N values are required in the sum. Therefore G(k) = G(k), or

N—

Z G(k)ejQTrkn/N

k=

=

g(n) =

2|~

It is a common practice to call this the discrete Fourier transform and abbreviate it
as DFT. We collect the DFT and inverse DFT pair as

Gk = 3 glm)e 27/
n=0
N

_ 1 — 12tkn /N
9(n) =5 kz—o G(k)el>mn/

—
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Example 5.11 Find the DFT of the causal three point averager:

1
= 0<n<?2
n)=+<¢3 T 7
9(n) {O otherwise
N—1 . 2
G(k) — g(n)e—.ﬂﬂ'nk/N — Z ge—j%rnk/N
n=0 n=0
_ % 14 e—d2mk/N | e—j47rk/N)

5.6 Matlab Code

Matlab Code 5.1 Sinusoidal plots for increasing frequency, shown in Fig. 5.4 on
page 118. This code is available at HOME/freq/matlab/incr_freq.m?

n=0:16;
subplot (2,2 ,1)
grid ,xlabel ('n
subplot (2,2 ,2)
grid , xlabel ('n
subplot (2,2 ,3)
n
)
n

stem(n, cos (nxpi/8))

) ,ylabel (’cos(nxpi/8)")
stem (n, cos (nxpi/4))

) ,ylabel (’cos(nxpi/4)’)
stem (n, cos (nxpi/2))

) ,ylabel (’cos(nxpi/2)")
stem(n, cos(n*pi))

) ,ylabel (’cos(nxpi)’)

grid , xlabel (’
subplot (2,2 ,4
grid , xlabel (’

;
)
)
;
3
)

Matlab Code 5.2 Bode plots for Example 5.7 on page 141. This code is available
at HOME/freq/matlab/filterl.m

omega = linspace(0,pi);

gl = 0.5 ./ (cos(omega)—0.5+]*sin (omega));

magl = abs(gl);

anglel = angle(gl) x 180/pi;

g2 = (0.5+0.5%cos(omega) —1.5%j*sin (omega) )
x 0.25 ./ (1.25—cos(omega));

mag2 = abs(g2);

angle2 = angle(g2) x 180/pi;

subplot (2,1,1)

plot (omega,magl,omega, mag2, '— )

axis tight, label(’’,18, ., Magnitude’,18)
subplot (2,1,2)

plot (omega, anglel ,omega, angle2 , '— )

axis tight, label(’’,18,’w.(rad/s)’, Phase’ ,18)

2HOME stands for http://www.moudgalya.org/dc/ — first see the software installation directions,
given in Appendix A.2.
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Matlab Code 5.3 Bode plot of the moving average filter, discussed in Example 5.5
on page 129. This code is available at HOME/freq/matlab/ma bode.m

w= 0:0.01:pi;

subplot (2,1 ,1)

loglog(w,abs(1+2x%cos (w))/3)

label (7’ ,18,’.", Magnitude’,18)
subplot (2,1,2)
semilogx (w, angle(1+2xcos(w))*180/pi)
label(’’,18,’w’, ’Phase’ ,18)

Matlab Code 5.4 Bode plot of the differencing filter, discussed in Example 5.6 on
page 130. This code is available at HOME/freq/matlab/derv.bode.m

w= 0:0.01:pi;

G = 1—exp(—j*w) ;

subplot (2,1,1)

loglog(w,abs(G))

label (7’ ,18,’.7, Magnitude’,18)
subplot (2,1 ,2)

semilogx (w,180xangle(G)/pi) ;
label(’’,18,’w’, "Phase’,18)

Matlab Code 5.5 Bode plots of minimum and nonminimum phase filters, discussed
in Example 5.9 on page 145. This code is available at HOME/freq/matlab/nmp.m

omega = linspace (0,pi);
ejw = exp(—jxomega) ;

Gl = 1.5%(1—-0.4%ejw) ;
magl = abs(Gl); anglel = (angle(G1))=180/pi;
G2 = —0.6x(1—2.5%ejw) ;
mag2 = abs(G2); angle2 = (angle(G2))x180/pi;

subplot(2,1,1)

plot (omega,magl,omega ,mag2, '— )

axis tight, label(’’,18, .7, Magnitude’,18)
subplot (2,1 ,2)

plot (omega, anglel ,omega, angle2 ,’— )

axis tight, label(’’,18,’w.(rad/s)’, Phase’ 18)
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5.7 Problems

5.1. Consider an LTI system with the following transfer function:

22

22+T2

G(z) =

Show that the output Y (z) for an impulse input is given by

Y (2) 2 1[ 1 1 ]

= = — + -
z—=Jr Z+gr

z (z=gr)(z+4r) 2

Invert it and arrive at

y(n) = 5 [GN" + (=r)"] = 2" " + (=3)"]
y(dm) = rtm
y(4m+1) =0
y(4m + 2) = —pimt2
y(dm+3) =0

Check that this is an oscillatory output.

5.2. Show that the step response of a system with transfer function given by Eq. 5.2
on page 113 is given by

y(2) A A3 n C

z z—pelv  z—pemiv  z—1
y(n) = Agp™ed™ + Ajp"e I 4 C

Observe that this response is also oscillatory in general, just like the impulse
response, given by Eq. 5.3.

5.3. Plot the following waveforms: cos (2r5n + 6), cos (2rin + ), cos (2mv/2n + 6)
and cos (22t + ), and verify whether the periodicity property of discrete
time signals, explained in Sec. 5.1.2, is satisfied [49].

5.4. This problem is concerned with the Fourier transform of discrete time periodic
signals, with period N, of the form u(n + N) = u(n).

(a) Start with the Fourier series for the discrete time periodic signal u(n) as
follows:

u(n): Z O]Icej%rk/n/N

k'=—o00

Compare this with Eq. 5.19 on page 120. Notice that in the place of ¢
and T, = 1/Fy, we have n and N, respectively. For a fixed k', show
that e/27k'n/N g periodic in n with period N. That is, ed2mk (n+N)/N
€27k /N for all n.
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(b) Because €727 n/N ig periodic with period N, by summing all its coefficients
for every k' € [0, N — 1], obtain the following simplified Fourier series:

N—-1 )
u(n) _ Oke_]QTrkn/N
k=0
where
Cr = Z Cr/4rN, Ck,c;c S [O,N— 1]

e—jQﬂln/N

(¢) Multiply both sides of the simplified Fourier series by and sum

over 0 to N — 1 to arrive at

2

N—-1N-1

u(n)e—jQﬂ-ln/N — Z Z CkejQﬂ-(k—l)n/N

n=0 n=0 k=0

Show that the right-hand side of the above equation is equal to NC; and
thus arrive at an expression for Cj.

(d) Show that C; is periodic with period N, i.e., C = Ciin, for all k.

In view of C being periodic, we see that N consecutive signals provide complete
information in the time and frequency domains. Some of the N intervals of
interest are

ok
ngﬁN—l(:)ngkz%<2ﬂ'

when N is odd and

N<k<N<:> < —27Tk<
2 =79 T=Wk=TN ST

when N is even.

5.5. Find the minimum degree transfer function G(z) of an LTI system whose
magnitude function |G (e’“)| satisfies the following relation:

|G(e)] = [cosw]|
In case the solution is not unique, state all the solutions.

5.6. Another approach to frequency response is given in this problem. Consider a
system with a transfer function G(z) whose poles are inside the unit circle.
Suppose that it is subjected to the input u(k) = M coskw where M is the
amplitude, w the frequency in rad/sample and k the sample number.

(a) Show that the Z-transform of the output is given by

Y(@:%( 4= )G(z)

z—elw oz —eIvw
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(b) Show that this can be written as

Y(2) az n a*z n " Dz
z) = - - E
z—ew  z—eIv Pl

where « is given by a = MG(e/*)/2.
(¢) Show that the Z-transform of the steady state portion of the output is

M [G(e*)z | G(e %)z
Y(z) = 2 [z—ej“’ + z—e v
M ; ez e 1%z
= — Jw
2 1Ge)] L—ej“’ z—e‘j“’}

(d) Invert this and show that
y(k) = M|G(e’)| cos (kw + ¢)

This shows that the output also is a sinusoid and shifted in phase by ¢,
the phase angle of G(e?*), and amplified by |G(e/*)|.

(e) Where did you use the fact that all the poles of G(z) are inside the unit
circle?

5.7. In Example 5.5 on page 129, we have seen the moving average filter to be low
pass. Is this in agreement with the findings of Sec. 5.4.17

5.8. Repeat the above approach to verify the high pass property of the differencing
filter, discussed in Example 5.6 on page 130.

5.9. An LTT system, initially at rest and with impulse response g(n),
g(n) =d(n) = V25(n — 1) + é(n — 2)
is subjected to an input

u(n) = [cos gn + cos gn} 1(n)

(a) Calculate the output by convolution techniques.

(b) Find the zeros of the transfer function G(z) and using this explain the
results of part (a).

(¢) Draw a Bode plot of G(z) and using this explain the results of part (a).
5.10. This problem is concerned with the design of an all-zero filter G(z).

(a) Using the pole—zero placement method developed in this chapter, design a
filter G(z) that filters out the frequency

2w
WO:?

and at w = 0, G(e/*) = 1. [Hint: Make the filter realizable, if required, by
including the necessary number of poles at z = 0.]

(5.69)
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(b) Let u(n) be the input to and y(n) be the output from the above filter G(z).
This filter can be expressed in the input—output notation as

y(n) = bou(n) + bru(n — 1) + bou(n — 2) (5.70)

Find the coefficients by, b1 and bs.

(¢) By directly substituting u(n) = coswon into Eq. 5.70 and simplifying it,
show that y(n) = 0. Note that wp is given by Eq. 5.69. Explain if this
result is expected. [Hint: You may want to use the relation cos A+ cos B =
2 cos A*'TB cos A_TB).]

(d) Show that the phase angle of this filter is a linear function of frequency.
[Hint: You may find the form in Eq. 5.70 to be easier to manipulate

compared to the product form derived in part (a).]

G(z) discussed above is known as an all zero filter because it has only zeros — the
poles at zero don’t count. It is also a linear phase filter, see the next problem.

5.11. This problem is concerned with linear phase filters.
(a) If the impulse response {g(n)} of an LTI system is given by
9(=1)
9(0)
9(1)

and all other terms are zero, find the system transfer function in the
frequency domain, i.e., G(e’*) using real terms only.

a
b
a

(b) Suppose that we make

9(~2) = g(2) = ¢ £ 0

in the above. Repeat the calculations of the above part.

(¢) Repeat the above calculations for the following general case:

9(0) = 9o
9(1) =01
g(M) = gm

with g(k) =0, Vk > M, and g(—i) = ¢(3), Vi.

(d) Is it possible to use a filter with the impulse response as in the above part
for real time applications?

(e) Suppose that we shift the sequence {g(n)} to the right so that it becomes
causal and that we call the shifted sequence {g1(n)}, i.e.,

91(k) = g(k — M), Vk

What is the relation between the Fourier transforms of {g1(n)} and {g(n)}?
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5.12.

5.13.

(f) Let the impulse response of an arbitrary linear phase filter be denoted by
{gF(n)}. Suppose that its Fourier transform is given by

Gt (/) = K(w)e Pv

where D is a positive integer and K (w) is real and positive, i.e., K(w) > 0
for all w. Using the result obtained in the above parts, argue that this filter
produces no phase distortion.

This is known as the linear phase filter, as the phase is a linear function of
frequency. Such filters have the property that the delay through them is the
same at all frequencies. These filters are useful because they preserve edges and
bright spots in image processing applications.

This question is concerned with filters that have constant magnitude at all
frequencies. Suppose that

L nAGTY
B ="

where

N
A(z) = Zakz_k, ap =1
k=0

Show that G(2)G(271) = 1 and hence that |G(e’*)| = 1. Recall from Sec. 5.4.2
that a filter, whose magnitude function is a constant for all frequencies, is known
as an all pass filter. Thus G is an all pass filter.

This problem is concerned with the phase angle property of all-pass transfer
functions. You will consider the following transfer function for this purpose:

zt—a

Gap(2) = 0<|al <1

1—az=V

(a) Show that the magnitude Bode plot of G, (2) is a constant. [Hint: Evaluate
Gap(2)Gap(271) ]

(b) You have to determine the sign of the phase angle Bode plot of Gap(2).
You can do this directly or follow the steps given below:

i. Show that the phase angle of the transfer function 1 —az~!, evaluated
o e _, asinw

at z = e’ is given by tan™" —.
1—-acosw

ii. Similarly, determine the angle contribution of the numerator term of

Gap(2). It may be useful to write Gap(2) as

1—bz"1 1
bz b

Gap(z) = TN e a

iii. Using the results of (i) and (ii) obtained above, determine an expression
for the phase angle of G, (), with 2z = e/*.
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iv. Does the phase angle Bode plot of Gap(z) remain negative or positive
or does it change sign over the range w € (0,7)? Examine for 0 < a < 1
and —1 < a < 0 separately.

5.14. Consider the infinite duration impulse response of an LTI system given by

gln)=a"1(n), 1>a>0

) Find its Fourier transform G(e/*).

Sample this at IV equal points and produce the DFT sequence given by

G(k) = G(e™)] 0<k<N-1

w=27wk/N "’
Apply the inverse DFT to this sequence and call the result gi(n). We

would want ¢1(n) to be as close to g(n) as possible. Show that g;(n) can
be written as

N-1 oo
1 . )
91(71) — N E egQﬂ'kn/N [E ame—]Qﬂkm/N‘| , 0<n<N-1
k=0 m=0

Simplify the above expression. Is it the same as g(n)? If so, explain why.
If not, explain under what conditions they will become equal.
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Chapter 6

Identification

In order to design a good controller for a plant, a model is usually required.
A controller designed on the basis of a model often works better than the one designed
without a model. Unfortunately, model development from first principles is a difficult
and an expensive task, requiring participation of experts in fields such as engineering,
thermodynamics, materials, simulation and numerical analysis. This is also a time
consuming process, and often, as a result, model development from first principles is
attempted only if a company is interested in a major investment. The above discussion
suggests that although model based controllers are desirable, detailed first principles
models are generally not available. Another factor that complicates the modelling
process is the presence of noise. Typically, deterministic models cannot explain noise
processes — probabilistic models are required.

Statistical model development techniques have been developed to address both
of the above issues, namely, the quick determination of approximate models and
modelling of the noise. Although at best approximate, the models developed in this
fashion are often sufficient for control purposes. In this computerized age, a lot of plant
data is generally available, meeting the basic need of statistical modelling techniques.
It is no wonder that the data driven model development techniques appeal to those
people who want to quickly model their plants so as to improve the performance. The
process of construction of models from the input (u) and the output (y) data is known
as model identification, see Fig. 6.1.

Process

System

Identification

l

Model of Process

Figure 6.1: System identification, a schematic

Digital Control ~ Kannan M. Moudgalya
© 2007 John Wiley & Sons, Ltd. ISBN: 978-0-470-03143-8
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u(n) —= G(z) y(n)

Figure 6.2: Transfer functions of plant with noise affecting the output

Once appropriate measurements are made, we proceed to obtain the plant model.
There are two steps in this process: 1. Identification of an appropriate model structure.
2. Estimation of values of parameters that pertain to the above model structure.

This chapter is organized as follows: The topic of identification is motivated
with the correlation approach applied to finite impulse response (FIR) models. This
naturally leads to a least squares estimation approach. We next present a summary
of time series terminology. We study LTI systems driven by white noise. In the
subsequent section, we present parametric models and demonstrate how identification
involving these can be posed in the least squares framework. A procedure to select the
order of the noise model H(z) that relates the white noise £(n) and the residual v(n)
is presented next. This is followed by a procedure for simultaneous determination of
G(z) and H(z). Interpreting identification from the frequency domain point of view,
we arrive at filtering functions required for identification. We present two case studies
to illustrate the identification techniques.

We assume that the reader has access to Matlab and the System Identification
Toolbox [32] and make extensive use of these to illustrate the principles of identifica-
tion. The area of identification is vast and there are entire books that are devoted to
it [32, 43, 53, 57]. We present just a summary of this topic in this chapter.

6.1 Introduction

In Sec. 2.2, we have discussed a general procedure to derive first principles models. In
real systems, there is usually some noise that acts on the output. An example of this
is the measurement noise. This can be depicted diagrammatically as in Fig. 6.2, where
G(z) is the transfer function of the plant. We have assumed the noise process to be
white, the concept of which will be explained in detail in Sec. 6.3.2. Roughly speaking,
a white noise process can be thought of as something that cannot be decomposed
further into simpler processes.
The mathematical model corresponding to Fig. 6.2 is given by

y(n) = g(n) xu(n) +£(n) (6.1)

where, as usual, G(z) is the Z-transform of g(n). The objective of the identification
problem is to determine the impulse response coefficients, namely {g(n)}, by exciting
the process by an input sequence {u(n)}, and measuring the output sequence {y(n)}.
When the plant is stable, Eq. 6.1 can be written as

N
y(n) =Y g()uln—1) +E£(n) (6.2)
=0

We will now discuss a possible method to determine {g(n)}.
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Example 6.1 Writing the equations for y(n), y(n—1), y(n—2), ... and stacking
them one below another, we obtain

y(n) u(n) -+ u(n—N) 9(0) &(n)
y(n—1) u(n—1) -+ un—N-=1)| |g(1) £(n—1)
yn—2)| = |un—-2) - u(n—N-2) |t En—2)  (63)
' ' g(N) :

We have not mentioned how many rows we should include in the above matrix
equation, although it is easy to see that it should be greater than or equal to N +1.
We will defer the answer to this question. The above equation can be seen to be
in the following form:

Y(n) = ®(n)0 + Z(n) (6.4)
where

[ y(n) u(n) u(n — N)

Y0 = [on 2| B = [un2) . wn_ N _2)
[ 9(0) é(n)
6 — g(:l) . E(n) = ggz:;g

Lg(N)

Note that 6 consists of impulse response coefficients ¢(0), ..., g(IN). By

convention, the argument n of Y(n), ®(n) and E(n) indicates that the data
obtained at and before the time instant n have been used to construct

Eq. 6.4 [36]. :

The most popular way to solve the above equation, so as to determine the impulse
response coefficients, is the least squares estimation! approach. Although this
approach may appear ad hoc at present, a rigorous justification for the use of LSE,
from the viewpoint of identification, will be provided in Sec. 6.6. In fact, it turns out
that LSE is the most popular tool used in identification problems. In view of this, we
will begin discussing LSE.

6.2 Least Squares Estimation

LSE is probably the most popular estimation technique used in parameter estimation.
We assemble the measurement information and minimize the residual between the
actual data and that predicted by the model in a least squares sense to arrive at the
solution.

1We will abbreviate least squares estimation as LSE .
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Table 6.1: Data for Example 6.2

i 1 2 3 4 5 6 7

o 2 1 2.5 -0.8 1.25 -2.3 —1.75
y;, 4.01 198 5.03 -—-1.61 252 —463 —3.49

6.2.1 Linear Model for Least Squares Estimation

LSE is a convenient method to determine model parameters from experimental data.
Let the model that relates the parameters and the experimental data at time instant j
be given by

y(i) = ¢(7)0 +£(5) (6.5)

where y and ¢ consist of measurements and 6 is a vector of parameters to be estimated.
&(7) can be thought of as a mismatch between the best that the underlying model,
characterized by 6, can predict and the actual measurement y(j). £(j) can also be
thought of as a random measurement noise. By stacking these equations one below
another for j =n,n—1,...,n — N, where N is a large integer, we obtain

Y(n) = ®(n)d + Z(n) (6.6)

In the statistics literature, this is known as the linear model, even though it should
strictly be called an affine model [36]. We will refer to it as the linear model in this
book. An example of this is Eq. 6.3. By solving this equation, we can determine 6.
We will present more examples of this equation shortly.

Example 6.2 Find the best value of a scalar 8 that satisfies Eq. 6.5 given the
data of Table 6.1.

It is clear from the data that we will get an unreliable answer if we use just one
data set (¢(j),y(j)) at some j. Although 6 seems to vary from measurement to
measurement, an approximate value of f is seen to be 2, since y is nearly twice ¢
for every entry. If the measurement errors are large, it is not clear how 6 will be

affected. This idea is explored further in Example 6.4. I

We will now present the solution to Eq. 6.6.

6.2.2 Least Squares Problem: Formulation and Solution

It is clear that Z(n) is an unknown in Eq. 6.6. Moreover, because it is often random,
it is not clear how to model it. Because of these reasons, we neglect it while forming
an estimate:

Y(n) = ®(n)d(n) (6.7)
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where 6(n) is said to be an estimate of 6. Recall our convention that the argument n
indicates that this is an estimate of Eq. 6.6 constructed with measurement data up
to and including the time instant n. Because we would like the predicted model Y(n)
to be close to the actual Y (n), we try to obtain by minimizing a function of

Y (n) =Y (n) (6.8)

where f’(n) is the mismatch between the data and the model prediction. Let }N/(n) =
(g(n),g(n—1),...,9(n—N)). A popular approach is to minimize the objective function

J[0(n)] = w(n)i*(n) + - - + w(n — N)g*(n — N) (6.9)
where w(7) is the positive constant used to weight the mismatch §(j) at time instant j.
Using this, we can weight the data obtained at different times differently. If w(j) are
constant, all the errors are weighted equally. Small variations in the variance of 6

can be accommodated by varying w(j). Letting W(n) = diag(w(n),w(n — 1),...,
w(n — N)), where diag stands for diagonal, we obtain

J[O(n)] =Y ()W (n)Y (n) (6.10)

For notational simplicity, we will drop the argument n. The above equation becomes,
after substituting Eq. 6.8,

J =y —Y]"W]y —Y] (6.11)

In the least squares approach, we minimize the objective function J so as to determine
the model parameter . This is formally stated in the following equation:

Owrs = arg min J[0] (6.12)

The subscript WLS indicates that the parameter ¢ is obtained by minimizing a sum
of weighted squares. Substituting for Y (n) from Eq. 6.7 into Eq. 6.11, we obtain

J[0] =Y — )" W[Y — &0] (6.13)
Multiplying out the right-hand side, we obtain
JIO] =YTWY —2vTWa6 + 67 o7 W o6 (6.14)

We would like to find 6 at which .J is minimum. This requires that the derivative of
J with respect to 6 is zero. Following the approach of Sec. A.1.1, we obtain

aJ .
i —20TWY + 20T W Bbywrs = 0 (6.15)

From this, we arrive at the normal equation,

T ()W (n)®(n)fwrs(n) = &7 (n)W (n)Y (n) (6.16)
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We will next assume that ®7 W ® is nonsingular. If it is singular, the usual procedure
is to include more sets of data. This is equivalent to adding more rows in Eq. 6.3, for
example. If that also does not solve the problem, one has to check whether all the
components of # are really required and whether some of them can be removed.

In identification problems, ®7 W ® could turn out to be singular if the input signal,
used to excite the plant, is not designed properly. If this matrix product is nonsingular
instead, we call the input persistently exciting.

With the assumption that ®7W® is nonsingular, we solve for 0 to arrive at

Owis(n) = (@7 (M)W (n)@(n)] "' " ()W (n)Y (n) (6.17)

where we have once again explicitly indicated the dependence on n. We will now
demonstrate what normal equation is arrived at in the identification example discussed
earlier.

Example 6.3 Determine the equations to solve for impulse response coefficients
9(0), g(1) and g(2) when N = 2 in Eq. 6.2.

Recall that we developed the linear model for a general FIR model earlier. In
particular, Eq. 6.3 becomes

y(n) u(n)  u(n—1) u(n-2)| [g(0) &(n)
yin—1)| = |un—-1) un—-2) un-3)| |g(1)| + |[{&(n—1) (6.18)
y(n —2) u(n=2) u(n-3) umn-4)] |g(2) £(n—2)

Premultiplying by the transpose of the coefficient matrix and ignoring the noise
term, we arrive at

u(n) uln—1) u(n—2) u(n) un—1) un-—2)| [g(0
un—1) un-2) un-3)| [u(n—-1) un—-2) un-3)| |g(1
uin —2) wu(n—3) u(n-—4) ) u(n—23) g(2

)

u(n)  u(n-1) un-2)][ yn
= lu(n—1) u(n—2) un-3)| [y(n—1)
n—2

If the 3 x 3 matrix product, which is the coefficient of g on the left-hand side, is
nonsingular, the input is said to be persistently exciting. I

In the next example, we continue with the discussion presented in Example 6.2
using Matlab.

Example 6.4 Randomly generate a set of 100 ¢ and 100 e values and, using
Eq. 6.5, generate the corresponding set of y for 6 = 2. Thus, N = 100 in this
equation. Evaluate through Matlab the least squares solution of 8 as well as the
maximum and minimum of y;/¢; for different magnitudes of e.

As this is a batch experiment problem, as opposed to continuous identification,
the argument n in Eq. 6.17 can be dropped. Let us also take all the weights in
Eq. 6.11 to be equal to one. In view of these observations, the normal equation
and the solution to the least squares problem, given by Eq. 6.16-6.17, become

3T Dhywrs = ®TY, Owrs = [07d]'0TY
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Table 6.2: Solution to problem presented in Example 6.4. These values have been
obtained by executing M 6.1.

v 0 max(yi/¢:) min(yi/o:)

1 2.0049 3.1846 —8.4116
2 1.9649 3.8134 0.3274
5 1.8816 150.7621 —1.7748
10 2.1445 10.6843 —46.6836

In view of the fact that € is a scalar, the above two equations, respectively, become

X S SN o()y()
WLS jEZl #(5) ;:1 d(5)y(4) WLS ijI o)

M 6.1 implements this problem. The least squares solution of 6 as well as the
maximum and minimum of y; /¢;, for different magnitudes, are shown in Table 6.2.
It is easy to see that while the LSE is more or less equal to the actual value, the
maximum and minimum of individual solutions are arbitrary, especially when the
noise magnitude becomes large.

It should be observed that because of the presence of random numbers, it may
not be possible to reproduce these numbers exactly. Nevertheless, the above
observation that the least squares solution is close to the correct solution and the

calculation through individual division will give wrong answers should still hold.
1

Recall that we have been exploring the use of LSE to determine model parameters.
In Example 6.1, we showed how to establish the linear model for FIR for an assumed
noise process of the type depicted in Fig. 6.2. Often, this simple characterization of the
noise process is insufficient — we need more elaborate models. We need some concepts
from the area of time series to study these models. The next section is devoted to this
topic.

6.3 Covariance

A stochastic process is a statistical phenomenon that evolves in time according to
probabilistic laws. A realization is a sample of the many possibilities that a process
can take (population). A time series is a set of values sampled from the process
sequentially. A time series is a particular realization of the process. We can classify
time series in the following way. A discrete time series is a set of observations made
at discrete times. While a deterministic time series is one whose future values can be
generated by a known (mathematical) function, a stochastic time series is one whose
future values can be described only by some probabilistic distribution.
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6.3.1 Covariance in Stationary, Ergodic Processes

Consider a discrete time series {u(t1), u(t2),...,u(tn)} comprising N observations of
a stochastic process. The joint probability distribution function (pdf) of {u(ty)}_,
describes the probability that the random variable U takes on the values U = u(ty)
jointly in a sequence of samples.

A stochastic process is said to be stationary, in the strict sense, if the joint pdf
associated with the N observations taken at t1,%o,...,ty is identical to the joint pdf
associated with another set of N observations taken at times t; +k,to +k,...,tn + k
for integers N and k. We will assume in this book that we deal with second order
stationary processes, which means that the mean and covariance, to be explained
below, do not depend on time. We will refer to such processes as simply stationary.

We will now present some important properties of a stationary time series.
The first property that is of interest in a stationary stochastic series is the mean.
The mean of a stationary process is defined as

ty = & (u) = /OO up(u) du (6.20)

— 00

where, p stands for probability distribution function. We will refer to the above sum
as the statistical average. To calculate using the above formula, a lot of information,
such as the pdf p(u), is required. This, in turn, assumes several realizations of the
random signal. But in reality, we usually have only one realization of the random
signal. In view of this, one works with an estimate of the mean, given by the following
equation:

1
M= SaT > u(n) (6.21)

n=-—

Thus, the estimate of the mean is just the average. In other words, we estimate a
statistical average with a time average. The estimate becomes more accurate when N
is chosen large.

The next property of interest is variance, which gives a measure of variation of
data from the mean. The variance of a stationary process is defined as

72 = ()~ p)?) = [ (wl0) — o) d (6.22)

— 00

As mentioned above, when knowledge of the pdf is not available, one looks for a
simpler way to calculate it. The estimate of the variance, given by

1 N
bu =3y k;N(u(k) —my) (6.23)

comes to the rescue. Note that 2N is one less than the number of terms being summed.

We will next discuss the auto covariance function (ACF') that helps us understand
the interdependence of samples of time series. The ACF for a general stochastic
time series is defined as y(k, j) = &((u(k) — pruw))(w(4) — pu(jy)). For a stationary
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time series, the mean is constant and the dependence is only a function of the lag
Il =k — j. In view of this, for a stationary stochastic process, we obtain

As in the case of the mean, the estimate of ACF is given by

1 N
run(l) = 5 k;N(u(k) —ma)(u(k —1) —my) (6.25)

Note that we need only one realization to calculate the above sum. The ACF is used in
detecting the underlying process, i.e., whether it is periodic, integrating, independent,
etc. We present a detailed study of a periodic process in Sec. 6.3.3. In Sec. 6.3.4, we
show that the ACF takes the largest value at lag [ = 0.

In practice, a normalized function, known as the auto correlation function,

'Yuu(l)

)= 6.26
is used. We abbreviate the auto correlation function also as ACF — the context will
explain what is intended.

It is easy to verify the following symmetry properties:

Yuu(l) = Yuu(=1)
Tuu(l) = Tyu(=1) (6.27)
Puu(l) = puu(=1)

Now we illustrate these ideas with a finite length sequence.

Example 6.5 Find the ACF of the sequence {u(n)} = {1, 2}.

Because there are only two nonzero elements, we obtain N = 2. First, we determine
an estimate of the mean, given by Eq. 6.21:

——— %Zu(k) _ %(u(()) +u(l) = 1.5

Next, using Eq. 6.25, we calculate the ACF for every lag:

run(0) = 21:(“(’“) —1.5)? = (=0.5)+0.5? = 0.5
k=

[}

1
ruu(1) =Y (u(k) = 1.5)(u(k — 1) — 1.5)

k=0
= (u(1) — 1.5)(u(0) — 1.5) = 0.5 x (=0.5) = —0.25

ruu(—1) = > (u(k) — 1.5)(u(k + 1) — 1.5)
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Thus, we see that 7,,(n) = {—0.25,0.5,—0.25}, where the starting value of
—0.25 corresponds to n = —1. The Matlab command xcov carries out these
calculations. We can scale this sequence by dividing by 7, (0) to arrive at p,,(n) =
{-0.5,1,-0.5}.

We can also obtain this result using the Matlab command xcov with the optional
parameter coeff enabled. M 6.2 carries out this calculation. It can be seen that
the symmetry properties of both r and p are satisfied. I

The calculations are easier if we work with sequences of zero mean. Zero mean
equivalent of a sequence is obtained by subtracting the mean from every entry of the
sequence. For example, by subtracting the mean of u discussed in the above example
from every entry, we obtain {—0.5,0.5}. The ACF of this sequence is identical to
that obtained in the above example. Problem 6.5 shows that working with zero mean
sequences could help prevent some mistakes.?

Now we present the concept of cross covariance function (CCF). It is a measure
of dependence between samples of two time series. The CCF of two stationary time
series u and y is given by

Yuy (1) = E((u(k) = p) (y(k = 1) = py)) (6.28)

while its estimate is given by

1 N
ruy(l) = 53 k;N(u(k) —ma)(y(k —1) —my) (6.29)

Thus, to calculate ry, (1), { > 0, we need to shift y by ! time points to the right, or
equivalently, introduce [ zeros in front, multiply the corresponding elements and add.
For [ < 0, we need to shift y to the left.

When the CCF between two sequences is large, we say that they are correlated,
when it is small, we say that they are less correlated and when it is small, we say
that they are uncorrelated. When two signals u and y are completely uncorrelated,
we obtain

Yuy (1) =0, Vi

Tuy(l) =0, Vi (6.30)

We would also say that u and y are independent, although usually this word refers
to a stricter condition. The CCF assumes the largest value when two time series have
the strongest correlation. This has wide application in determining the time delay of
a system, an important step in identification, see Sec. 6.3.4.

For negative arguments, the CCF result is somewhat different from that of the
ACF, given by Eq. 6.27. It is easy to verify the following property of the CCF:

Yuy (1) = Yyu(=1)
Tuy (1) = Tyu(=1)

2In view of this observation, we will assume all sequences to be of zero mean in the rest of this
chapter, unless explicitly stated otherwise .

(6.31)
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The largest value occurs at the lag where the dependency is strongest. Suppose that
u and y refer to the input to and the output from an I/O LTT system. If the system is
causal, the current output cannot be correlated with a future input. As a result, we
obtain the following relationship:

")/uy(l) = Vyu(—l) = 0, Yi>0

Tuy (1) = ryu(=1) = 0, VI >0 (6.32)

In practice, a normalized function, known as the cross correlation function, which
is also be abbreviated as CCF,

_ Yuy (1)
Puy(l) = V0 (6.33)

is used.

Recall that we have suggested the use of time averages to estimate statistical
averages. We will now state when such an estimation is valid. A random signal u(n)
is said to be ergodic if all the statistical averages can be determined from a single
realization with probability 1. That is, for an ergodic signal, time averages obtained
from a single realization are equal to the statistical averages. For ergodic processes, the
estimates of the statistical properties approach the actual values when a sufficiently
large number of samples are taken while evaluating the summation. In the rest of this
book, we will assume that we have a sufficient number of samples.

Unless otherwise stated, we will also assume that the noise process being studied
is of zero mean. This helps simplify the calculations. In case the process under study
does not obey this condition, we will subtract the mean, so that it becomes a zero
mean process. The first zero mean process that we will study is white noise.

6.3.2 White Noise

The discrete time white noise sequence {£(k)} is a set of independent identically
distributed (#d) values belonging to a stationary stochastic process, with the following
properties. The mean of white noise is zero. That is,

pe =0 (6.34)

Because (k) is independent, its ACF is an impulse function:

2 k=0
k) = o26(k) = { °¢ 6.35
Vee (k) ¢ (k) {O otherwise ( )
where o7 is the variance of {{(k)}. On taking the Z-transform, we obtain
Fgg(z) = O’? (636)

We obtain the Fourier transform of {y¢¢(k)}, known as the power density spectrum

Tee(e) = 0F, Yw (6.37)
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The reason why I'(e/“) and ¢ are called the power density spectrum and white noise,
respectively, will be explained in Sec. 6.5.2.

Because white noise is uncorrelated with itself, it is easy to see that it is
uncorrelated with any other sequence. For example, for an arbitrary sequence u
different from &, we obtain

Yue (k) =0, Vk (6.38)

Note that the above equation is true for k = 0 as well.

White noise, as defined in this section, is an idealization and it is difficult to
create it. We approximate it with random number sequences. Even though not iid,
these sequences satisfy Eq. 6.34-6.35. In Matlab, white noise is approximated using
the command randn.

The concept of white noise is indispensable in system identification. Most noise
sequences of interest can be modelled as filtered white noise. Moreover, because white
noise is uncorrelated with every other sequence, we can simplify calculations quite
a bit, as we will see in the rest of this chapter. We present a small example that
demonstrates how white noise, combined with the concepts of ACF and CCF, can be
used in estimating the model parameters of a simple system.

Example 6.6 Determine a procedure to find the model parameter a in the LTI
system given by

y(n) —ay(n—1) = £(n) (6.39)

where £ is white and y is stationary.

Because y is stationary, by applying the expectation operation to Eq. 6.39, we see
that y is of zero mean. Multiplying Eq. 6.39 by £(n—k) and taking the expectation,
we obtain

Yye (k) — avye(k — 1) = vee (k) (6.40)
where we have made use of the definition of CCF, given in Eq. 6.29. In the rest of

this chapter, we will carry out such calculations mechanically, without any further
explanation. By evaluating Eq. 6.40 for £ = 0, we obtain

Yye(0) = 7ee (0) = of (6.41)

where we have used the fact that
Yye(—=k) =0, Yk >0 (6.42)
which is nothing but the causality condition of Eq. 6.32. Next, we substitute k = 1
in Eq. 6.40 to obtain 7y,¢(1) — avye(0) = 0, where we have used Eq. 6.36. Using

Eq. 6.41, we obtain

Yye (1) = ayye(0) = aog
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One may be tempted to think that the above equation can be used to determine
the model parameter a. Unfortunately, however, the white noise & is usually not
measured and hence it will not be possible to calculate ¢ (k), or even its estimate,
rye(k). Nevertheless, we now explain how to make use of the above relation.
Multiplying Eq. 6.39 by y(n — k) and, as before, taking the expectation,

’Yyy(k) — ayyy(k — 1) = Yye(—K) (6.43)

By evaluating this for £ = 1, we obtain

Yyy(1) — avyy(0) =0 (6.44)

where we have used Eq. 6.42. We are now in a position to calculate the model
parameter a. From the above equation, we obtain

_ Yyy (1)
¢ 0 (6.45)

Using the above calculations, we can also get an idea of the behaviour of ACF for
AR(1) processes. By evaluating Eq. 6.43 for k = 0, we obtain

Yyy(0) — ayyy(1) = 0? (6.46)
Solving Eq. 6.44 and Eq. 6.46 simultaneously, we obtain

2
I¢

—— 4
T (6.47)

Yyy(0) =
Using Eq. 6.42, we obtain also from Eq. 6.43 the following recursive relations:
Yy (k) = ayyy(k — 1) = a®y, (k — 2) = --- = a¥ry, (0) (6.48)
Substituting the expression for -,,(0) from Eq. 6.47, we obtain

2
I¢

mak (649)

Yyy (k) =
This equation shows that if |a| < 1, the ACF decays monotonically when a > 0
and with oscillations when a < 0.

Calculating model parameters in this manner is known as the theoretical prediction.
In reality, however, we work with actual data and hence replace all the quantities
of v obtained above with their estimates, r. Thus, a may be determined from
experimental data, through ACF calculations. I

The above example shows how the ACF naturally gets to be used in parameter
estimation problems and how the idealization of white noise plays a role in it.

We will next show that the ACF can be used to detect the periodicity of the
underlying process.
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6.3.3 Detection of Periodicity Through ACF

The ACF of a periodic function is also periodic, as we will show now. Consider a
periodic function u. We will assume that u is of zero mean. If it is not, we can subtract
the mean at every time and make it obey this property. Thus, Eq. 6.24 becomes

Yuull) = & [u(k)ulk = D) (6.50)
Let the period of u be M, M > 0. That is,
u(l) =u(l — M), Vi (6.51)
Replacing [ with [ + M in Eq. 6.50, we obtain
Yuu(l + M) = E [u(k)ulk — 1 — M)] = & [u(k)u(k — )] (6.52)
using the periodicity property of u. In view of the above two relations, we see that

Vuu(l) = ’7uu(l + M) (6.53)

and hence conclude that the ACF of u is also periodic, with the same period as u.

There is another property that is equally interesting: The ACF of a periodic
function exhibits periodicity even in the presence of noise. Let the noise affected
signal be {u/(k)}; that is,

W' (k) = u(k) + £(k) (6.54)

where £(k) is white noise of zero mean and variance 0?5. We make use of this relation
in the expression for 7, (l) and obtain

Yurw (1) = & [[ulk) + E(F)][u(k — 1) + &(k = 1)]]
Expanding the terms, we obtain
Yurw (1) = & [u(k)u(k — 1) + w(k)§(k — 1) + (k)u(k — 1) + £(k)§(k — )] (6.55)

Because ¢ is white, it is uncorrelated with u, see Eq. 6.38. As a result, the cross terms
involving u and £ vanish. We are left with the ACF of u and £ only. We make use of
Eq. 6.35 and obtain

Yu'u! (Z) = 'Yuu(l) + U?ga(l) (656)

Only when [ = 0 is the ACF of «’ different from that of w. For all other values of I,
the ACF's of u and «’ are identical. In view of this result, we observe that 7,/ (1) also
is periodic, except for a spike at [ = 0. This result is independent of the magnitude
of U;?g- This shows that even if noise corrupts a periodic signal, we can decipher the
periodicity through ACF calculations.

The above result is due to the averaging nature of the ACF. Because of this
averaging nature, ACF and CCF are used extensively in the identification problems
with experimental data, which are usually noisy.

In reality, however, we will only use an estimate of . In addition, we will choose
a large but finite N in the summations that define the estimates. In view of this, all
of the above relations will hold only approximately. Now we illustrate this idea with
a simple example.
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Example 6.7 Plot the function
y(n) =sin0.1n + m&(n)

and its ACF for m values of 0.1, 0.5 and 1. Determine the periodicity property for
all of these m values.

M 6.3 carries out the required calculations. Fig. 6.3 shows the plots of y and the
ACF for m values of 0.1, 0.5 and 1. It is easy to see that as m increases, y gets
noisier. In fact, if one were to see only Fig. 6.3(e), and not all the other figures in
the sequence that we have developed, one would not see the periodicity in y.

We can also see that the period of the ACF for all three m values is the same and
is equal to the period of the noise-free y.

As m is the variance of &, r,,(0) should increase with m. Because all the ACF
plots have been scaled by r,,(0), the amplitude of the sinusoids in the ACF gets
smaller as m increases.

We conclude this example by observing that the period of a periodic function can
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be determined from its ACF.

Although the periodicity property has been illustrated with a single harmonic in
the above example, one can extend it to the general case as well. Typically, one takes

a Fourier transform of the ACF to identify the frequency content.

The averaging property of the ACF results in {u(l)} being greatest at zero lag,
i.e., at [ = 0, compared to all other lags. This property allows the ACF and CCF to
detect pure delays in transmission, even in the presence of measurement noise. The

next section explains this idea in detail.

6.3.4 Detection of Transmission Delays Using ACF

In this section, we will show how to detect transmission delays in the passage of a
signal. We will first demonstrate that r,,(I) takes the largest value at zero lag, i.e., at
[ = 0, compared to all other lags. Let {u(n)} and {y(n)} be real, zero mean signals,

with finite energy. We define a signal {w(n)}
w(n) = au(n) + by(n — k)

where a and b are real constants, not equal to zero. Let us calculate the energy of w:

N
Ey = _Z_:N[au(n) +by(n — k))?
o N N
= a? Z u?(n) + b2 Z y*(n — k) + 2ab Z u(n)y(n — k)
n=—N n=—N n=—N

= (a*14u(0) + 0*ryy (0) + 2abr,, (k) (2N)
From the definition of energy, E,, > 0. Because N > 0, we obtain the relation

a2ruu(0) + bzryy(O) + 2abryy (k) > 0

(6.57)
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Figure 6.3: Plot of sin0.1n + m&(n) and its ACF for m values of 0.1, 0.5 and 1, as
discussed in Example 6.7

Assuming that b # 0, we can divide by b? (otherwise, we can divide by a? to arrive
at the same result):

(3) ruu@ +2 (5) ruy ) + () > 0

This is a quadratic in (a/b), with coefficients ry,(0), 2ry, (k) and 7y, (0). As the
quadratic is nonnegative, it follows that its discriminant is nonpositive. That is,

4[ruy(k)2 — Tuu(0)7,(0)] <0 (6.58)
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That is,

ruy (F)[ </ 7un (0)ryy (0) (6.59)
When u = y, the above relation reduces to

7w ()] < 70 (0) (6.60)

This shows that r,, (k) takes the largest value at k = 0. In other words, the largest
value of 7., (k) is reached when k = 0. An intuitive explanation is that at zero lag, the
ACF is equal to the energy of the signal, while there could be cancellations of terms
for other [ values. Another approach to arrive at Eq. 6.60 is presented in Problem 6.4.

As in the case of periodicity, the property described above generally holds true
even in the presence of noise. Also note that we do not need N to be infinite for this
property to hold. We now illustrate these ideas with a simple example.

Example 6.8 Study the ACF of the following sequences

Y1 = {1723374}+m{€}
Y2 = {17 —2,3, _4} + m{ﬁ}
Ys = {_17 -2, 374} + m{ﬁ}

for m values of 0.1 and 1 and interpret.

M 6.4 implements this problem. The results are plotted in Fig. 6.4. It is easy to see
that the ACF at zero lag is the largest compared to all other lags. This property
holds true for all three sequences. The presence of noise does not change these
observations. I

Now it is easy to see how Eq. 6.60 can be used to detect pure delays. Suppose that
the input to the delay system is given by {u(n)} = {u1,uq, ...} and the corresponding
output is {y(n)} = {0,...,0,u1,us,...}, with d zeros in front. Note that d is an
unknown number at this point. We have to calculate r,, (1) for { =0, —1,.... The lag
at which this sequence attains the maximum will correspond to d, the delay.

It is important to note that a zero mean signal should be used for the detection of
time delays. Alternatively, the mean of input and output signals should be calculated
in a consistent fashion, as explained in Problem 6.5.

The objective of this section is to bring out the important property that the ACF
is largest at zero lag. The above described method cannot be used to detect delays
in dynamical systems, however. The causality property of dynamical systems may be
used to estimate the delays. For example, one can make a step change in the input of
the plant at steady state and see the time it takes for the output to start responding.
The time that the output takes to respond to a change in input is the delay present
in the plant.

6.3.5 Covariance of Zero Mean Processes Through
Convolution

We conclude the discussion on covariance with a useful property that will help simplify
derivations. We will show in this section that the ACF can be obtained through
convolution.
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Figure 6.4: Plot of sequences (y; solid line, y, dashed, y3 dotted) and their ACFs for
different noise variances, as discussed in Example 6.8

As mentioned earlier, we can assume the signals to be of zero mean, without loss
of generality. As a result, Eq. 6.29 becomes

1 N
ruy(l) = 53 k:_NU(k)y(k ) (6.61)

Comparing Eq. 6.61 with Eq. 3.27 on page 48, we see that

ruy(l) = LNU(Z) +y(=1) (6.62)

2

Let us now focus on a single series. When the mean m,, is zero, Eq. 6.25 becomes

1 N
run(l) = 53 k;Nu(k)u(k 1) (6.63)

Substituting v for y, we obtain from Eq. 6.62 the following result:

1

= ﬁu(n) * u(—n) (6.64)

T (1)
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u(n) —= G(z) y(n)

Figure 6.5: Transfer functions of system and noise process

Finally, from the definition of auto covariance, see Eq. 6.63, and energy defined by
Eq. 3.2 on page 35, we arrive at

1
where N is taken as a large value, as mentioned earlier. Because E, denotes energy
of w and N denotes time, r,,(0) can be thought of as power.

Recall that the main objective in introducing the discussion on time series is to
help identify plant models from measured data. In order to facilitate this, we examine

the effect of exciting a linear system with white noise.

6.4 ARMA Processes

One does not measure noise directly. For example, even though in Fig. 6.2 on page 160
we have shown that noise £ affects the measurement, only the plant output y and the
input uw are measured. If we know the transfer function G, the noise is obtained as
the difference between the measurement and what is expected.

Although the noise in Fig. 6.2 is modelled as white, it is usually inadequate in
practice. Fortunately, a large amount of noise behaviour can be modelled as auto
regressive moving average or ARMA processes. These noise processes, denoted by the
symbol v in Fig. 6.5, can be modelled by white noise filtered by a linear system, with
a transfer function, say, H(z).

The identification problem is to determine G(z) and H(z), given the measurements
u(n) and y(n). In this section, we restrict our attention to the estimation of H(z),
given v(n). We present the conditions under which we can represent H(z) as an all
zero and all pole model, respectively. We conclude this section with a combination of
these two models. We begin this section with a brief discussion on the notation we
will use in the rest of this book.

6.4.1 Mixed Notation

Recall that the system presented in Fig. 6.2 on page 160 has been modelled with the
help of Eq. 6.1, reproduced here for convenience:

y(n) = g(n) x u(n) + &(n) (6.66)
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We have difficulty in taking the Z-transform of this equation. The reason is that the
Z-transform of £(n) may not exist, because it is a random number. For example,
the Z-transform may not converge for any value of z. On the other hand, it is also
inconvenient to carry the convolution operation. In view of this, a mixed notation,
consisting of the time domain representation of variables and the transfer function of
the linear systems, is used. With this notation, the above equation becomes

y(n) = G(z)u(n) +£(n) (6.67)

where G(z) denotes the Z-transform of g(n). Some control and identification books
follow the convention of using an operator notation G(q), in the place of G(z). In this
book, however, we have avoided using this notation. On seeing an equation such as
the one above, given in mixed notation, the reader should recognize that it denotes
Eqg. 6.66. In a similar way, when the noise goes through a linear system, such as the
one shown in Fig. 6.5, we arrive at the following model for the output of the process:

y(n) = g(n) * u(n) + h(n) = £(n) (6.68)
Once again, we will write the above equation in the following mixed form:

y(n) = G(z)u(n) + H(2)¢(n) (6.69)

where Y, U, G, H are, respectively, the Z-transforms of the output, input, process
impulse response and noise process impulse response. Once again, it is understood
that when we write the above equation, we mean Eq. 6.68.

6.4.2 What is an ARMA Process?

The noise process v of Fig. 6.5 is modelled in the most general form as an auto
regressive moving average process, abbreviated as an ARMA process:

v(n)+avin—1)+---+avn—p) =&n) +crf(n—1)+ -+ c&(n —q)
(6.70)

The object of this model is to predict the latest value taken by the noise process,
namely v(n). As this prediction depends on the past measurements of v, we call it
auto regressive (AR). The phrase auto regressive refers to the fact that the current
value of v depends on its previous values. The phrase moving average refers to the
fact that a weighted average of £, over a moving window, is taken. For example, we
need the current value, £(n), as well as ¢ previous values of it.

We refer to this as an ARMA(p, q) process. The symbol p refers to the number of
previous v values used or the length of the auto regressive part. The symbol ¢ refers
to the number of previous & used in these calculations.

We will also study simpler forms of ARMA processes. Suppose that in Eq. 6.70,
p =0, i.e., the model is

v(n) =&(n) +aé(n —1) + -+ cé(n —q) (6.71)

which can be written in the mixed notation of the previous section as

v(n) = <1 +y cnz_”> £(n) = C(2)€(n) (6.72)
n=1
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This is known as an MA(q) process. In other words, a random sequence whose value
v(n) can be represented as a finite combination of the past ¢ entries of a white noise
sequence plus a random error £(n) is said to be an MA process of order ¢g. An MA
process is also known as an all zero process, because the transfer function of the
process is a polynomial, C'(z).

With p = 0 in Eq. 6.70, we have obtained an MA process. If instead ¢ = 0, we
obtain

v(n) +aiv(n —1) + - + apv(n —p) =£(n) (6.73)

This is known as an AR(p) process. In other words, a random sequence whose value
v(n) can be represented as a weighted finite aggregate of the p previous values plus
a white noise sequence £(n) is said to be an AR process of order p. Eq. 6.73 can be
written as

<1 + Z anz_"> v(n) = &(n)

or, equivalently, using the mixed notation of Sec. 6.4.1,

bln) = g £(0) = 3¢ (6.74)
(1 + Z anz_”>
n=1

A variety of practical processes can be represented using this structure. The process
is stationary if and only if the weights of the infinite polynomial 1/A(z) form a
convergent series. If at least one root of A(z) lies on the unit circle, the process
is said to contain an integrator. An AR process can also be represented as an infinite
summation of £(n), as discussed in Sec. 3.3.6. An AR process is also known as an all
pole process, because the transfer function has a polynomial only in the denominator.

Eq. 6.70 is known as the ARMA process as it contains both AR and MA
components. Using the terminology defined above, it can be written as

C(2)

1+ Eq cp2 "
_ _ n=1
oln) = Gegem)

= —
1+ Z apz” "
n=1

€(n) (6.75)

6.4.3 Moving Average Processes

In this section, we will present a technique to determine the order ¢ of MA processes,
i.e., how many parameters are required to define the model. We will illustrate this
idea with a simple example first and then generalize it.

Example 6.9 Determine a procedure to find the order of the MA(1) process

v(n) =&(n) + cé(n —1)

making use only of the output data generated, namely {v(n)}.
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We follow a procedure similar to the one outlined in Example 6.6 on page 170. We
begin with the calculation of the ACF at zero lag:

Yoo (0) = E(v(n), v(n)) = & [(€(n) + c16(n — 1))(E(n) + 16 (n — 1))]
Because £(n) is white, the expectation of cross products are zero. We obtain
Yo (0) = (1 + Cf)f)’?

Next, we determine the ACF at lag 1:

You(1) = E(v(n),v(n — 1))
=&[(E(n) +cri§(n —1))(E(n — 1) + c1§(n — 2))]

Once again invoking the fact that £ is white and cancelling the cross terms, we
obtain

You(1) = (1€ (n 1)) = c10¢

These are the only nonzero terms. For all other lags, the ACF is zero. That is,
You(l) =0, 1>1

The ACF is simply obtained as

_ Jwe(D)
()

We observe from this example that for an MA(1) process, the ACF becomes zero
for lags greater than 1, i.e, |I| > 1.

We will now generalize the above result for MA(q) processes. Multiplying Eq. 6.71
by v(n) and taking the expectation, we obtain

Yov (O) = Yv¢ (O) + Cl'ng(l) 4 A CgVue (q) (6'76)

Multiplying Eq. 6.71 by v(n — 1) and taking the expectation,

Yoo (1) = c170¢(0) + cavue (1) + - + cqre(q — 1) (6.77)

where &fv(n — 1)¢(n)] = 0, using the causality principle of Eq. 6.32 on page 169: for
causal systems, the output cannot depend on future input £(n). Continuing the above
process and stacking the resulting equations, we arrive at

Yo (0) L oa o cgm1 cq| [70e(0)
’71)'0(1) Cc1 C2 e cq 0 ’7115(1)

(6.78)

Yvv (Q) Cq 0 T 0 Yoe (Q)
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All the terms below the secondary diagonal are zero. It is clear that

You(n) =0, Vn > ¢ (6.79)

Thus we obtain the rule that for MA(q) processes, a plot of {y,,(n)} vs. n becomes
zero for all n > ¢. In other words, the index corresponding to the last nonzero value
is ¢. We will now illustrate this idea with an example.

Example 6.10 Calculate {7,,(k)} for
v(in) =£&(n)+&mn—1)—0.5¢(n —2) (6.80)

and verify that Eq. 6.79 is satisfied.
Multiplying Eq. 6.80 by v(n — k), k > 0, and taking the expectation, we arrive at

(6.81)

As explained in Example 6.6 on page 170, measurement of the white noise ¢ is
not available and hence the CCFterms in the above equation cannot be calculated.
Nevertheless, we can come up with equivalent expressions for the CCF terms using
only the available quantities. We multiply Eq. 6.80 by £(n2) and take the expectation
to arrive at

70t (0) = 7e¢(0) = oF (6.82a)

using Eq. 6.35 on page 169. Multiplying Eq. 6.80 by £(n — 1) and £(n — 2), one
at a time, and taking expectations, we obtain
Toe(1) = 76¢(0) = o¢
Yoe(2) = —0.57¢¢(0) = —0.50%
Substituting Eq. 6.82 in Eq. 6.81, we obtain
You(0) = (1 + 1+ 0.25)07 = 2.2507
You(1) = (1 = 0.5)07 = 0.507
Jou(2) = ~0.507
You(k) =0, k = 3.

(6.82b)

Recall that this procedure is known as theoretical prediction. Using the definition
of ACF, given in Eq. 6.26,
pyy(0) =2.25/2.25 =1
pyy(1) = 0.5/2.25 = 0.22 (6.83)
pyy(2) = —0.5/2.25 = —0.22
For all other k values, p,, (k) = 0. We conclude this example with the observation

that the output of the noise process v is either directly measured, or estimated
using a procedure to be outlined in Sec. 6.6. I
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Figure 6.6: Input—output profiles (left) and the ACF of the system described by
Eq. 6.80. M 6.5 is used to generate it.

In the next example, we solve the above problem using Matlab.

Example 6.11 Simulate the process given in Eq. 6.80, calculate an estimate of
{7 (k)} and compare with the results obtained in Example 6.10.

M 6.5 carries out this task. Pseudo random numbers are taken as a good approx-
imation to white noise process. The white noise process, thus generated, should
not be directly used to determine the parameters. For example, one should avoid
the temptation to apply least squares techniques to Eq. 6.80 in order to directly
estimate the parameters. The reason is that in reality, white noise is not measured.
Indeed, white noise is an idealization. The only available measurement is v.

The Matlab identification toolbox is required to carry out the simulation. The
system is simulated for 100,000 time instants. First 500 instances of {{(n)} and
{v(n)} are shown in the left hand plot of Fig. 6.6. A plot of the ACF, i.e., {py,(k)},
generated by M 6.6, is shown in the right hand plot of Fig. 6.6. It is easy to see
that the estimates reported in this figure are in agreement with the theoretically
predicted values, given by Eq. 6.83. .

Once we know the order of an MA process, it is straightforward to determine the
coefficients. Let us start with Eq. 6.78. If we can express v,¢(n) as a function of 7., (n),
we are done. Multiplying Eq. 6.71 with £(n — k), k > 0, and taking the expectation,
we obtain 7,,(&)(k) = ckag. For k = 0, ¢, is taken as 1. Substituting this result in
Eq. 6.78, we obtain

Yo (0) 1 e - cqm1 € 1
Yoo (1) c1 C2 - C 0 c1

A I R B (6.84)
Yov (Q) g 0 - 0 Cq

What we have above is a system of ¢+ 1 equations in ¢+ 1 unknowns, ¢; to ¢, and 052.
The left-hand side of the above equation can be determined from the experimental
data, using a procedure similar to the one given in Example 6.71.
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It should be pointed out that we do not calculate the coefficients using the above
method. Computationally efficient procedures are normally employed to estimate the
parameters of AR, MA and ARMA processes [5]. This topic is beyond the scope of
this book and hence will not be pursued here.

We will illustrate the above approach with an example.

Example 6.12 Determine the model parameters ¢; and ¢y in the following
MA(2) process:

v(n) = £(n) + e16(n — 1) + ea€(n — 2) (6.85)
Using Eq. 6.84, we arrive at the following equations:

Yoo (0) = crg + c%crg + cgag =1+ + cg)ag

You(1) = 170 (0) + c2ye (1) = 1 (1 + ¢2)0?

You(2) = 270 (0) = c207

We have three equations in three unknowns, ¢, c2 and ag.

6.4.4 1Is Unique Estimation Possible?

We would like to address the question of whether we can always determine the model
parameters of an MA process from the experimental data, as explained in the previous
section. The MA process, given by Eq. 6.72, implies

v(n) =c¢(n) *&(n) (6.86)

where ¢(n) is the inverse Z-transform of C(z) and &(n) is white noise of variance 1.
We also obtain

Convolving the expressions for v(n) and v(—n) and using the commutativity property
of convolution, we obtain

v(n) x v(=n) = c(n) x c(=n) *{(n) * {(—n)

Using the definition of auto covariance, as given by Eq. 6.64, we obtain
Yoo (1) = ¢(n) * c(=n) * yee(n)
Taking the Z-transform of both sides, we obtain
Po(2) = C(:)C(= ) (6.87)

where we have used the fact that vee(n) = §(n) from Eq. 6.35 on page 169, for white
noise of variance 1, and that the Z-transform of §(n) is 1, obtained in Example 4.2 on
page 70. We have also made use of the result of Sec. 4.2.8 to arrive at C(z~!). The
power of 271 as an argument of C indicates that we have to replace the occurrences
of z in C(z) with 271; compare this with Footnote 5 on page 100.

Because the zeros of C(z) are reciprocals of the corresponding zeros of C(271), we
should expect a loss in uniqueness. We illustrate this idea with a simple example.
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Example 6.13 Study the ACFs of two processes v1(n) and va(n), modelled as

v1(n)

§(n) +cré(n—1) = (1 +crz7")E(n)
va(n) =&(n) + ¢ é(n—1) = (1+c; 27"

)§(n)

where we have used the mixed notation of Sec. 6.4.1. Using Eq. 6.87, we obtain
Ty, (2) = (1 + cl_lz_l)(l + cl_lz)
In a similar way, we obtain

Ty, (2) =1+ clz_l)(l +c12)

Pulling out c1z7 1 and ¢z, respectively, from the first and second terms on the

right-hand side, we obtain
Ty, (2) = clz_l(c1 z+ l)clz(cl 2714 1)
Comparing this with the expression for I',,,,, we obtain

Fvlvl( )_ cll—‘vzvz( )

It is clear that the ACFs of v; and vy are identical, i.e.,

Poivy (l) = Poavy (l)v vi

because scaling results in the removal of constant factors — see the definition of
the ACF in Eq. 6.26 on page 167. As a result, given the ACF, it is not possible to
say whether the underlying noise process is v or vs. I

In the above example, if ¢; lies outside the unit circle, cl_l will lie inside it. Because
we cannot say which one has given rise to the ACF, by convention, we choose the
zeros that are inside the unit circle. Although this discussion used a first degree
polynomial C, it holds good even if the degree is higher. We illustrate these ideas
with a Matlab based example.

Example 6.14 The MA(2) process described by

vi(n) =€&(n) —3&6(n — 1) +1.25¢(n — 2) = (1 — 3271 + 1.25272)¢(n)
=(1-0.52"1)(1 = 2.5271¢(n)

is used to generate data as in M 6.7. The same code determines the model
parameters. We present the resulting model using the command present:

Discrete-time IDPOLY model: v(t) = C(q)e(t)
C(q) =1 - 0.8923 (+-0.009942) q~-1 + 0.1926 (+-0.009935) q~-2
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The values within the brackets are the standard deviation for each parameter. The
identified model parameters are different from the ones used to generate the data.
Observe also that one of the zeros lies outside the unit circle. We repeat this
exercise with the process described by

va(n) = €(n) — 0.96(n — 1) +0.26(n — 2) = (1 — 09271 +0.2:73)¢(n)
=(1-0.52"Y)(1 - 0.4271¢(n)

Note that this process is identical to v, but with the zero outside the unit circle
(2.5) being replaced by its reciprocal (0.4). M 6.7 generates data for this model
as well, and estimates the parameters. We obtain the following result:

Discrete-time IDPOLY model: v(t) = C(qg)e(t)
C(q) =1 - 0.8912 (+-0.009939) gq~-1 + 0.1927 (+-0.009935) q~-2

Observe that Matlab estimates the parameters correctly this time. Although not
shown here, using M 6.7, one can see that the ACF plots of these two models
are identical. Similarly, the PACF plots, to be introduced in Sec. 6.4.5, are also
identical. I

It is important to point out the sequence of calculations in the above discussed model
identification. From the data, one calculates the ACF, with which the parameters
are calculated. Recall from Sec. 5.4.2 that systems with zeros inside the unit circle
are known as minimum phase systems and those with all their zeros outside the unit
circle are known as maximum phase systems. Splitting the ACF into minimum and
maximum phase systems is known as spectral factorization, to be studied in more detail
in Sec. 13.1. As explained in this section, using spectral factorization, one identifies
minimum phase systems. We will make use of this fact while deriving prediction error
models, to be discussed in Sec. 6.6.1.

We take this opportunity to point out that every parameter estimated in the above
example comes with an uncertainty band. This can be helpful at times to decide on
the model order. We illustrate this with an example.

Example 6.15 Simulate the following MA(2) process,
va(n) = (1 —0.9271 +0.2272)¢(n)

and estimate the model parameters assuming the data to have come first from an
MA(2) process and then from an MA(3) process.

This problem is solved in M 6.8. This system is simulated and the data thus
generated are used to estimate the model parameters. When a second order model
is fitted to these data, using the command present, we obtain the following model
parameters:

Discrete-time IDPOLY model: y(t) = C(q)e(t)
C(q) =1 - 0.9045 (+-0.00313) g~-1 + 0.2063 (+-0.003131) q~-2

Estimated using ARMAX from data set v
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Loss function 0.00995515 and FPE 0.00995554
Sampling interval: 1

Created: 23-Nov-2006 22:38:31

Last modified: 23-Nov-2006 22:38:37

In this, the loss function refers to the sum of squares of residuals and FPE denotes
Akaike's final prediction error criterion [32]. We note that the estimated parameters
are close to the actual values. Next, we fit the same data with an MA(3) model
and obtain the model parameters:

Discrete-time IDPOLY model: y(t) = C(g)e(t)

C(q) =1 - 0.9046 (+-0.0032) gq~-1 + 0.2068 (+-0.004267) g~-2
- 0.0003695 (+-0.003201) q~-3

Estimated using ARMAX from data set v

Loss function 0.00995514 and FPE 0.00995574

Sampling interval: 1

We make two observations:

1. The third parameter is estimated to be small, —0.0003695.
2. The uncertainty in the third parameter, namely 0.003201, is larger than the
estimate itself, suggesting that the third parameter is not trustworthy.

In this example, the uncertainty has turned out to be larger than the parameter
itself. Generally, if the uncertainty turns out to be comparable to the value of the
parameter being estimated, the validity of the coefficient is questionable. When
the estimate is good, however, the uncertainty is generally much smaller than the
parameter value. I

From this section, we conclude that the ACF can be used as an effective tool
to determine the order of MA processes. We will now devote our attention to AR
processes.

6.4.5 Auto Regressive Processes

In this section, we will present a method to determine the order of AR processes. Let
us first explore whether it is possible to do this through the ACF. We will begin with
a simple example.

Example 6.16 Calculate the ACF of the AR(1) process
v(n) + av(n —1) =&(n) (6.88)

Multiplying both sides of this equation successively by v(n — 1), v(n — 2),...,
v(n — 1) and taking the expectation, we obtain

"va(l) + al”va(O) =0
Yoo (2) + @170 (1) =0

va(l) + al’Y'uv(l - 1) =0
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where the right-hand side of every equation is zero, because of the causality
condition, given by Eq. 6.32 on page 169. Starting from the last equation and
recursively working upwards, we obtain

'va(l) = _alvvv(l - 1) = _al(_alvvv(l - 2)) = a%'yvv (l - 2)
== (‘Ulall'}’vv(o)

Dividing both sides by 7, (0), we obtain

pou(l) = (_1)lal1

Thus, the ACF never dies out and hence cannot be used for detecting the order of
an AR process.

Although there is no direct correlation between v(n) and v(n —1) for [ > 1, it
appears to exist due to auto regression. I

As the ACF is not useful to determine the order of AR processes, we take an
alternative approach. Given the AR process

v(n) +arv(n —1)+--- +apv(n —p) = £(n)

we multiply both sides with v(n —1[) for [ = 0,..., M and take the expectation to
obtain

’71)'0(0) + al’Y'uv(l) + -+ ap’)/vv(p) = Ug
Yoo (1) + @170 (0) + -+ + apypu(p —1) =0

VUU(M) +a1’7vv(M - 1) + - +ap’7'uv(p_M) =0

At any lag [ > p, we replace p — [ with [ — p since the ACF is symmetric, see Eq. 6.27
on page 167. We may solve the above set of equations simultaneously to obtain the
ACF.

We see that although the ACF does not work for an AR process, the process we
have described above involves an ACF-like approach. We explore this further and
compute the covariance between v(n) and v(n —1) by taking the simultaneous effects
of the intermediate lags. The lag after which the correlation between v(n) and v(n—1)
dies out is the order of the AR process. The correlation computed this way is known
as the partial autocorrelation function (PACF) and is denoted by ¢y, (1).

We now summarize this approach. The procedure to determine the order p in
Eq. 6.73 is as follows:

1. Let j = 1.

2. Assume that the system is an AR(j) model:

v(n) +ajo(n—1)+ - +ajv(n —j) =&(n) (6.89)
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3. Multiplying this equation by v(n — k) and taking the expectation, we obtain
Yoo (k) + a1;vo0 (k= 1) + - -+ a;jvoe(k—7) =0, Yk > 1 (6.90)

where the right-hand side is zero because of the causality relationship, see
Eq. 6.32 on page 169.

4. Writing down the above equation for k = 1 to j, we arrive at j equations. We
solve them and determine a;;.

5. If j < Jmaz, increment j by 1 and go to step 2 above.
Note that jnq. should be chosen to be greater than the expected p. A plot of a;; vs. j
will have a cutoff from j = p 4+ 1 onwards. We now illustrate this procedure with an
example.

Example 6.17 Demonstrate the procedure discussed above for the system

v(n) —v(n —1) 4+ 0.5v(n — 2) = £(n) (6.91)
For j =1, Eq. 6.90 becomes
"Y'uv(k) + allﬁ)/'uv(k - 1) = Oa Vk Z 1

For kK =1, the above equation becomes

”va(l) + all'va(O) =0

Yoo (1) (6.92)
ail = —
You(0)
For j = 2, Eq. 6.90 becomes
'va(k) + alQ'va(k - 1) + 0’22’71)’0(]{: - 2) =0
for k > 1. For k =1, 2, this equation becomes
Yov (O) FY'uv(l):| |:a12:| |:"va(1):|
= — 6.93
|:'va(1) You(0) | | @22 Yo (2) ( )
For 7 = 3, Eq. 6.90 becomes
’va(k) + alB’va(k - 1) + 0’23’7'[)’0(]{: - 2) + CL33'YM;(I€ — 3) =0
forall k> 1. For k=1, 2, 3, it becomes
You(0)  You (1) You(2) ais You(1)
You(1) Yo (0) wu(l)| |azs| == [700(2) (6.94)

Yov (2) ’7’01}(1) Yov (0) ass Yov (3)
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If we have experimental data, we can calculate v,,(k), £ = 0 to 3, using which,
aj;, j = 1,2,3 can be calculated. In this example, let us calculate these using
the method of theoretical prediction. Multiplying Eq. 6.91 by £(n) and taking the
expectation, we arrive at

10¢(0) = 7¢¢(0) = o

We also use Eq. 6.90 from k£ = 0 onwards. For example, multiplying Eq. 6.91 by
v(n), v(n—1) and v(n — 2), one at a time, and taking the expectation, we obtain

1 =1 0.5] [Y(0) 1
-1 1.5 0| [y()| =0f |0
05 -1 1] |7(2)] 0

Solving this matrix equation, we obtain

(Vo0 (0) 2.4
Yoo(1) | = |1.6] 0F (6.95)
70(2)] |04

Multiplying Eq. 6.91 by v(n — 3) and taking the expectation, we obtain
You(3) = You(2) +0.5700(1) =0
the solution of which is
You(3) = —0.407 (6.96)

We substitute Eq. 6.95-6.96 in Eq. 6.92-6.94 and determine a;;, ¢ < j, j = 1,2, 3.
We obtain

all = —0.67
ago = 0.5
a3z = 0

As expected, for the AR(2) process, aj; = 0 for j > 2. I

For large j values, we will have to solve large systems of equations, a tedious procedure
if we adopt manual methods. In the next example, we implement the calculations
through Matlab where we let 5 go up to 10.

Example 6.18 Simulate the process given in Eq. 6.91, calculate a;; defined in
Eq. 6.90 and compare with the results obtained in Example 6.17.

M 6.9 carries out this task. The identification toolbox is required to carry out these
calculations. The system is simulated for 100,000 time instants. First 500 instances
of {¢(n)} and {v(n)} are shown in the left hand plot of Fig. 6.7. M 6.11 builds the
square matrices given in Eq. 6.93-6.94. A plot of a;; vs. j is shown in the right
hand plot of Fig. 6.7, for j values up to 10. Note that the PACF is defined from
lag 1 only. It is easy to see that the values reported in this figure are in agreement
with those calculated in Example 6.17. I
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Figure 6.7: Input—output profiles (left) and the PACF (right) of the system described
by Eq. 6.91. M 6.9 is used to generate it.

Before concluding this section, we would like to discuss what the PACF plots of
MA processes look like. We can get a hint of this from the discussion in Sec. 3.3.6,
where we have used a Taylor series expansion to convert an infinite order MA process
into a finite order AR process. We can also do the reverse: convert a finite order MA
process into an infinite order AR process. In view of this, the PACF plots of MA
processes decay slowly, either monotonically or with oscillations. This is illustrated in
the next example.

Example 6.19 Calculate the ACF and the PACF of the process
va(n) = (1 —0.9271 4+ 0.2272)¢(n)

discussed in Example 6.15 on page 185.

M 6.12 implements these calculations. We obtain the ACF and the PACF plots,
as in Fig. 6.8. The ACF plot has only two nonzero coefficients, as expected. The

PACF, on the other hand, decays slowly. I

The above trend is true in all MA systems: while the ACF will show a definite
cutoff, the PACF plot will decay slowly, either monotonically or with oscillations. In
the next section, we take up the case of ARMA processes.

6.4.6 Auto Regressive Moving Average Processes

In the previous sections, we have developed procedures to determine the order for
either AR or MA processes. Now we will consider the situation of both AR and MA
occurring simultaneously. In other words, we will now develop methods to determine
the orders p and ¢ of an ARMA(p,q) process. We begin with a simple trial and error
procedure, which can be summarized as follows:

1. Plot the ACF and PACF to check if it is a pure AR, MA or a mixed process.
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Figure 6.8: ACF (left) and PACF (right) plots of MA(2) process discussed in
Example 6.19

2. For a mixed process, start with an ARMA(1,1) model (use the arma function in
Matlab).

3. Compute the residuals of this model (use the pe function in Matlab).

4. If the ACF of the residual shows a slow decay, increase the AR component.
If, on the other hand, the PACF has a slow decay, increase the MA component.
If both show a slow decay, increase the orders of both AR and MA components
by 1. Go to step 3.

Because most realistic processes can be modelled with ARMA processes of small AR
and MA orders, the above indicated method should converge. We now illustrate this
procedure with an example, taken from [56].

Example 6.20 Determine the order of the following ARMA(1,1) process, whose
transfer function is given by

1-0.3z71
H(z)= ———

(2) =105
This can, equivalently, be written as

v(n) —0.8v(n—1) =¢&(n) — 0.3¢(n — 1)

We explore the trial and error procedure described above, through M 6.13. First
we define the transfer function through idpoly. We set up the noise input £ and
simulate its effect through idsim. The ACF and PACF are calculated and plotted
in Fig. 6.9(a)-6.9(b).

Because both the ACF and PACF decay slowly, we could start with an ARMA(1,1)
process. But suppose that we start with an AR(1) process, because the ACF has
a much slower decay. We obtain the difference between this model prediction and
the actual data. We obtain the following Matlab report:

Discrete-time IDPOLY model: A(q)v(t) = e(t)
A(q) =1 - 0.6567 (+-0.01685) gq~-1
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Estimated using ARMAX from data set y
Loss function 1.01349 and FPE 1.01448
Sampling interval: 1

We determine the ACF and PACF of the residual. These are plotted in Fig. 6.9(c)-
6.9(d). The ACF plot has a small cutoff. If, instead, it has a slow decay, it would
have been indicative of additional AR components. Slow decay of PACF, on the
other hand, points to the possibility of an MA component. Because we have not
included any MA component so far, we add an MA component and arrive at an
ARMA(1,1) model. We obtain the following result from Matlab:

Discrete-time IDPOLY model: A(g)v(t) = C(q)e(t)
A(g) =1 - 0.7999 (+-0.01976) gq~-1
C(q) =1 - 0.2625 (+-0.03186) q~-1

Estimated using ARMAX from data set y
Loss function 0.985375 and FPE 0.987304
Sampling interval: 1

We find the loss function to be smaller now. We calculate and plot the ACF and
the PACF of the residuals in Fig. 6.9(e)-6.9(f). We conclude that the residuals
obtained with the ARMA(1,1) are white and hence we have arrived at the following
model

v(n) —0.7999v(n — 1) = £(n) — 0.2625¢(n — 1)

which is close to the actual process used to generate the input—output data.

In practice, commonly occurring stochastic processes can be adequately repre-
sented using ARMA(2,2), or lower order, processes.

6.5 Nonparametric Models

Recall that we are developing tools to determine the transfer functions G(z) and H(z)
in Fig. 6.5 on page 177. In Sec. 6.4, we have explained in detail the tools available
for the determination of the noise model H(z). In this section, we will devote our
attention to the plant model G(z), restricting ourselves to nonparametric models (see
Sec. 3.3.6).

6.5.1 Covariance Between Signals of LTI Systems

Let us suppose that an LTT system with an impulse response {g(n)} is excited by an
input {u(n)} to produce the output {y(n)}. We obtain the relation for output as a
convolution of the impulse response and the input:

y(n) = g(n) + u(n) + h(n) «£(n) (6.97)
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Figure 6.9: ACF and PACF for different processes, explored in Example 6.20

Convolving both sides with u(—n) and making use of Eq. 6.62 and 6.63 on page 176,

we obtain

Yyu (n) = g(n) * Yy (n)

(6.98)

where we have made use of the fact that v and & are uncorrelated, see Eq. 6.38 on
page 170. As it can be used to determine the impulse response, this is an important
relation. For example, if the input is chosen such that its auto correlation is a delta

function, i.e.,

Yuu(n) = Kd(n)

(6.99)
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then

g(n) = %Vyu(n) (6.100)

see Example 3.7 on page 49. One way to realize the impulse function is through pseudo
random binary sequence (PRBS) that takes the value of either 1 or —1. The ACF of
the PRBS sequence behaves like an impulse [53].

We will now discuss the case when the input is not a delta function.

Example 6.21 Demonstrate the use of Eq. 6.98 to determine the impulse
response coefficients of an FIR system.

As an FIR system has only a finite number of coefficients, we arrive at

N
'qu(n) = Zg(k)'yuu(n - k)
k=0

Evaluating this equation for different n, we arrive at the following matrix equation:

Yuu(0) T Yuu(N) g(0) Yyu(0)
Yuu(=1) o (N =1)| | g(1) Yyu(l)
. : = . (6.101)

The invertibility of the matrix in this equation is known as the persistence of
excitation condition of w. If this condition is satisfied, one can calculate 7, and
ryu from the experimental data and, using the above equation, determine the
impulse response coefficients. Use of PRBS signals can help achieve persistent
excitation. .

In the above example, we have used theoretical ACF. In reality, however, we only
have estimates of the ACF. In view of this, we can say that Eq. 6.19 on page 164 is
identical to Eq. 6.101 for N = 2.

Next, we would like to derive some more useful properties between the input to
and the output from a linear system. For this purpose, we write Eq. 6.97 for —n:

y(—n) = g(—n) x u(—n) + h(—n) x &(—n) (6.102)
Convolving this with u(n), and making use of Eq. 6.62 on page 176, we arrive at
Yyu(=n) = g(=n) * Yuu(n)

where we have once again used the fact that v and § are uncorrelated. As vy, (—n) =
Yuy(n), we obtain

Yuy(n) = g(=n) * Yuu(n) (6.103)

We can also get a useful relation for the ACF of the output signal. For this purpose,
we first convolve Eq. 6.97 with Eq. 6.102 to obtain

y(n) xy(=n) = g(n) x u(n) x g(=n) x u(—=n) + h(n) * {(n) x h(—n) * {(—n)
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where once again, the cross terms are zero as v and £ are uncorrelated. Now we make
use of Eq. 6.62 on page 176 to obtain

Yyy(n) = g(n) * g(=n) * Yuu(n) + h(n) * h(—n) * vee(n) (6.104)

where we have made use of the fact that convolution is commutative.

6.5.2 Frequency Response of LTI Systems Excited by White
Noise

Consider an LTT I/O system with impulse response {g(n)}, input {u(n)} and output

{y(n)}, with corresponding Z-transforms G(z), U(z) and Y(z), respectively. Let

{Yyu(n)} be the cross covariance between y and v and I'y,(z) be its Z-transform. Let

also {yuu(n)} be the auto covariance of u and T'y,(2) be its Z-transform. We would

like to take the Z-transform of Eq. 6.104. For this purpose, we take the Z-transform
of Eq. 6.64 on page 176, use the results of Sec. 4.2.8, and obtain

1 -1
In a similar way, the Z-transform of Eq. 6.98 gives rise to

Lyu(2) = G(2)Tuu(2) (6.106)

Taking the Z-transform of Eq. 6.104 and cancelling the common divisor 2N, we obtain

Lyy(2) = G(Z)G(Z_I)FuU(Z) + H(Z)H(Z_l)rﬁﬁ (2) (6.107)
We would like to visualize the above parameters as a function of frequency.
Invoking the definition of Fourier transform as evaluation at z = e/, Eq. 6.105
becomes
Do (6%) = —— T (7Y (7) = — [T (e7%) 2 (6.108)
2N 2N

Substituting this in Eq. 5.51 on page 131, we obtain an expression for the energy of
u as

™

1 (" , 1 .
E, /|U(ew)|2dw:2— 2N Ty (e7%)dw (6.109)

2 J_, T )

We see that Ty, (e?) = |U(e?“)|?/(2N) represents the distribution of power as a
function of frequency and hence is called the power density spectrum of u(n). When
Ty (e?¥) is a constant, it is easy to see that

E, = |U(e’)|? = 2N Ty (e%) (6.110)

Now it is easy to see why white noise is so called. Recall from Sec. 6.3.2 that
Tee (eJ“’) = U?, which says that the power is constant at all frequencies, the property
of white light.
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It is possible to make use of the relations derived above for identification. When
Eq. 6.107 is evaluated at z = e/, we obtain

Tyy(e?*) = ‘G(ej“)‘2 Lo (e7¥) + ‘H(ej‘“)|2 Tee(e?®) (6.111)
Similarly, Eq. 6.106 becomes
Tyu(e’) = G(e)Tyu(e7) (6.112)

Recall that this expression does not change even if £ is present as an input, so long as
it is uncorrelated with u. If [Ty, (e’¥)| = K, a constant, the above equation becomes

Gle®) = %ryu(ew) (6.113)

This method of estimating the impulse response reduces the noise, because covariance
calculation is a smoothing operation, see Sec. 6.3.3.

In order that the estimated transfer function fits the plant well at the select
frequency range, we have to use an input that does not have constant energy at
all frequencies, to be discussed in Example 6.34 on page 223. The ACF of such an
input v is not an impulse function. As a result, we cannot determine the model
parameters with ease. To recover this desirable property, we use a pre-whitening filter.
This involves use of the ideas of Sec. 6.4, expressing u as a filtered version of the white
noise £ and inverting it to obtain a W, such that Wu = £. We call W the pre-whitening
filter. How is this useful? Let us apply W to the input v and the plant output y. That
is, let up = Wu and yp = Wy. Applying the same filtering operation to y = Gu
we obtain Wy = WGu = GWwu, which is the same as up = Gyp. In other words,
the relation between u and y remains unchanged if we use filtered data ur and yp
in their places, respectively. Now, the ACF of up is an impulse function and hence
using Eq. 6.100, we obtain

9(n) = 2 (0)

which makes the calculation of g(n) an easy affair. The identification toolbox uses the
concept of pre-whitening factor extensively.

6.6 Prediction Error Models

In Sec. 6.5, we have presented the topic of identification of nonparametric models. In
this section, we will discuss parametric models.

In Example 6.1 on page 161, we have constructed a linear model for LSE of a
general FIR model. Nevertheless, we have not presented any rigorous argument why
we should follow that method and why we could not use something else. This question
becomes important in more difficult models, such as ARMAX, to be discussed in
Sec. 6.6.4. Indeed, we would like to extend the approach that we have developed for
FIR system to general systems. We will demonstrate in this section that by minimizing
the error that results from a one step ahead prediction error, we can arrive at the
required linear model.
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6.6.1 One Step Ahead Prediction Error Model

In this section, we build the one step ahead prediction error model for a general system,
with a schematic as in Fig. 6.5 on page 177. Recall the mathematical representation
of this system, given in Eq. 6.69, reproduced here for convenience:

y(n) = G(2)uln) + H(2)&(n) (6.114)

The variables u, y and £ refer to input, output and white noise, respectively. The
input u(n) can be taken to be known, because it is under the user’s control. On the
other hand, £{(n) is unknown, as it is a random variable. Because of the presence of
&(n), the output y(n) is also nondeterministic. We make the following assumptions
about G and H:

1. G(z) is strictly proper, which means that g(n) = 0 for n < 0.

2. H(z) is stable and minimum phase, which follows from the way we identify the
noise models, see Sec. 6.4.4. Equivalently, the poles and the zeros of H can be
taken to be inside the unit circle.

3. H(z) is monic, which means that h(0) = 1. This not a restriction, because if
the gain is different from 1, it can be incorporated in the variance of €.

Through minimization of the error in estimating y(n), we can construct a one step
ahead prediction error model. Consistent with Fig. 6.5 on page 177, we define a variable

o(n) = H()E(m) = h(n) €(n) = 3 h(D)E(m - 1) (6.115)

=0

so that Eq. 6.114 becomes
y(n) = G(2)u(n) + v(n) (6.116)

Suppose that the current time is denoted by n. In the above equation, we know y(j)
and u(j) for j=n —1,n—2,.... We can calculate v as follows:

v(l) = y() — G(2)u(l) (6.117)

From this, it is clear that v(l) can be calculated if y(I) and u(l) are known. Because for
Il=n—-1,n-2,..., y(l) and u(l) would have been measured, v(l) can be calculated
for past values. What we will not know, however, is the noise for the current time
instant, so we estimate it; call it 9(n|n — 1). With this, the output y can also be
estimated; call it g(n|n — 1). Because G(z) is strictly proper, y(n) does not depend
on the current value of input, namely u(n), but only on the previous values, namely
u(n — 1), u(n — 2), etc. Substituting these estimates in Eq. 6.116, we obtain

J(n|n —1) = G(2)u(n) + o(n|n — 1) (6.118)
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This is known as the one step ahead prediction model of y. Using the condition that
h(0) = 1, the noise model given by Eq. 6.115 can be written in the time domain as

+Zh (n—1) (6.119)

The best prediction of v(n) is given by its expectation and hence we obtain

i En—1) ] (6.120)

o(nln —1) = & [v(n)] =

As & is a zero mean white noise, its expectation is zero. The second term is
deterministic as it involves only the measurements in the previous time. Thus we
obtain

b(njn —1) =Y h()E(n —1) (6.121)
=1

Using Eq. 6.119, we see that o(n|n — 1) = v(n) — {(n) and from Eq. 6.115 we obtain

(njn —1) = h(n) *&(n) — £(n) (6.122)
In the mixed notation of Sec. 6.4.1, this can be written as

B(nln — 1) = H(2)&(n) — E(n) = (H(2) — &) (6.123)
Substituting for £(n) from Eq. 6.115, we obtain

d(aln — 1) = (H(z) — W (2)o(n) = (1 — H~1(2))o(n) (6.121)

where H~!(z) is stable, owing to the assumption that H(z) is minimum phase.
Substituting this expression for o(n|n — 1) in Eq. 6.118, we obtain

j(njn — 1) = G(2)u(n) + (1 — H(2))v(n) (6.125)
Substituting for v(n) from Eq. 6.117, we obtain

g(nln —1) = G(z)u(n) + 1 = H'(2)][y(n) — G(z)u(n)] (6.126)
which can be rewritten as

j(nln —1) = H~(2)G(2)u(n) + [1 = H~'(2)]y(n) (6.127)

This is the one step ahead predictor for the general model given by Eq. 6.114. From
this, the prediction error can be written as

E(nln — 1) =y(n) = g(nln — 1) = H~'(2) [y(n) = G(2)u(n)] (6.128)
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We will apply this approach to a general model of the following form:

_ B(z) C(z)
AE0) = pdu() + S em) (6.12)
where A(z), B(z), C(z), D(z) and F(z) are polynomials in 2! defined as
A(z) = 14a1z7 a2z 2 4+ + agaz 44 (6.130)
B(z)= bz bzl 4+ bapz 48 (6.131)
Clz)=1+ciz P 4oz ™24+ + cacz~9¢ (6.132)
D(z) =1+d1z"  +doz 2 + - 4+ dgpz—9P (6.133)
F(z)=1+fiz7 4+ for 2+ + fapz—9F (6.134)

where d denotes the degree, see Footnote 3 on page 68. Also, recall the notation
on using z as the argument even for polynomials in powers of 27!, as mentioned in
Footnote 5 on page 100. Notice the structure of B in the above: the constant term
is zero. This means that the transfer function is strictly rational or that the input u
does not affect the output immediately, i.e., there is at least one sample delay before
the input affects the output, see Problem 4.17. Note also that the constant term of
all other variables is 1. From Eq. 6.114 and 6.129, we obtain

G(z) = o (f )(;;)(Z) (6.135)
H(z) = & (S)(;)(Z) (6.136)

By specializing this, we obtain different models, which we will study in detail in
subsequent sections. We begin with the popular FIR model.
6.6.2 Finite Impulse Response Model

By letting A= C = D = F =1 and B(z) be an arbitrary polynomial, we obtain from
Eq. 6.129,

y(n) = B(z)u(n) + &(n) (6.137)
Comparing this equation with Eq. 6.114, we obtain

G(z) = B(z) (6.138)

H(z)=1 (6.139)
Eq. 6.137 is known as the FIR model, as it can be written in the form

y(n) = b(n) *u(n) + &(n) (6.140)

and the convolution involves a finite number of terms. Because the constant term is
zero in B, see Eq. 6.131, only the previous inputs affect the current output. We will
now derive the one step ahead predictor for FIR processes: using Eq. 6.138 and 6.139
in Eq. 6.127, we obtain

g(nln — 1) = B(z)u(n) (6.141)
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Eq. 6.140-6.141 are, respectively, in the form of Eq. 6.6 and Eq. 6.7 on page 162,
the equations we derived while discussing the least squares approach. The details
of the linear prediction equation for this FIR model have already been presented in
Example 6.1 on page 161. We now illustrate a procedure to estimate the FIR model
using Matlab. For the time being, we will assume that the model order is known and
determine the parameters. We will take up the issue of order determination in a later
section.

Example 6.22 Generate input u(n), white noise £(n) and the corresponding
output y(n) of the following model:

0.6 —0.2z71
y(n) = WU(” -1)+£&(n)

From the input—output data, determine the underlying FIR model.

Expanding the model in power series,

y(n) = (0.6 — 0.2z (1 +0.5271 +0.2527% 4+ - u(n — 1) + &(n)
=(0.6+0.1271 +0.05272 +0.025273 + - - Yu(n — 1) + £(n)

As this is a fast decaying sequence, it can be approximated well by a FIR model.
M 6.14 shows a way to solve this problem. The routine idpoly is used to generate
the model under study. As in the previous examples, a random number sequence
is used to approximate the white noise. We choose the deterministic input u to
be PRBS. We have seen the utility of this in Sec. 6.5. We have used the function
idinput to generate the PRBS sequence. Plots of the inputs and the corresponding
output, generated using sim, are presented in the plot on the left-hand side of
Fig. 6.10.

The FIR parameters are calculated using the command cra, which essentially
establishes the linear model as in Example 6.1 and solves it using the least squares
procedure. The result of cra is compared with the actual plot on the right-hand
side of Fig. 6.10. It is easy to see that the calculated values are in close agreement
with the actual values. I

FIR models turn out to be unbiased, to be discussed in Sec. 6.7. Because of
this reason, FIR models are useful, even though they may have a large number of
parameters, as compared to the parametric models. The parametric models are also
useful, because they require only a few parameters. In the next section, we present
several parametric models.

6.6.3 Auto Regressive, Exogeneous (ARX) Input, Model

In this section, we will study the ARX model, in which the current output y is a
function of previous outputs, previous inputs u and a random noise £. The following
is the general form of an ARX model:

A(2)y(n) = B(=)u(n) + &(n) (6.142)
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Figure 6.10: Simulated output of the FIR model, discussed in Example 6.22, with
PRBS and noise inputs (left) and calculated and estimated FIR parameters (right).
M 6.14 is used to generate these plots.
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Figure 6.11: ARX structure. The output y is a sum of past inputs (Bu) and white
noise (&), filtered through 1/A.

Fig. 6.11 shows a schematic of this model structure. Because it can be written as

y(n) = ﬁz)uﬂz)u(n) +£(n)

we see that the noise enters the model through an equation. In view of this, this is
known as an equation error model. Using the standard notation, as in Eq. 6.129, we
see that Eq. 6.142 satisfies C' = D = F = 1. Comparing this equation with Eq. 6.114,
we obtain

_ B(z)
G(z) = A0) (6.143)
1
Substituting these in Eq. 6.127, we obtain the prediction model as
g(njn — 1) = B(z)u(n) + [1 — A(2)]y(n) (6.145)

Recall from Eq. 6.130 that the leading coeflicient of A is 1. As a result, the right-
hand side of the above equation has only past values of y(n). Because B has at least
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one delay, u(n) does not affect g(n|n — 1). Substituting the values of A and B using
Eq. 6.130-6.131, we obtain the linear model in the form of Eq. 6.7 on page 162. Thus
we see that the use of the one step prediction error method automatically results in
the linear model for estimation. Now we illustrate these ideas with a simple example.

Example 6.23 From the prediction error model, develop the linear model for
the ARX system

N

y(n) = —ary(n —1) + Z biu(n —1) + &(n) (6.146)
=1

where the output is assumed to depend also on the previous output.

As in Example 6.1 on page 161, writing the equations for y(n), y(n —1),... and
stacking them one below the other, we obtain

- aq -

y(n) by £(n)

Z(n) = yin=1)| 9= E Z(n) = &n—1) 7
L by L
[—y(n—1) u(n—1) u(n—N) ]
o(n) = |~y —2) u(n-2) u(n— N —1)

The general ARX case is considered in Problem 6.9. We now illustrate with an example
the equivalence between the correlation and the LSE methods.

Example 6.24 Establish the linear equations required to determine the param-
eters in the following model:

y(@) = —a1y(i — 1) —a2y(i — 2) + biu(i — 1) + bau(i — 2), 1<i<mn (6.147)

Using the least squares approach, we arrive at

—yEn — 13 a1
—y(n —2 as
g ven- —yn=2) un-1) -2 |}
u(n —2) by
—y(n—1)
= f(f:‘__j) yn)  (6.148)

u(n — 2)
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By solving this equation, we can determine the impulse response coefficients,
provided the coefficient matrix is nonsingular. It is easy to verify that the above
system is equivalent to (see Problem 6.10)

Tyy(0) Tyy(1) —ryu(0)  —ryu(1)| {@ —ryy(1)
ryy(1) Tyy (0) —ryu(=1)  —ryu(0)| |a2 _ —Tyy(2)
—ryu(0)  —ryu(=1) Tuu(0) Tuu (1) by Tyu(1) |
—ryu(l) =7y (0) Tuu (1) Tuu (0) ba Tyu(2)

(6.149)

establishing the equivalence between LSE and correlation methods for ARX systems

as well.
|

We will now present an example that illustrates how to determine the ARX parameters
using Matlab.

Example 6.25 Generate input u(n), white noise £(n) and the corresponding
output y(n) of the ARX model

y(n) —0.5y(n — 1) = 0.6u(n — 2) — 0.2u(n — 3) + &(n)

From the input—output data, determine the underlying ARX model.

M 6.15 shows a way to solve this problem. As in Example 6.22, input u, noise
& and the output y are generated. Using the cra function, the impulse response
coefficients are calculated and displayed in the right-hand side plot of Fig. 6.12. It
is easy to see from this plot that a delay of two sampling intervals is present.

Next, we assume the order of this system and determine the model parameters
using the function call arx. Using the function call present, we see that the
model parameters are

Discrete-time IDPOLY model: A(q)y(t) = B(q@u(t) + e(t)
A(Q) = 1 - 0.4878 (+-0.01567) q~-1
B(q) = 0.604 (+-0.00763) q~-2 - 0.1887 (+-0.01416) q~-3

Estimated using ARX from data set zd
Loss function 0.0529887 and FPE 0.0531133
Sampling interval: 1

We see that the estimated values are close to the actual values. A check on the
validity is made with the command resid. The result is a plot of the ACF of
the residual, and the cross covariance of the residual with the input, shown on
the right-hand side of Fig. 6.12. If the residuals are white, the ACF should be an
impulse function and the CCF should be zero. From this figure, we see that both
conditions are satisfied. Thus the identified model can be taken to be correct.
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Figure 6.12: Impulse response coefficients (left) and ACF of residuals and CCF of
residuals with input (right) for the ARX model discussed in Example 6.25. M 6.15 is
used to generate these plots.
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Figure 6.13: ARMAX Structure. The output y is a sum of past inputs (Bu) and
current and past white noise (C¢), filtered through 1/A

6.6.4 Auto Regressive Moving Average, Exogeneous
(ARMAX) Input, Model

In the ARMAX model, the current output is a function of previous outputs (auto
regressive part), past inputs (exogeneous part) and current and previous noise terms
(moving average part). A general ARMAX model can be written as

A(2)y(n) = B(=)u(n) + C(2)E(n) (6.150)

A schematic of the model structure is given in Fig. 6.13. As in the case of the ARX
model, the noise enters the model through an equation. In view of this, the ARMAX
model is said to belong to the family of equation error models.

While for FIR and ARX models the LSE scheme can be written down simply by
observation, this is not the case for the ARMAX model. The reason is that now we
have a weighted sum of previous noise signals. The method of one step prediction
error comes to our rescue.
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Comparing Eq. 6.150 with the general expression given by Eq. 6.129, we obtain
F = D = 1. First we rewrite Eq. 6.150 as

() = Fln) + e (6.151)

G(z) = (6.152)

H(z) = (6.153)
for the ARMAX model. Substituting these in Eq. 6.127, we obtain the prediction
model to be

B(z)
C(z)

Gnln 1) =

u(n) + [1 - gzﬂ y(n) (6.154)

Multiplying it by C(z) and adding [1 — C(2)]g(n|n — 1) to both sides, we obtain

J(nln — 1) = B(z)u(n) + [1 — A(2)]y(n) + [C(2) — 1][y(n) — §(n|n — 1)]
(6.155)

Defining the prediction error to be
£(nlf) = y(n) —g(njn — 1) (6.156)

where we have included 6 to indicate that ¢ is a function of model parameters,
Eq. 6.155 becomes

jnln — 1) = B(z)u(n) + [1 — A(=)]y(n) + [C(z) — e(nl9) (6.157)

Recall from Eq. 6.130-6.132 that the leading coefficients of A and C' are unity. As a
result, the right-hand side of the above equation does not involve the current terms
of y and the residual €. Nevertheless, as ¢ is a function of 8, which can be calculated
only when ¢ is known, we see that we will not obtain a linear model of the form given
in Eq. 6.6 on page 162. In other words, the regression matrix & is itself a function of
the unknown parameters 6. As a result, ¢ is not a linear function of 6. In view of this,
the ARMAX prediction model is called a pseudo linear model.

With A(z) and B(z) as given in Eq. 6.130— 6.131 on page 199, we can arrive at
the linear model of the form given in Problem 6.11. The solution begins by guessing
C(z). A good initial guess for C' is 1. That is, we start with an ARX model. We then
calculate 6, and then, using Eq. 6.156, determine . Now, using Eq. 6.157, we calculate
f once again and repeat this procedure. Because we solve a least squares problem at
every step, this approach is known as pseudo linear regression, which is implemented
in the Matlab System Identification Toolbox, using the command armax. We now
illustrate its use with a simple example.
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Example 6.26 Find the prediction error model for the following system:

y(n) +ay(n —1) =bu(n — 1) + &(n) + c€(n — 1) (6.158)
We write this as

(1+az"Yy(n) = b="tu(n) + (1 + ez~ )e(n)

We have

Using Eq. 6.157, we obtain the prediction model as

G(njn — 1) = bz u(n) — az"ty(n) + cz " te(n)

Note that the right-hand side involves only the past terms. The prediction error
€ requires model output g, which requires knowledge of 6, not available until the
above equation is solved. We have to resort to a trial and error procedure to solve
this equation. .

We will now present an example that illustrates how to use Matlab to determine the
ARMAX parameters.

Example 6.27 Generate input u(n), white noise £(n) and the corresponding
output y(n) of the ARMAX model

y(n) —0.5y(n — 1) = 0.6u(n —2) — 0.2u(n — 3) + £(n) — 0.3¢(n — 1)
From the input—output data, determine the model.

We generate input u, noise £ and output y, as in Example 6.25, to solve this
problem. The details are in M 6.16.

As far as calculation of impulse response by the function cra is concerned, it
does not matter whether the system is ARX or ARMAX, so long as the input u
is uncorrelated with the noise £. The impulse response coefficients are calculated
and displayed in the left-hand side plot of Fig. 6.14. It is easy to see from this plot
that a delay of two sampling intervals is present in this system.

We assume the order of this system and determine the model parameters using
the function call armax. Using the function call present, we see that the model
parameters are

Estimated using ARMAX from data set zd
Loss function 0.0504576 and FPE 0.0506161
Sampling interval: 1

Discrete-time IDPOLY model: A(q)y(t) = B(q@u(t) + C(q)e(t)
A(g) =1 - 0.4636 (+-0.0286) gq~-1
B(q) = 0.5779 (+-0.007621) q~-2 - 0.1517 (+-0.02408) q~-3
Cc(q 1 - 0.2377 (+-0.03594) q~-1
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Figure 6.14: Impulse response coefficients of ARMAX model (left) and ACF of
residuals and CCF of residuals with input for the ARMAX model (right), as discussed
in Example 6.27. M 6.16 is used to generate these plots.

We see that the estimated values are close to the actual values. A check on the
validity is made with the command resid. The result is a plot of the ACF of
the residual, and the cross covariance of the residual with the input, shown on
the right-hand side of Fig. 6.14. If the residuals are white, the ACF should be an
impulse function and the CCF should be zero. From this figure, we see that both
conditions are satisfied. Thus the identified model can be taken to be correct. I

6.6.5 Auto Regressive Integrated Moving Average,
Exogeneous (ARIMAX) Input, Model

Often the noise enters the ARMAX model in an integrated form. In view of this, we
will refer to these as ARIMAX models. Such an integrated noise manifests itself in
the form of drifts. A general form of the ARIMAX model is

—¢n) (6.159)

where A =1 — z~!. The only difference between Eq. 6.150 and Eq. 6.159 is that, in
the latter, there is an extra A term. One of the common ways of handling this model
is to multiply this equation throughout by A:

A(z2)Ay(n) = B(2)Au(n) + C(2)&(n) (6.160)

Comparing with Eq. 6.150, we see that the methods of ARMAX can be applied to
Eq. 6.160. As Ay(n) is equal to y(n) — y(n — 1), and similarly for input u, Eq. 6.160
suggests applying ARMAX techniques to differenced input and output data sets.
It should be clear, however, that the above approach is applicable only when the
input and the output do not have much high frequency information. We will see an
application of this model in Sec. 6.6.8.
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Figure 6.15: Output error Structure. The output y is a combination of an undisturbed
output w(n), which is directly corrupted by white noise

6.6.6 Output Error Model

The next popular model of interest is the output error (OE) model, which is also
known as the transfer function model. In this, the noise affects the output of the
transfer function directly. It can be modelled as

y(n) = ?8

u(n) +¢&(n) (6.161)

and can be represented as in Fig. 6.15. This can be written as

F(z)w(n) = B(z)u(n) (6.162)
y(n) = w(n) +¢(n) (6.163)

Comparing this with Eq. 6.114 on page 197, we obtain

_ B(»)
Gle) = F(z) (6.164)
H(z)=1

g(n) = u(n) (6.165)
which, in view of Eq. 6.162, becomes
9(n) = w(nl|9) (6.166)

Although we do not measure w, we can calculate it using Eq. 6.162. We arrive at the
following linear model:

§(n) = w(nlf) = ¢* (n|6)0 (6.167)
where
¢(nlf) =[u(n—1) -+ u(n—dB)
—w(n—1) - —w(n—dF|e)" (6.168)

0=1[br -+ bap f1 - faF]
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Because w needs to be calculated using Eq. 6.162, it implies knowledge of model
parameters 0. As a result, we see that this is also a pseudo linear model. We will now
explain how to use Matlab to determine the OE model parameters.

Example 6.28 Generate input u(n), white noise £(n) and the corresponding
output y(n) of the OE model

0.6 —0.2271
y(n) = WU(” —2)+¢&(n)

From the input—output data, determine the underlying OE model.

The procedure to be followed is similar to the one given in M 6.16. It has been
implemented in M 6.17. As in Example 6.27, input u, noise ¢ and the output y
are generated.

As in Example 6.27, using the cra function, the impulse response coefficients are
calculated and plotted in the left-hand side of Fig. 6.16. It is easy to see from this
plot that a delay of two sampling intervals is present in this system.

We assume that we know the order of this system and determine the model
parameters using the function call oe. Using the function call present, we see
that the model parameters are

Discrete-time IDPOLY model: y(t) = [B(q)/F(q)lu(t) + e(t)
B(gq) = 0.5908 (+-0.006944) q~-2 - 0.1841 (+-0.0238) q~-3
F(q) = 1 - 0.4897 (+-0.02685) q~-1

Estimated using OE from data set zd
Loss function 0.0497585 and FPE 0.0498757
Sampling interval: 1

We see that the estimated values are close to the actual values. A check on the
validity is made with the command resid. The result is a plot of the ACF of
the residual, and the cross covariance of the residual with the input, shown on
the right-hand side of Fig. 6.16. If the residuals are white, the ACF should be an
impulse function and the CCF should be zero. From this figure, we see that both
conditions are satisfied. Thus the identified model can be taken to be correct. I

6.6.7 Box—Jenkins Model

Recall that in Eq. 6.129 on page 199, reproduced here for convenience, we introduced
a general model structure:

A = T uln) + 5Eem)

When A = 1, we obtain the Box—Jenkins (BJ) model, a schematic of which is given
in Fig. 6.17. The prediction model for this general structure is a little involved. The
interested reader is referred to [32].

We restrict our attention to illustrating how to use Matlab to determine the BJ
parameters through a simple example.
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Figure 6.16: Impulse response coefficients of OE model (left), and ACF of residuals
and CCF of residuals with input (right), for the OE model discussed in Example 6.28.
M 6.17 is used to generate these plots.
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Figure 6.17: Box—Jenkins structure, which generalizes the OE structure

Example 6.29 Generate input u(n), white noise £(n) and the corresponding
output y(n) of the BJ model

0.6 —0.2z71 1-0.3271
i e )

From the input—output data, determine the underlying BJ model.

The procedure to be followed is similar to the one given in Example 6.28. M 6.18
shows the details of the calculations, starting from the generation of u, y and &.

Using the cra function, the impulse response coefficients are calculated and
displayed in the left-hand side plot of Fig. 6.18. It is easy to see from this plot that
a delay of two sampling intervals is present in this system.

We assume that we know the order of this system and determine the model
parameters using the function call armax. Using the function call present, we
see that the model parameters are

Discrete-time IDPOLY model:
y(t) = [B(q)/F(qg)Ju(t) + [C(q)/D(q)le(t)
B(q) = 0.6006 (+-0.007073) q~-2 - 0.1993 (+-0.01177) q~-3
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Figure 6.18: Impulse response coefficients of BJ model (left) and the ACF of residuals
and CCF of residuals with input for the BJ model (right), discussed in Example 6.29.
M 6.18 is used to generate these plots.

C(q) =1 - 0.3108 (+-0.0695) q~-1
D(q) = 1 - 0.5083 (+-0.0605) q~-1
F(q) =1 - 0.6953 (+-0.006909) q~-1

Estimated using BJ from data set zd
Loss function 0.048982 and FPE 0.0491745
Sampling interval: 1

We see that the estimated values are close to the actual values. A check on the
validity is made with the command resid. The result is a plot of the ACF of
the residual, and the cross covariance of the residual with the input, shown on
the right-hand side of Fig. 6.18. If the residuals are white, the ACF should be an
impulse function and the CCF should be identically zero. From this figure, we see
that both conditions are satisfied. Thus the identified model can be taken to be
correct. I

We will conclude the section on prediction error models with a summary.
By assigning the values as in Table 6.3, we can obtain the different models we
presented earlier.

6.6.8 Case Study: Drifting Noise Model

In this section, we will illustrate how to use the theory presented so far to identify
unknown plants. We will use a simulated case study for this purpose.

Let us explore the problem of determining the model from the data generated
using

1.227 1 +0.1272 1
=1 Tiooms 2t

y(n) ¢(n) (6.169)
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Figure 6.19: Simulink code to simulate the plant in Sec. 6.6.8 and to generate
output data. The code is available at HOME/ident/matlab/drift_ex1.mdl, where
HOME denotes http://www.moudgalya.org/dc/

Unlike the previous example, we will pretend that we do not know the order of the
model. It has been implemented through M 6.20. Note that after creating the input
data in M 6.20 (line 3), the Simulink code, given in Fig. 6.19, has to be executed to
generate the output data. After this, the rest of M 6.20 has to be executed.

We now describe the effect of executing the above mentioned routines. Using the
function cra, the impulse response coefficients are found and plotted in Fig. 6.20(a).
We see that there is one sample delay in the process. The step response has been
independently found using the function step in the identification toolbox and plotted
in Fig. 6.20(b). We observe that this system is stable, indicated by a steady state. Since
there is a drift at steady state, we guess the presence of, possibly, an integrated noise.

As a first step, we assume that the noise model is white and attempt to fit the
data with an OE model. We first explore the possibility of using the following model:

b1

y(n)
Note that this model has one unknown in each of the B and F' polynomials. We have
selected these as they are amongst the smallest number of coefficients required to
model an OE system. We have included one sample delay as suggested by the impulse
response plot. The command oe gives rise to the following model parameters:

Discrete-time IDPOLY model: y(t) = [B(q)/F(q)]u(t) + e(t)
B(q) = 1.441 (+-0.02501) q~-1
F(q) = 1 - 0.7136 (+-0.006516) q-1

Table 6.3: Values to be assigned in Eq. 6.129 on page 199 to arrive at different models

Model Polynomial values

FIR A(z)=F(2)=C(2) =D(2) =1
ARX F(z)=C(z)=D(2) =1
ARMAX F(z)=D(z) =1

ARIMAX F(z)=1,D(z)=A

OE A(z)=C(z)=D(z) =1

BJ A(z) =1
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Figure 6.20: Impulse response coefficients in the drifting noise case study, obtained
using cra and step response, obtained using step, both from the identification
toolbox. Impulse response indicates one sample delay and step response indicates
the presence of drifting noise.
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Figure 6.21: Analysis of the residuals between the plant data and that predicted by
Eq. 6.170: ACF of the residuals (left top), CCF of the residuals and input u (left
bottom), PACF of the residuals (right)

Estimated using OE from data set datatrain
Loss function 0.523117 and FPE 0.52522
Sampling interval: 1

We now try to validate the assumption of whiteness of noise. For this purpose,
we compute the difference between the data and the value predicted by this model
and refer to it as the residual. We next determine the ACF of this residual and plot
it on the left-hand side of Fig. 6.21. Since it is not an impulse function, we conclude
that the residuals are not white. Because of the exponential decay, we see the need
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Figure 6.22: ACF of the difference between the AR(1) process and the residuals
obtained by modelling the original data with the OE process, modelled with Eq. 6.170.
ACF is an impulse function, indicating the sufficiency of modelling the residuals as
an AR(1) process.

to model the residual, possibly, as an AR process. The CCF of the residual and the
input suggests that the input u and the residuals are uncorrelated, an easier condition
to meet. These computations have been carried out using the command resid.

To conform to the need to use an AR process, we compute the PACF of the
residuals and plot in on the right-hand side of Fig. 6.21. We see a nonzero value at
a lag of 1 and zero values for most other lags. This strongly suggests that an AR(1)
process may be used to model the residuals.

As suggested by the above observations, we next model the residuals with an
AR(1) process, using the command ar. The values are computed as follows:

Discrete-time IDPOLY model: A(q)y(t) = e(t)
A(g) =1 - 0.8771 (+-0.01519) g~-1

Estimated using AR (’fb’/’now’)
Loss function 0.120275 and FPE 0.120516
Sampling interval: 1

The ACF of the difference between the residuals under consideration and the AR(1)
model of it is plotted in Fig. 6.22. Note that the ACF is an impulse function. This
suggests that the above calculated difference is white. In other words, the residuals
obtained with the OE model of Eq. 6.170 and the original data can be modelled as
an AR(1) process. As the pole of this AR(1) process is near 1, the effect is close to
integration, as guessed from the step response, earlier.

Combining the OE model and the AR(1) model of the resulting residuals, we
obtain the following estimate of the process

1.441 1

= T"omse Y —£(n) (6.171)

y(n) 08T

whose actual model is given in Eq. 6.169.
One problem with the above estimate is that the plant model G(z) and the noise
model H (z) have been computed in two steps, possibly resulting in some inconsistency.
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In view of this, we now try to re-estimate the model parameters simultaneously,
assuming the above structure to be correct. We do this through the command bj, as
the above structure is a BJ model. We obtain the following model parameters:

Discrete-time IDPOLY model: y(t) = [B(q)/F(q)lu(t) + [1/D(q)le(t)
B(q) = 1.341 (+-0.01788) q"-1

D(q) =1 - 0.8906 (+-0.01486) q~-1

F(q) 1 - 0.7395 (+-0.005) gq~-1

Estimated using BJ from data set datatrain
Loss function 0.115904 and FPE 0.116604
Sampling interval: 1

Let us refer to this as the BJ1 model. Now we calculate the residuals between the
original data and that predicted by BJ1 model. We plot the ACF of the residuals and
the CCF between these residuals and the input, using the resid command, as on the
left-hand side of Fig. 6.23. Although the ACF is an impulse, because the CCF is not
zero we conclude that the residuals are not white. We next explore whether a larger
order BJ model can overcome this shortcoming.

Because the effect of the input is not fully captured, we increase the order of F
by one and re-estimate the model parameters by BJ. We obtain the following model
parameters:

Discrete-time IDPOLY model: y(t) = [B(q)/F(q)]u(t) + [1/D(q)le(t)
B(q) = 1.206 (+-0.021) gq~-1

D(q) = 1 - 0.8927 (+-0.01442) q~-1

F(q) 1 - 0.9156 (+-0.01734) q"-1 + 0.1624 (+-0.01533) gq~-2

Estimated using BJ from data set datatrain
Loss function 0.105265 and FPE 0.106115
Sampling interval: 1

Let us refer to this as the BJ2 model. We notice that the BJ2 model has smaller
residuals than those of the BJ1 model. As a result, we expect the BJ2 model to be
somewhat better than the BJ1 model. To confirm the adequacy of this new model,
we first calculate residuals between the original data and that predicted by the BJ2
model. We calculate the ACF of the residuals and the CCF between the residuals and
the input using resid as on the right-hand side of Fig. 6.23. Unlike the BJ1 model,
the BJ2 model shows that it is sufficient: the ACF is an impulse and the CCF is zero.
We have arrived at the following model:

B 1.206271 u(n) + 1
T 1-0.91562"1+0.16242—2 1—0.89272—1

We can stop the identification procedure at this point.

As an alternative approach, we would like to see if we can use the fact that there
is an integrated noise process right from the beginning. We proceed once again, trying
to model the system with an ARIMAX structure, as explained in Sec. 6.6.5.

We determine the successive difference between the input values and we do the
same with the output values. We will refer to these as the differenced data. We
first attempt to model the differenced data with a simple OE model. We obtain the
following parameters:

y(n) £(n) (6.172)
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Figure 6.23: Left: ACF of the residuals between original data and the BJ1 model
and CCF of input and the residuals. Although ACF is an impulse, because CCF is
not zero we conclude that the residuals are not white. Right: ACF of the residuals
between original data and BJ2 model and CCF of input and the residuals. Residuals
are white, confirming the sufficiency of the BJ2 model.

Discrete-time IDPOLY model: y(t) = [B(q)/F(q@)lu(t) + e(t)
B(q) = 1.333 (+-0.0177) q°-1
F(q) = 1 - 0.7422 (+-0.005223) q"-1

Estimated using OE from data set datadifftrain
Loss function 0.127381 and FPE 0.127893
Sampling interval: 1

We will refer to this as the OE-D1 model. To check the sufficiency of this model, we
calculate the residual between its prediction and the differenced data and plot the
ACF and CCF on the left-hand side of Fig. 6.24. From these plots, we see that the
residuals are not white, confirming the inadequacy of the model.

We would like to see if the shortcomings of the previous model can be overcome
through a higher order OE model. We obtain the following model:

Discrete-time IDPOLY model: y(t) = [B(q)/F(q)]u(t) + e(t)
B(gq) = 1.2 (+-0.02035) gq~-1
F(q) =1 - 0.9157 (+-0.0169) q~-1 + 0.163 (+-0.01496) q~-2

Estimated using OE from data set datadifftrain

Loss function 0.115816 and FPE 0.116517

Sampling interval: 1

We will refer to this as the OE-D2 model. We see that the resulting residuals are
smaller than that obtained with OE-D1 model. To confirm the adequacy, using resid,
we calculate and plot ACF and CCF on the right-hand side of Fig. 6.24. The OE-D2
model that we have obtained above can be written as

1.2271
A p—
Y = T 0015715 01632

Au(n) +&(n) (6.173)
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Figure 6.24: Left: ACF of the residuals between differenced data and OE-D1 model
and the CCF of input and the residuals. While the ACF is an impulse, the CCF is not
zero, confirming the residuals to be coloured. Right: ACF of the residuals between
differenced data and OE-D2 model and the CCF of input and the residuals. The
residuals are white, confirming the adequacy of the model.

or, equivalently,

_ 1.2271
T 1-0.91572"1+0.1632—2

y(n) u(n) + 5 €(n) (6.174)
where A = 1 — z~!. Compare this model with the BJ2 model given in Eq. 6.172 and
the actual model, given in Eq. 6.169.

We conclude this section with the remark that the identification toolbox of Matlab
has a program selstruc that helps determine the model order. This toolbox uses
subspace identification methods to determine the initial model order. These topics
are beyond the scope of this book. The interested reader is referred to [32].

6.7 Revisiting Least Squares Estimation

We have discussed in great detail different models and the LSE approach to estimate
the model parameters. Next, we would like to find out how close the estimated
parameters are to the real parameters. Even if the model parameters are deterministic,
because of the possible presence of noise, the estimate will be random. In view of this,
the closeness is judged by a statistical test to be presented in this section.

6.7.1 Statistical Properties of Least Squares Estimate

We would like to begin this section by addressing the question whether the estimate
of a statistical quantity is a fair estimate or whether it is biased. The estimate 6(n)
is an unbiased estimate of 0 if

E@(n)) =0, Vn (6.175)
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where we have taken 6 to be deterministic. Consider the linear model that we have
been using for parameter determination, namely that given by Eq. 6.6, reproduced
here for convenience. We will drop the dependence on n for notational simplicity.

Y =30+ 2 (6.176)

We would like to arrive at the conditions that the estimation model of the form given
by Eq. 6.7 on page 162 have to satisfy so that it is unbiased. To start with, we restrict
our attention to the case of deterministic ®. In order to arrive at a general result, we
consider a linear estimation model of the form

0=0Y (6.177)
where U also is deterministic. Substituting for Y from Eq. 6.176 we arrive at
0= TVd + U= (6.178)
Taking expectation on both sides, we obtain
HOERT Y (6.179)

where we have used the fact that ¥ and ® are deterministic and that the mean of
the noise term is zero. The above equation is reduced to the unbiasedness condition,
namely Eq. 6.175, when

U =1 (6.180)

Example 6.30 Verify whether fwrs given by Eq. 6.17 on page 164 is an
unbiased estimate of # characterized by Eq. 6.6 when ® is deterministic and =
is of zero mean.

Eq. 6.177 and Eq. 6.17 on page 164 give expressions for éWLS- Comparing the
right-hand sides of these equations, we obtain

U = [oTwe]teTw (6.181)

Postmultiplying both sides by ®, we see that Eq. 6.180 is satisfied. As ¥ is also

deterministic, we see that fwrgs is unbiased. I

Typically, a large number of parameters are required to describe a system if the FIR
model is used. FIR is an all zero model. If, on the other hand, poles are also used, the
required number of parameters will be much smaller. This is the same as representing
an infinite number of impulse response coefficients with a finite number of poles and
zeros, see Sec. 3.3.6. In view of the parsimony in the number of model parameters, we
would typically like to explore the possibility of incorporating a pole. This is nothing
but the use of the ARX model. We would like to know whether the ARX model is
unbiased. The next example explores this possibility.
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Example 6.31 Determine if the least square technique can give unbiased
estimates of the model parameters aq, g(0),...,g(IN), discussed in Example 6.23
on page 202.

The output y is nondeterministic because of the presence of the noise terms in
Eq. 6.146 on page 202. As a result, the matrix ®(n) is no longer deterministic.
In view of this, the condition for unbiasedness, namely Eq. 6.180, is no longer
applicable. As a result, we are not in a position to say whether the estimate is
unbiased. I

As seen in the above example, it is too restrictive to demand that & be
deterministic for the estimate to be unbiased. We will now explore the condition
required for an unbiased estimate when ® is not deterministic. Substituting for Y
from Eq. 6.6 on page 162 into Eq. 6.17, we obtain

0= [@TWo| et WD + =] =60 + [T W] teTWwE
If we assume that = and ® are independent, on taking the expectation, we obtain
) =0+&{[@TWo| oW} £(E) (6.182)
If we further assume that = is of zero mean, we obtain
&) =0 (6.183)
This is nothing but Eq. 6.175.

Example 6.32 Determine whether the least squares technique can give un-
biased estimates of the model parameters a1, g(0),...,g(N — 1), discussed in
Example 6.23.

The matrix ® has y(n — 1) as an entry. By specializing Eq. 6.146 on page 202 for
n — 1, we arrive at

N-1
y(n—1) = —ary(n=2)+ > gu(n —1-1)+¢{(n—1)
=

We see that y(n — 1) depends on £(n — 1). Multiplying both sides by {(n —1) and
taking the expectation, we obtain

Yye(0) = 0?

because of the assumption of causality and the fact that « and & are uncorrelated.
Unfortunately, however, the above equation says that y, an element of ®, and &,
an element of =, are correlated. Thus, Eq. 6.183 is no longer valid. In view of this,
we cannot guarantee the unbiasedness of the estimate. I
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Example 6.33 Examine whether the LSE of the FIR model, given in Eq. 6.2
on page 160 and discussed in Example 6.1, is unbiased.

® consists of only the inputs. If the inputs are deterministic, the result is unbiased.
Even if the input consists of some random components, in an open loop, it is
reasonable to assume that it is uncorrelated with the noise vector =. In view of
this, use of the least squares procedure gives an unbiased estimate of the impulse
response coefficients g. I

We have discussed the conditions that ensured the mean of the estimated
parameters would be close to the actual parameter. It is clear that it is not enough if
the mean is the same; we would like the variance also to be small. In view of this, we
define the concept of efficiency . y

An unbiased estimator 6 is said to be more efficient than any other estimator 6
of 0 if

(f{[e_é][e_é]T} g(f{[e_é][e_é]T} (6.184)

Thus the most efficient estimator has the smallest error covariance amongst all
unbiased estimators.

Suppose that ® is deterministic and V is of zero mean with positive definite
covariance matrix R. It is easy to show that if we choose

W=R"! (6.185)

the estimate given by Eq. 6.17 is both unbiased and of smallest error covariance [36].
For this reason, the least squares method with Eq. 6.185 is known as the best linear
unbiased estimator (BLUE).

Solving the normal equation repeatedly could involve a lot of effort, especially for
online applications. In such a situation, we use the recursive least squares approach
to reduce the calculations. The next section is devoted to this topic.

6.7.2 Recursive Least Squares

Suppose that we have found éWLS(n), an estimate of parameters, using the data
available until the time instant n. We would like to know whether it is possible to
update it with the data set obtained at time instant n + 1, so as to get fwrs(n + 1).
Let

d(n+1) = ﬁ;] . Y(n+1)= M . Whn+1)= {‘(‘)’ V(H (6.186)

where we have used the convention that ®, Y and W, which have been written without
any arguments, correspond to matrix/vector values obtained at time instant n. The
small letters correspond to the values obtained at time instant n + 1. At time instant
n + 1, the solution given by Eq. 6.17 on page 164 becomes

bwrs(n+1) = [T (n+ D)W (n+ 1)®(n+ 1))

x ®T(n+1)W(n+1)Y(n+1) (6.187)
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Using the identity

T (n+ 1)Whn+1)Y(n+1)=[¢ @] [w 0] [y]

0 Wj|Y (6.188)
= pwy + WY
Owrs(n + 1) becomes
Owrs(n+1) = [T (n 4+ 1)W(n+1)®(n + 1)] " pwy + DT WY] (6.189)
With the definition
Pn+1) 207 (n+1)W(n+1)d(n + 1)~ (6.190)
Eq. 6.16 on page 163 is reduced to
TWY = dTWdbywrs = P~ 0wrs (6.191)
Substituting this in Eq. 6.189 and making use of Eq. 6.190, we obtain
Owis(n +1) = P(n+ 1)[P™0wrs + dwy] (6.192)
It is easy to verify that
P l=P Yn+1) - pwep’ (6.193)
Substituting in Eq. 6.192, we obtain
fwirs(n+1) = P(n+ 1)[(P~ (n + 1) — ¢wo” )dwrs + dwy]
which can be simplified to
Owis(n+ 1) = Owis + P(n + 1)gwly — ¢ fwrs] (6.194)

This shows how to get an update to the parameter vector at the (n + 1)st instant,
given its value at the mth. The second term in Eq. 6.194 can be thought of as a
correction factor that helps achieve this.

It is easy to see that the recursive form of OwLs also is unbiased, using the result
in Problem 6.14. Substituting for A(n + 1) from Eq. 6.216 into Eq. 6.212, we obtain

Owrs(n+1) = [I — bpT10wrs(n) + b(n + )y(n + 1)
= éWLs(n) + b(n + 1)[y(n + 1) — qST(n + 1)éWLS (TL)]

which is in the same form as Eq. 6.194.
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6.8 Weight Selection for Iterative Calculations

Frequency considerations are extremely important in identification. For example, we
often characterize our plants in a certain, often low, frequency range. In contrast,
the influence of noise is felt generally at high frequencies. In view of this, it is not
surprising that we get useful tips on estimation procedures in the frequency domain.
In this section, we arrive at a weighting strategy for estimation through frequency
domain analysis.

Let us consider the problem of choosing the model parameters by minimizing the
prediction error given by Eq. 6.128 on page 198, reproduced here for convenience:

E(nln — 1) =y(n) = g(nln — 1) = H~'(2) [y(n) = G(2)u(n)]

Suppose that the real process is given by y(n) = Go(z)u(n)+v(n). The above equation
becomes

c(n.0) = HY(2,0) [(Go(z) — G(z,0))u(n) + u(n)] (6.195)

where we have not shown the dependence on n — 1, but indicated the dependence on
model parameters with 6. Finally, in view of the fact that G and H are estimated,
we have put a hat over them. Suppose that we determine # by minimizing the sum of
squares of ¢, i.e., > £2(n,0). For zero mean signals, this is achieved by minimizing
Yee at zero lag, namely 7..(0,0), see Eq. 6.24-6.25 on page 167. Thus the objective
function to minimize becomes

J(0) = 7.(0,0) (6.196)

We express 7e< (0, §) in terms of its inverse Fourier transform, I'cc (e/%, ) using Eq. 5.39
on page 125. We obtain

() = = /ﬂ T.. (67, 0)dw (6.197)

:% -

Using a procedure similar to the one used to arrive at Eq. 6.111 on page 196, we
obtain I';. as

.. = |G0 (e‘jw) _ é(ejwv 9)|2Fuu (e‘jw) + Ty (e‘jw)
- |H (e7,6)]?

(6.198)

with the assumption that v and v are independent. Substituting this in Eq. 6.197, we
obtain

J(6) dw (6.199)

— i /ﬂ |G0(ejw) — é(ejw7 9)|2Fuu(ejw) + T (ejw)
27 ) |H (e, 0)[2

Suppose that the noise model v is not a function of the model parameters 6. The
objective function to minimize then becomes

10 = 3= [ 160l - G(&%)P%m (6.200)
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The above integral has the error between the actual transfer function and its estimate,
weighted by the signal to noise ratio, SNR,

Ty (e?®)

[ H (e7+,0)|?

(6.201)

We make SNR large in the frequency range where we want the error between the
transfer function and its estimate to be small. This is achieved by making the input
have frequency components in the required frequency range.

We can specialize the objective function defined in Eq. 6.200 for different
parametric models. For FIR models, the objective function becomes

J(0) = /ﬂ 1Go(e7) — C(e7 ) [2T s (7)o (6.202)

2 )
see Eq. 6.139 on page 199. For ARX models, the objective function will include the
noise term as well, because the noise model is no longer independent of 6. For the
current discussion, however, we need only the first term that involves the plant—model
mismatch. For ARX models, H = 1/A (see Eq. 6.144 on page 201) and, as a result,
Eq. 6.200 becomes

T (0) = = / " 1Go(e) — G 0) T (7Y A (7, 0) 2do (6.203)

:% .

Normally, 1/A is low pass and hence A is high pass. As a result, the prediction error
model with ARX structure is expected to produce a model that is valid at high
frequencies. The fit may not be good at the low frequencies, however. Unfortunately,
however, we generally need a good fit at low frequencies. In view of this, it is made
to consist of only low frequency components by sending the input through a low pass
filter. An ideal choice is 1/A. But unfortunately, A is not known a priori. Nevertheless,
it is possible to guess A and then iterate. The procedure to carry out this filtering is
similar to the pre-whitening operation, explained in Sec. 6.5.2.

We will conclude this section with an example [51] to illustrate the fact that the
predicted model will approximate well the actual plant in the frequency range of the
input signal.

Example 6.34 Suppose that the plant model is given by the following equation:

y(n) —0.9y(n—1) +0.8y(n — 2) = 0.1u(n — 1) + 0.1u(n — 2) + £(n)
(6.204)

Perturb this system with the input w at a certain frequency, identify using the
input—output data, and compare the prediction with the actual model through
the Nyquist plot. Repeat this exercise for input that has strength at different
frequencies. M 6.19 implements this problem.

First Eq. 6.204 is excited by us that has frequency components at all frequencies.
As 7 is the maximum possible frequency for discrete time signals, the frequency
range is 0 to 7, which is the same as Nyquist frequency, wy. In other words,
uz has components in the range of [0,1wy]. This input and the corresponding
plant output y are shown in Fig. 6.25(a). The input (u3), output profiles for the
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ut
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(a) Input range = (0, 1wy) (b) Input range = (0,0.2wpn)

Figure 6.25: Output of the system for input in two different ranges in Example 6.34.
M 6.19 is used to generate it.

Figure 6.26: Output of the system for input in the range [0,0.05wy] in Example 6.34.
M 6.19 is used to generate it.

frequency range [0, 0.2wy] are shown in Fig. 6.25(b). Similarly, input (u4), output
curves for [0,0.05wy] are shown in Fig. 6.26.

For each of these data sets, a model of the following form is identified:
y(n) + ary(n — 1) = u(n — 1) + bru(n — 2) + &(n)

The Nyquist plots of the three models corresponding to the above presented three
input—output data sets (dashed lines) are compared with the original model (solid
line) in Fig. 6.27.

As an ARX model is used in this example, the discussion corresponding to Eq. 6.203
is applicable. In particular, the match is best at high frequencies when the input
also has components at high frequencies. As it has all components, u; naturally
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Nyquist Plot From u1 to y1
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Figure 6.27: Comparison of Nyquist plots of actual system (solid line) with models
obtained with input (us) in frequency range [0, 1 wy] (dashed line), input (u3) in range
[0,0.2wp] (star), input (u4) in range [0,0.05wy] (dash dot). These, respectively, fit
the original model best at high, intermediate and low frequencies.

has components at the highest frequency as well. Note that in Fig. 6.27, the model
identified with us, shown by dashes, fits best at the highest frequency. As the input
ug has intermediate frequency components, the model matches the actual system
at this range (star). Finally, u4 has only low frequency components. Naturally, as
predicted by Eq. 6.203, the fit is best (dash dot) at the lowest frequency.

We summarize the findings by saying that the selection of an appropriate frequency
range is important in identification.

The topic of identification is vast and hence only a glimpse of it can be given in
this book. Interested readers are encouraged to read the standard books [32, 53] in
this area to further their understanding.

6.9 Matlab Code

Matlab Code 6.1 Least squares solution of the simple problem discussed in
Example 6.4 on page 164. Available at HOME/ident/matlab/LS_ex.m?

Mag = 10; V = 10; No_pts = 100; theta = 2;
Phi = Mag * (1—2xrand ([No_pts,1]));

E =V % (1-2*rand ([No_pts,1]));

Z = Phixtheta 4+ E;

SHOME stands for http://www.moudgalya.org/dc/ — first see the software installation directions,
given in Appendix A.2.
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LS = Phi \ Z
Max = max(Z ./ Phi), Min = min(Z ./ Phi)

Matlab Code 6.2 ACF calculation for the problem discussed in Example 6.5 on
page 167. Available at HOME/ident/matlab/ACF def .m

u=[1 2];
r = xcov(u);
rho = xcov(u, ’coeff’);

Matlab Code 6.3 To demonstrate the periodicity property of ACF as discussed in
Example 6.7 on page 173. Available at HOME/ident/matlab/acf_ex.m

L = 500;

n= 1:L;

w= 0.1;

S = sin(wxn);

m= 1;

xi = mxrandn(L,1) ;
Spxi = S+xi ’;

axes(’FontSize’ ,18);
plot (Spxi);

label (*7,18,'n",’y",18)
figure
plotacf(Spxi,1,L,1);

Matlab Code 6.4 To demonstrate the maximum property of ACF at zero lag, as
discussed in Example 6.8 on page 175. Available at HOME/ident/matlab/max_ex.m

S1 = [1 2 3 4];
S2 = [1,-2,3,-4];

S3 =[-1,-2,3,4];
len = length (S1)—1;
xv = —len:len;

m= 1;

xi = randn(4,1);

Spxil = S1 + mx*xi’;

Spxi2 = S2 + mxkxi’;

Spxi3 = S3 + mxxi’;
axes(’FontSize’ ,18);

n = l:length(S1);

plot (n,Spxil, ’o—’,n, Spxi2, 'x—
label (*7,18,'n",’y’,18)

)

, 0, Spxi3, "x: )

ACF1 = xcov(Spxil, 'coeff’);
ACF2 = xcov(Spxi2, 'coeff’);
ACF3 = xcov(Spxi3, coeff’);
figure
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axis([—len len -1 1])

axis off

axes(’'FontSize’ ,18);

plot (xv,ACF1, >o—’ ,xv ,ACF2, '’x— " ,xv ,ACF3, "x: )
label(’’,18, Lag’, ’ACF’ ,18)

Matlab Code 6.5 Determination of order of MA(q) as discussed in Example 6.11
on page 182. This requires the identification toolbox and the plotting routine in M 6.6.
This code is available at HOME/ident/matlab/ma.m

% Define the model
m = idpoly (1,[],[1,1,—-0.5]);

% Generate noise and the response
xi = 0.1%xrandn(100000,1);
v = sim(m,xi); z = [v xi];

% Plot noise , plant output and ACF

subplot (2,1,1), plot(v(1:500))
label (7’ ,18,77, v’ ,18)

subplot (2,1,2), plot(xi(1:500))
label ("7,18,'n’, xi’,18)
figure, plotacf(v,1,11,1);

Matlab Code 6.6 Procedure to plot the ACF, as discussed in Sec. 6.4.3. An example
usage is given in M 6.5. This code is available at
HOME/ident/matlab/plotacf.m

% PLOTACF.M Plots normalized autocorrelation function
%

% [acf]=plotacf (x,errlim ,len ,print_code)

%

% acf = autocorrelation wvalues

% x = time series data

% errlim > 0; error limit = 2/sqrt(data_len)

% len = length of acf that need to be plotted

% NOTE: if len=0 then len=data_-length /2;

% print_code = 0 ==> does not plot OR ELSE plots

function [x]=plotacf(y,errlim ,len,code)

x=xcov(y); l=length(y); x=x/x(1);

r=1:2x(1-1); lim=2/sqrt(1l); rl=I1:length(r) ;
N=length (rl); x=x(r);

if len>0 & len<N, rl=1:len; x=x(rl); N=len; end;
axis ([0 length(rl) min(min(x),—lim—-0.1) 1.1])
axis off , axes(’FontSize’ [18);

if (code > 0 )
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if (errlim > 0 )

rl=rl —1;
plot(rl ,x,rl ,x,’0’ , rl,lim*ones(N,1),’—",
rl,—limxones(N,1),’—")
grid
else
plot(rl ,x )
end

end;
label(’.7,18, Lag’,’ACF’ ,18)
Matlab Code 6.7 Illustration of nonuniqueness in estimation of MA model param-
eters using ACF, discussed in Example 6.14 on page 184. This code is available at
HOME/ident/matlab/unique ma.m
xi = 0.1xrandn(10000,1);
% Simulation and estimation of first model
ml = idpoly (1,[],[1,—-3,1.25]);
vl = sim(ml, xi);
Ml = armax(vl,[0 2]);
present (Ml)
% Simulation and estimation of second model
m2 = idpoly (1,[],[1,—-0.9,0.2]);
v2 = sim(m2, xi);
M2 = armax(v2,[0 2]);
present (M2)
% ACF and PACF of both models
figure, plotacf(vl,1,11,1);
figure, plotacf(v2,1,11,1);
figure, pacf(vl,11);
figure, pacf(v2,11);
Matlab Code 6.8 Estimation with a larger order model results in large uncertainty,
as discussed in Example 6.15 on page 185. This code is available at
HOME/ident/matlab/ma_larger.m
m = idpoly (1,[],[1 —-0.9 0.2]);
xi = 0.1xrandn(100000,1);
v = sim (m, xi);

Ml = armax(v,[0 2]);
present (MI)
M2 = armax(v,[0 3]);
present (M2)
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Matlab Code 6.9 Determination of order of AR(p) process, as discussed in Exam-
ple 6.18 on page 189, using identification toolbox and the function given in M 6.10.
Available at HOME/ident/matlab/pacf _ex.m

% Define model and generate data

m = ldPOIY([17_1305]7H 71)7
xi = 0.1%xrandn(100000,1);
v = sim (m, xi);

% Plot noise , plant output and PACF
subplot (2,1,1), plot(v(1:500))
label (*7,18,77,°v’,18);

subplot (2,1,2), plot(xi(1:500))
label (*7,18,’n", xi’,18);

figure, pacf(v,10);

Matlab Code 6.10 Determination of the PACF of AR(p) process, as explained in
Sec. 6.4.5. M 6.11 shows one usage of it. Available at HOME/ident/matlab/pacf.m

function [ajj] = pacf(v,M)
rvv = xcorr (v, coeff’);
len = length(rvv);

zero = (len+1)/2;

rvv0 = rvv(zero);
rvv_one_side = rvv(zero+1l:len);
ajj = [I;
for j = 1:M,
ajj = [ajj pacf_mat(rvv0,rvv_one_side ,j,1)];
end

p = l:length(ajj);
N = length(p);
lim = 2/sqrt(length(v));

% Plot the figure

axes('FontSize’ ,18);

plot (p,ajj,p,ajj,’ o’ ,p,lim*ones(N,1) ,’—’ /...
p,—limxones (N,1) ,’—")

label(’’,18, Lag’, 'PACF’ ,18)

Matlab Code 6.11 Construction of square matrix required to compute PACF a;;,
useful for the calculations in Sec. 6.4.5. It is used in M 6.10. This code is available at
HOME/ident/matlab/pacf mat.m

function ajj = pacf_mat(rvv0,rvv_rest ,p,k)
if nargin =— 3,
k =1;
end
for i = 1:p
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for j = 1:p
index = (k+i—1)-j;
if index — 0,
A(i,j) = rvv0;
elseif index < 0,
A(i,j) = rvv_rest(—index);

else
A(i,j) = rvv_rest(index);
end
end
b(i) = —rvv_rest (kt+i—1);
end
a =A\b’;
ajj = a(p);

Matlab Code 6.12 PACF plot of an MA process decays slowly, as discussed in
Example 6.19 on page 190. This code is available at HOME/ident/matlab/ma_pacf.m

m = idpoly (1,[],[1,—-0.9,0.2]);
xi = 0.1*randn(100000,1);

v = sim (m, xi) ;
plotacf(v,1,11,1);

figure

pacf(v,11);

Matlab Code 6.13 Implementation of trial and error procedure to determine
ARMA(1,1) process, presented in Example 6.20 on page 191. This requires the System
Identification Toolbox, M 6.6 and M 6.10. This code is available at
HOME/ident/matlab/arma ex.m

% Set up the model for simulation

arma_mod = idpoly (1,0,[1 —-0.3],[1 —-0.8],1,1);

% Generate the inputs for simulation
% Deterministic Input can be anything
u = zeros (2048,1);

e = randn(2048,1);

% Simulate the model
v = sim ([u e],arma_mod);

% Plot ACF and PACF for 10 lags
figure, plotacf(v,1e—03,11,1);
figure, pacf(v,10);

% Estimate AR(1) model and present it
mod_estl = armax(v,[1 0]); present(mod_estl)
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% compute the residuals

err_modl = pe(mod_estl v);

% Plot ACF and PACF for 10 lags
figure, plotacf(err_modl ,1e—03,11,1);
figure, pacf(err_modl,10);

% Check ACF and PACF of residuals
mod_est2 = armax(v,[1 1]); present(mod_est2)
err-mod2 = pe(mod_est2 ,v);

% Plot ACF and PACF for 10 lags
figure, plotacf(err.mod2,1e—03,11,1);
figure, pacf(err.mod2,10);

Matlab Code 6.14 Determination of FIR parameters as described in Example 6.22
on page 200. This code is available at HOME/ident/matlab/fir_cra_exl.m. This
requires the identification toolbox.

% Create the plant and noise model objects

var = 0.05;
process_mod = idpoly(1,[0 0.6 —0.2], 1, 1,...
[1 —0.5], Noisevariance’,var, 'Ts’,1);

% Create input sequence
u = idinput (2555, prbs’ ,[0 0.2],[—1 1]);
xi = randn(2555,1) ;

% Simulate the process

y = sim ([u xi],process_mod);

% Plot y as a function of u and xi

subplot (3,1,1), plot(y(1:500)),

label (’7,18,77, 7y’ ,18)
subplot (3,1,2), plot(u(1:500))
label (77,18,77, u’,18)

subplot (3,1,3), plot(var*xi(1:500))
label (’7,18,'n", 'xi’,18)

% Build iddata objects
z = iddata(y,u,l);

% Compute impulse response using

% CRA after removal of means

figure; [ir,r,cl] = cra(detrend(z, constant’));
hold on

% Compare the first 10 impulse response

% computed from G(q)
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ir_act = filter ([0 0.6 —0.2],[1 —-0.5],...
[1 zeros(1,9)]);

% Plot the actual IR
set(gca, 'XLim’ ,[0 9]); grid on;
h_act = stem((0:9) ,ir_act ,’ro’, filled ’);

% Add legend

ch_f = get(gef, ’ Children ’);

ch_f2 = get(ch_f,’Children’);

legend ([ch_f2(5) h_act(1)],...
{’Estimated’; ’Actual’});

Matlab Code 6.15 Determination of ARX parameters as described in Example 6.25
on page 203. This code is available at HOME/ident/matlab/arx_est.m. This requires

the identification toolbox.

% Create the plant and noise model objects

process_arx = idpoly ([1 —0.5],[0 0 0.6 —0.2],...
1,1,1,’Noisevariance’,0.05,’Ts’ ,1);

% Create input sequence and simulate

u = idinput (2555, prbs’ ,[0 0.2],[—-1 1]);
xi = randn(2555,1);

y = sim ([u xi],process_arx);

% Build iddata objects and remove means

z = iddata(y,u,1); zd = detrend(z, constant’);

% Compute IR for time—delay estimation

figure; [ir,r,cl] = cra(zd);

% Time—delay = 2 samples

% Estimate ARX model (assume known orders)
na = 1; nb = 2; nk = 2;

theta_arx = arx(zd,[na nb nk])

% Present the model
present (theta_arx)

% Check the residual plot
figure; resid(theta_arx ,zd);
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Matlab Code 6.16 Determination of ARMAX parameters as described in Exam-
ple 6.27 on page 206. This code is available at HOME/ident/matlab/armax est.m.
This requires the identification toolbox.

% Create the plant and noise model objects

process_armax = idpoly ([1 —-0.5],[0 0 0.6 —0.2],
[1 —0.3],1,1,  Noisevariance’ ,0.05, ’Ts’ 1);

% Create input sequence
u = idinput (2555, prbs’ ,[0 0.2],[—1 1]);
xi = randn(2555,1) ;

% Simulate the process

= sim ([u xi],process_armax);

<

% Build iddata objects and remove means

z = iddata(y,u,1); zd = detrend(z, constant’);

% Compute IR for time—delay estimation

figure; [ir,r,cl] = cra(zd);

% Time—delay = 2 samples

% Estimate ARMAX model (assume known orders)
na = 1; nb = 2; nc = 1; nk = 2;
theta_armax = armax(zd,[na nb nc nk]);

% Present the model
present (theta_armax)

% Check the residual plot
figure; resid(theta_armax,zd);

Matlab Code 6.17 Determination of OE parameters as described in Example 6.28
on page 209. This code is available at HOME/ident/matlab/oe_est.m. This requires
the identification toolbox.

% Create the plant and noise model objects
process_oe = idpoly(1,[0 0 0.6 —-0.2],1,1,[1 —0.5],...
"Noisevariance’ ,0.05,’Ts’ ,1);

% Create input sequence and simulate

u = idinput (2555, prbs’ ,[0 0.2],[—1 1]);
xi = randn(2555,1) ;

y = sim ([u xi],process_oe);

% Build iddata objects and remove means

z = iddata(y,u,1); zd = detrend(z, constant’);

% Compute IR for time—delay estimation
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figure; [ir,r,cl] = cra(zd);

% Time—delay = 2 samples

% Estimate OE model (assume known orders)
nb = 2; nf = nk = 2;

L;
theta_oe = oe(zd,[nb nf nk]);

% Present the model
present (theta_oe)

% Check the residual plot
figure; resid(theta_oe ,zd);

Matlab Code 6.18 Determination of OE parameters as described in Example 6.29
on page 210. This code is available at HOME/ident/matlab/bj_est.m. This requires
the identification toolbox.

% Create the plant and noise model objects
process_bj = idpoly(1,[0 0 0.6 —0.2],[]1 —0.3],...
[1 —0.5],[1 —0.7],’Noisevariance’,0.05,’Ts’ 1);

% Create input sequence and simulate

u = idinput (2555, prbs’,[0 0.2],[—-1 1]);
xi = randn(2555,1);

y = sim ([u xi],process_bj);

% Build iddata objects and remove means

z = iddata(y,u,1); zd = detrend(z, ’constant’);

% Compute IR for time—delay estimation

figure; [ir,r,cl] = cra(zd);

% Time—delay = 2 samples

% Estimate BJ model (assume known orders)
nb = 2; nc = 1; nd = 1; nf = 1; nk = 2;
theta_bj = bj(zd,[nb nc nd nf nk])

% Present the model
present (theta_bj)

% Check the residual plot
figure; resid (theta_bj,zd);

Matlab Code 6.19 Impact of frequency content of input on plant model mismatch,
as discussed in Example 6.34 on page 223. This code is available at
HOME/ident/matlab/input freq.m

ml = idpoly ([1 —0.9 0.08],[0 0.1 0.1],1);
u = idinput (400, 'rbs’);
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e = 0.1xrandn (400, 1), y=sim (ml,[u e]);
z2=[y ul; 1dplot( 2), figure

m2=arx (z2,[1, 2]);

u = idinput(400 "rbs’ [0 0.2]);

e = 0.1xrandn(400,1); y=sim(ml,[u e]);
z3=[y u]; idplot(z3), figure

m3=arx(z3,[1, 1, 2]);

ud = idinput (400, ’rbs’ [0 0.05]);

e = 0.1xrandn(400,1); y=sim(ml,[ud e]);

z4=[y u4]; idplot(z4), figure

m4=arx(z4 ,[1, 1, 2]);

nyquist (ml, 'k’ ,m2, 'r—’ m3, "gx’ ,m4, 'b—." ,{0.0001,3.14});

Matlab Code 6.20 Identifying a plant with a drifting noise model, discussed in
Sec. 6.6.8. This code is available at HOME/ident/matlab/casel.m

% Generating the input sequence

u = idinput (2000, ’rbs’,[0 0.1],[—1 1]);

simin = [(0:1999) u(:) ];

open_system (’drift_ex1.mdl’)

R = input(’Now_execute_drift_exl .mdl_and_hit_.the_return._key.’

);

% Execute simulink code and generate output data
dataexp = iddata(simout (:) ,simin(:,2),1);
dataexp.Tstart = 0;

datatrain = dataexp(1:1000) ;

datatest = dataexp(1001:2000);

% Plots
plot(datatrain), cra(datatrain); grid
figure (2), step(datatrain); grid

% Estimating the OE Model

theta_oel = oe(datatrain ,[1 1 1]);
present (theta_oel);

figure (3), resid(theta_oel ,datatrain);
figure (4), compare(theta_oel ,datatrain);
figure (5); compare(theta_oel ,datatest);

% Estimating the Noise Model

err_oel = pe(theta_oel ,datatrain);

figure (6), plotacf(err_oel.y,1e—03,10,1);
figure (7), pacf(err_oel.y,10);

theta.nl = ar(err_oel.y,1);

present (theta_nl);

err.nl = pe(theta_nl , err_oel);

figure (8), plotacf(err.nl.y,1e—03,10,1);
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% Building the BJ Model from OE and Noise Models
B = theta_oel.b; F = theta_oel.f; D = theta_nl.a;

gtotal = idpoly(1,B,1,D,F);
theta_bjl = bj(datatrain, gtotal);
present (theta_bjl);

figure (9), resid(theta_bjl ,datatrain);

dB = length(B)—1; dD = length(D)—-1; dF = length(F)—1+1;
theta_bj2 = bj(datatrain ,[dB 0 dD dF 1]);

present (theta_bj2);

figure (10), resid(theta_bj2 ,datatrain);
roots(theta_bj2.f); % Calculate Poles
figure (11), compare(theta_bj2  datatrain);
figure (12), compare(theta_-bj2 ,datatest);

% Estimating the OE model on differenced data
datadifftrain = iddata(diff(datatrain.y),diff(datatrain.

theta_oediff = oe(datadifftrain ,[1 1 1]);

present (theta_oediff);

figure (13), resid(theta_oediff ,datadifftrain);

theta_oediff = oe(datadifftrain ,[1 2 1]);

present (theta_oediff);

figure (14), resid(theta_oediff ,datadifftrain);

theta_oediff = oe(datadifftrain ,[2 2 1]);

present (theta_oediff);

figure (15), resid(theta_oediff ,datadifftrain);

% Presenting the two models

m_oe = idpoly(1l,theta_oediff.B,1,[1
present (m_oe) ;

present (theta_bj2);

—1],theta_oediff .F);
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6.10 Problems

6.1.

6.2.

6.3.

6.4.

6.5.

6.6.

6.7.

6.8.

An LTT system can be modelled using the following relationship:
y(n) = agy(n —2) + ary(n — 1) + bsu(n — 3) + bsu(n — 5) + e(n)

where e(n) can be taken as white noise. Set up the data matrix ® for the
least squares problem. Comment on the number of rows of ®. Write down the
expression for the least squares estimate of the parameters. (Do not calculate.)

Run M 6.1 for M values of 1, 2, 5 and 10. How do the results compare with
those presented in Table 6.27

Calculate the theoretical ACF {~,,(k)} for
y(n) =£&(n) —0.5¢6(n — 1) + 2&(n — 2) (6.205)

In this problem, we will illustrate another method to arrive at Eq. 6.59 on
page 175. Show that Eq. 6.57 is equivalent to

Tuu(0) Ty (k)] [a} [ruu(O) Ty (k)}
a b v > 0, hence v
o A o) 5] 2 rig(B) 7y (0)
is positive definite. From this, arrive at Eq. 6.58 to Eq. 6.60.

This problem demonstrates that care should be taken while calculating the
means in the time delay detection problem.

(a) Using the xcov function of Matlab, determine the CCF, i.e., ryy(n),
between two signals {u(n)} = {1,2} and the delayed signal {y(n)} =
{0,1,2}. Do these results agree with hand calculations? Explain.

(b) Repeat the above steps with {u(n)} = {-0.5,0.5} and {y(n)} = {0, —0.5,
0.5}. What do you observe now? Why?

Although not useful computationally, Eq. 6.84 on page 182 helps identify the
unknowns and the equations required to solve them, in the case of MA(q).
Extend this approach to AR(p) problems. That is, identify the equations
required to solve the unknowns that arise in AR(p) processes, modelled by
Eq. 6.73 on page 179, repeated here for convenience:

v(n) +arw(n — 1)+ +apv(n —p) = §(n)
Do not carry out the PACF calculations — the model order is given as p.

Using the method of theoretical prediction, determine the sequence of calcula-
tions required in the estimation of the parameters a; and ¢; in the following
ARMA model:

y1+ary(n—1) =&(n) + aé(n —1)
Consider the system

y(n) + ary(n — 1) = byu(n — 1) + £(n) + c1€(n — 1) (6.206)
with Yy (1) = 6(1)02, vee (1) = 5(1)052 with v and £ uncorrelated.
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(a) Show that

Yye (k) + aryye(k — 1) = yee (k) + c1vee(k — 1)
Yye(0) = 0?
Yye(1) = (e1 — ar)og
Yyu(k) + a17yu(k — 1) = biyuu(k — 1)
Yyu(0) =0 (6.207)
Yyu(1) = bio, (6.208)
Yoy (k) + a1vyy(k — 1) = biyyu(—k + 1) + vye(—k) + c1vye (b + 1)
2 2 2 2
Yoy (0) = ket j__aa% 2a101)0£ (6.209)
Yyy(1) = “eabioy (Ci : Z;)(l —me) (6.210)
1

[Hint: Follow the method of Example 6.6 on page 170; derive the above
equations in the same order as given.|

(b) How would you experimentally determine aq, by and ¢;?

6.9. A simple ARX model was studied in Example 6.23 on page 202. Show that the
values of ¢ and 6 in Eq. 6.6 on page 162 for the general ARX model are given
by

o= [yh-1) —yk-2) - uk-1) uwk-2) -]

92[(11 a9 bl bg ']T

6.10. Arrive at Eq. 6.149 on page 203 using the following procedure. Show that the
(1,1) term of the left-hand side of Eq. 6.148 on page 202 is

1 N
NZyQ(k— 1) = 7ry,(0) (6.211)
k=1

Similarly evaluate all entries of both sides of Eq. 6.148 to arrive at Eq. 6.149.

6.11. Show that the values of ¢ and 6 in Eq. 6.6 on page 162 for the ARMAX model
are given by

¢=[-yk=1) —yk-2) - wuk-1) u(k-2)
e(k—=1) ek—-2) ---]

O=1[a1 as -~ b by - & e ..]T

6.12. Explain how you would determine the parameters of the following ARMAX
model, using pseudolinear regression:

(14 a1z 4+ a2 ?)y(n) = (b2 + baz"?)u(n)
+ (14127t +eaz72)En)
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6.13.

6.14.

Explain the steps required to determine the model parameters in the OE model,
given by Eq. 6.161 on page 208.

This problem shows the condition for a linear recursive estimator to be unbiased.

Let the recursive estimator be given by
O(n+1) = A(n+ 1)0(n) + b(n+ y(n + 1) (6.212)
for the model

yn+1)=¢(n+1)T0+&(n+1) (6.213)
ElEn+1)]=0 (6.214)

Show that when
& [é(n + 1)] =& [é(n)] (6.215)
for any value of n, é(n + 1) given by Eq. 6.212 is an unbiased estimator of 6 if

An+1)=1-bn+1)¢" (n+1) (6.216)

where A(n + 1) and b(n + 1) are deterministic [36].
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Chapter 7

Structures and Specifications

There are many reasons why we use controllers. The important ones are: to account
for model uncertainties, to negate the effect of disturbances and to improve the
performance of the plant. In this section, we will look at a few strategies that are
useful in this regard.

In this chapter, we present briefly the concepts of feedback and feed forward
controllers. We introduce popular controllers, such as proportional, integral, derivative
and lead-lag. We explain the concepts of internal stability and internal model
principle. We introduce the topic of limits of performance. We translate the
performance requirements into desired pole locations in the z plane.

7.1 Control Structures

We can classify the controllers into feedback and feed forward controllers. The
feedback controllers can be further classified into one degree of freedom (abbreviated
as 1-DOF) and two degree of freedom (2-DOF') controllers. This section is devoted to
a study of these control structures.

7.1.1 Feed Forward Controller

Consider a model of a plant, given in the mixed notation of Sec. 6.4.1:
y=Gu+wv (7.1)

where u, y are, respectively, input and output signals. The variable v could denote
disturbance or noise; it could be deterministic or stochastic. A schematic of this model
is given on the left-hand side of Fig. 7.1. Compare this with Fig. 6.5 on page 177.
Suppose that we want to design a controller so as to keep the plant at the operating
point, known as the regulation or disturbance rejection problem. In other words, we
would like to choose u so as to compensate for the effects of v and to keep the deviation
variable y at zero.

The schematic on the right-hand side of Fig. 7.1 shows a feed forward control
structure in which we measure the disturbance before it can upset the plant. Note
that the negative of the disturbance v becomes the input to the controller block F'.

Digital Control ~ Kannan M. Moudgalya
© 2007 John Wiley & Sons, Ltd. ISBN: 978-0-470-03143-8
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d(n)

H(z)
v(n) () v(n)
’LL(’IL) — G(Z) y(n) F(z) ——= G(2) y(n)

—v(n)

Figure 7.1: Transfer function model of a typical plant (left) and control of it using a
feed forward technique (right)

v
r e _Se| u B Y
ﬁ—cmi =2 Oy

Figure 7.2: Schematic of a one degree of freedom feedback controller

The output y is given by
y=—-GFv+v (7.2)

We achieve the objective of regulation or y = 0, if F = G~!, which implies that we
should have a good knowledge of GG. For this strategy to work, we also need to be able
to measure v. We observe the control strategy to be

u=—Fv (7.3)

If G is minimum phase, its inverse is stable and we can implement this controller.

Because this strategy has the capability to reject disturbances before they affect
the plant, one should use the feed forward controller, if possible. Unfortunately,
however, often we don’t have good knowledge of the plant. Even if we know the
plant, it may not be possible to get an exact inverse. All sampled data systems have
at least one delay and hence the inverse of the plant model would result in a noncausal
system. If G is nonminimum phase, the inverse would be unstable. It is possible to
get an approximate inverse of the plant that is causal and stable, to be discussed in
Sec. 10.2.1. Nevertheless, because of the restrictions posed by this scheme, the feed
forward controller is rarely used alone. In Sec. 7.1.3, we show how the feed forward
control action is possible in a feedback scheme.

7.1.2 One Degree of Freedom Feedback Controller

The feedback control strategy involves measurement, comparison with the required
value and employing a suitable correction. The simplest feedback control strategy for
the plant in Fig. 7.1 is given in Fig. 7.2, where G, denotes the control block and r
stands for the reference or the setpoint signal.

If the actual output y is different from the required value r, the error signal,
e =1 — y, acts on the controller to come up with an appropriate value of the control
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effort . Exact knowledge of G and H is not required for this strategy to work and
this is the main attraction of feedback over feed forward control strategy, presented
in the previous section.

Through the algebraic method presented in Sec. 4.3.2, we obtain the following
expression for y:

_ G(2)Ge(2) 1
_1+G@muQKM+1+G@mu@

y(n) v(n) (7.4)

where we have once again used the mixed notation of Sec. 6.4.1. Recall the transfer
functions T and S, defined in Eq. 4.23 and Eq. 4.24 on page 84, respectively:

rio) = S0 w5
S(z) = m (7.6)
Substituting these, Eq. 7.4 becomes
y(n) =T(z)r(n) + S(z)v(n) (7.7)

The feedback controller has to meet two requirements:

1. To make y(n) follow r(n) in an acceptable manner, explored further in Sec. 7.7.
As mentioned earlier, this is known as the tracking or servo control problem.

2. To remove the effect of v(n) on y(n). This is known as the regulatory or
disturbance rejection problem.

In order to address the above two issues independently, we should be able to modify
S and T to our liking. Unfortunately, however, S and T defined as above satisfy the
condition

S+T=1 (7.8)

which is easy to verify by straightforward substitution. As a result, once S is specified,
T is fixed and vice versa. This is known as the one degree of freedom controller, which
is abbreviated as 1-DOF controller.

7.1.3 Two Degrees of Freedom Feedback Controller

We have seen in Sec. 7.1.2 that, using the 1-DOF controller, it is not possible to
simultaneously shape the responses to both reference and disturbance signals. The
two degrees of freedom (2-DOF) control structure addresses this problem. There are
many different 2-DOF structures. We will discuss one of them in this section.

In the control structure of Fig. 7.3, G, and G together constitute the controller.
Gy is in the feedback path, while G¢ is in the forward path. All other variables are
as in Fig. 7.2. G} is used to stabilize the system as well as to remove the effect of the
disturbance. Gy is used to help y track . We will look for a control law of the form

Re(z)u(n) = Te(2)r(n) = Se(2)y(n) (7.9)



246 7. Structures and Specifications

o 41 G
Gy

Figure 7.3: Two degrees of freedom feedback control structure

where R, S. and T, are polynomials in z~!

notation. It is easy to see that

, see Footnote 5 on page 100 for the
T
R.
5. (7.10)
R,

We will now illustrate the use of this controller for a plant with the model
A(2)y(n) = 27 *B(2)u(n) + v(n) (7.11)

A and B are also polynomials in powers of 2~ 1. Substituting the controller defined in
Eq. 7.9 in the plant model given in Eq. 7.11, we obtain

B
Ay(n) = 27 [Ter(n) = Sey(n)] + v(n)
Bringing the y terms to one side and simplifying, we obtain

(RCA + z_kBS’c)

) yl) = =) + o)

C

This can be written as

BT, c
y(n) = 27" r(n) + iv(n) (7.12)
(bcl ¢cl
where ¢.; is the closed loop characteristic polynomial
ber(2) = A(2)Re(2) + 27 FB(2)S.(2) (7.13)

We see that the closed loop transfer function between y(n) and r(n) also has a delay
of k samples. We want:

1. The zeros of ¢ to be inside the unit circle, so that the closed loop system is
stable.

2. R./¢. to be made small, so that we achieve disturbance rejection.

3. 27¥BT./¢ to be made close to 1, so that we achieve setpoint tracking.

We will use this approach in the subsequent chapters to design 2-DOF controllers.
Although the 2-DOF controller has more capabilities, the 1-DOF controller is simpler
to design, as it has fewer parameters. We now present the simplest 1-DOF controller.
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7.2 Proportional Control

A proportional controller is one in which the control action is proportional to an error
signal. The proportional controller is one of the most fundamental controllers.

Proportional control is the first strategy that a designer tries out while designing
controllers. If this does not work, the designer looks at other options. Even in this case,
the insights obtained while designing the proportional controller are extremely useful
in the design of more sophisticated controllers. Because of these reasons, the design of
proportional controllers becomes an extremely important approach in control system
design.

One way to design a controller is through shifting the poles of a system to a better
place. For example, if the plant to be controlled is unstable, we would like to move
its poles to within the unit circle. Performance requirements could restrict the pole
locations further, the topic of discussion of Sec. 7.7. We will illustrate these ideas with
a simple example.

Example 7.1 Suppose that a plant with a transfer function
1
z(z—1)
is put in a closed loop with a proportional controller K. How do the closed loop
poles vary as K increases from 0?

G(z) =

The closed loop transfer function is
KG K

T: =
1+ KG 22—-z+K

The characteristic polynomial is ¢¢;(z) = 2% —z+K and the characteristic equation
is ¢c1(z) = 0, the roots of which are the closed loop poles, denoted as A. We have

1+v1—-4K

2
Notice that K = 0 gives A1 2 = 0,1, which are the same as the open loop poles.
As K increases, the discriminant becomes smaller. For K = 0.25, A\; 2 = 0.5, i.e,
the two poles coincide. For K > 0.25, the poles become imaginary with the real
part being 0.5. A plot of the evolution of the roots for this example is given in
Fig. 7.4.

Note that for K = 1, the closed loop poles are at the unit circle, i.e., the system
is on the verge of instability. We refer to this as the ultimate gain and use the
symbol K, to denote it. The concept of ultimate gain is used in the tuning of PID
controllers, in Sec. 8.3.2.

A2 =

The plot of loci of the closed loop poles as the controller gain K is varied from
0 to oo is known as the root locus plot [16]. M 7.1 shows how to draw the root
locus plot in Matlab. I

Proportional control is an important part of the popular PID controller, to be
discussed in Sec. 7.3 and Chapter 8. We will discuss the related problem of pole
placement in Chapters 9 and 14. The root locus method is a time domain technique.
We will present a frequency domain technique in the next section.
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Re(z)

/

Figure 7.4: A plot of evolution of closed loop poles as K is varied from 0 to oo for
G(z) = 1/[z(z — 1)], see Example 7.1

7.2.1 Nyquist Plot for Control Design

We will begin this section with the application of Cauchy’s principle. Given a function
F(z), draw a closed contour C4 in the z plane so that no zeros or poles of F'(z) lie on
Cy. Let z zeros and p poles of F(z) lie within the closed contour. Let us evaluate F(z)
at all points on the curve C in the clockwise direction. Plot the evaluated values in
another plane, called the F' plane, in which Im[F'(2)] and Re[F(z)] form y and = axes,
respectively, see Footnote 2 on page 65. The new curve also will be a closed contour;
call it C5, see Fig. 7.5. Then Cauchy’s principle states that Cy will encircle the origin
of the F plane z — p times in the clockwise direction. This can be summarized as
follows:

N=z-p (7.14)

N = Number of encirclements of origin in clockwise direction by curve Cy. N is
positive if the encirclement is in the clockwise direction. It is negative if the
encirclement is in the counterclockwise direction.

z = Number of zeros of F(z) that lie within the closed contour Cj.
p = Number of poles of F(z) that lie within the closed contour Cj.

Examples of N calculations in the F(z) plane are given in Fig. 7.6. The direction of
(1 is assumed to be clockwise.

We will now explain how this approach can be used to design proportional
controllers. Given G(z), the open loop transfer function, the closed loop transfer
function is given by T'(2) = KG(z)/(14+ KG(2)), see Eq. 7.5. The closed loop system
is unstable if the poles of T'(z) are outside the unit circle. That is, if the zeros of
1+ KG(z) are outside the unit circle.

We will choose C to be the unit circle, taken in the clockwise direction. Suppose
that 1 + KG(z) has n poles and n zeros, including those at infinity. Let

Z = number of zeros of 1+ KG(z) outside the unit circle Cy
P = number of poles of 1 + KG(z) outside the unit circle Cy

It follows that 1+ K G(z) will have n — Z zeros and n — P poles inside the unit circle.
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Im(z) Im(F(z))
G

@yl
™ e

Figure 7.5: Evaluation of F(z) along a closed contour C; (left) and plotting of
imaginary part of F'(z) vs. real part of F(z) results in a closed contour Cs in the
F plane

Im(F(2)) Im(F(2))

Cy
C

Im(2) Im(F(z))

O

X T
Re(2) L j

Figure 7.7: An approach to generation of Nyquist plot. 1+ KG(z) is evaluated along
C: and the imaginary part plotted wvs. the real part, to produce Cs.

Let us evaluate 1 + KG(z) along C; and plot its imaginary part vs. the real part
and call it Cs, see Fig. 7.7. Then using Cauchy’s principle, Cs will encircle the origin
of the 1 + KG plane

N=n-2)—-(n—-P)=P—-Z (7.15)
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Im(F(z))

C 3 02

Re(F(2))

Figure 7.8: Cs is a plot of 1 + KG(z) and Cjs is a plot of KG(2). If the critical point
of Oy is (0,0), that of Cs3 is (—1,0).

times in the clockwise direction. Since

B b(z) a(z)+ Kb(z)
1+KG(Z)_1+K@(Z)_ )

the poles of 1+ KG(z) = zeros of a(z) = poles of G(z). Thus we can interpret P as
the number of poles of G(z) outside C1, i.e., the number of open loop unstable poles.
From N = P — Z, since we want Z = 0, we arrive at the stability condition:

N=P (7.16)

We will refer to the origin of the F' plane as the critical point.

The difficulty with the above approach is that we need to know K to draw the Cs
curve. To overcome this difficulty, instead of plotting 1+ K G(z), we plot 1+ KG(z) —
1 = KG(2), and call the result the C5 curve, see Fig. 7.8. Since C3 is obtained by
subtracting one from every point of Cs, the critical point also gets shifted by one to
the left. In other words, N is then determined by the encirclements of the (—1,0)
point by the C3 curve.

As a further improvement, we can plot G(z), call it Cy, and now the critical point
becomes (—1/K,0). First we determine N required to satisfy the stability condition.
Then we choose K such that the (—1/K,0) point is encircled the desired number (N)
of times. The curve C} is known as the Nyquist plot.

We will summarize our findings now. For closed loop stability, the Nyquist plot
Cy should encircle the critical point P times, where P denotes the number of open
loop unstable poles. We now illustrate this approach with an example.

Example 7.2 Draw the Nyquist plot of

1

W=y

(7.17)

and find out for what values of K the system becomes unstable.

To use the Nyquist approach, C; should not go through a pole or zero. So indent
it with a semicircle of radius — 0 near z = 1, as shown in the left-hand side plot of
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Fig. 7.9. It is also possible to do this indentation so as to exclude the pole from the
unit circle, see Problem 7.2. The number of poles outside C is zero, i.e., P = 0.
First we evaluate b(z)/a(z) along the main Cy curve as follows. On substitution
of z = /¥, Eq. 7.17 becomes

. 1 1
Jwy — =
G(e*) = eiw(eiv — 1) eddw/2 (ejw/2 — e—jw/2)
e /2 j(cos3w/2 — jsin3w/2)
© 2jsinw/2 2sinw/2

We write this in the standard form:

sin3w/2 cos3w/2
2sinw/2  ’2sinw/2

(7.18)

On C4, we mark A at w = 180°, B at w =120°, D at w =60° and F at w — 0
and evaluate G at these points. At point A, because w = 180°, from Eq. 7.18, we
obtain G = 0.5. For w = 120° at point B, Eq. 7.18 gives

sin 180° .cos 180°
J 2 sin 60°

~ 2sin60°

= j0.5774

At point D, for w = 60°, Eq. 7.18 gives G = —1. At point E, with w — 0, we
obtain
0

Because the real part is in 0/0 form, we apply L'Hospital’s rule to it. We obtain
(3/2)cos (3/2)w . ,
G=—-— ‘-7 7T - __ _
cos (1/2)w o0 2 ™

These points have been marked in the Nyquist plot, shown on the right-hand side
of Fig. 7.9. We next evaluate G along the indentation next to the pole at 1. This
indentation is in the form of a semicircle with an equation z = 1 + ce’® with
€ — 0. When G is evaluated along this semicircle, we obtain

1 ooe™I9¢ —jo
, — = — = ooe
(1 +cei®)eced® 1+ eei?

G(1+eel?) =

as e — 0. As ¢ starts at +90°, goes to 0° and then to —90°, G of radius oo starts
at —90°, goes to 0° and then to 90°. This is shown as a semicircle of infinite radius
in the Nyquist plot of Fig. 7.9. M 7.2 shows the procedure to obtain the Nyquist
plot in Matlab.

Using this Nyquist plot, we proceed to determine the range of proportional control
gains for which the closed loop system is stable. Recall from Eq. 7.16 that the
condition for stability is N = P. Because there are no open loop unstable poles,
we have P = 0. As a result, we look for points that are not encircled by the Nyquist
plot.
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Figure 7.9: Contour C; and the corresponding Nyquist plot Cy, for the system studied
in Example 7.2

Now we explore where the critical point (—1/K,0) has to be placed. If it is placed
between D and A in the Nyquist plot shown in Fig. 7.9, we will have N = —2.
This corresponds to the condition 0.5 > —1/K > —1. As we are interested in
positive values of K only, we take this as 0 > —1/K > —1, which is equivalent
to0<1/K <1or K > 1. Thus for K > 1, the closed loop system is unstable.
Indeed, when K > 1, there will be two unstable poles in the closed loop: we
substitute N = —2 in Eq. 7.15 and obtain Z = 2, because P = 0. This is in
agreement with the results of Example 7.1.

If, on the other hand, the critical point (—1/K,0) is placed to the left of D
in the Nyquist plot of Fig. 7.9, because there are no encirclements, we obtain
N = 0, satisfying the condition for closed loop stability, given in Eq. 7.16. This
corresponds to —oco < —1/K < —1, or equivalently, for 0 < K < 1. This result
also is in agreement with that of Example 7.1. I

Although the Nyquist approach can be used to design other kinds of controllers
also, we will not discuss this procedure any further. Using the Nyquist plot, it is
possible to explain the concept of stability margins, an important metric that a
controller should satisfy. We discuss this topic in the next section.

7.2.2 Stability Margins

Suppose that the plant is open loop stable. Then, the point (—1,0) should not be
encircled by the Nyquist curve for stability. It is general practice to keep a good
distance between this point and the Nyquist curve. The idea is that if this distance is
large, it will act as a safety factor in case the transfer function and the Nyquist curve
of the plant change.

The transfer function of the plant can change for many reasons. For example,
wear and tear can change the behaviour of the system. We may not have a perfect
understanding of the plant and hence there could be differences between the actual
and the assumed transfer functions of the plant.

If the distance between the Nyquist curve and the point (—1,0) is large, hopefully
the closed loop system will remain stable even if the transfer function is different from
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$ Im(2)

Re(z)

Figure 7.10: Definition of gain and phase margins. Margins act as a safety factor
against uncertainties in the model of the plant.

what is used in control design. This distance is characterized in terms of gain margin
and phase margin.

Consider the Nyquist curve of a stable plant, as in Fig. 7.10. Let B, A and O
be three points on the Nyquist curve. At point B, it cuts the unit circle, centred at
the origin. At point A, it cuts the real axis. If point A were to coincide with the
point (—1,0), the system would become unstable. This will happen when the transfer
function is multiplied by the scalar 1/OA, where we have denoted the distance between
O and A by OA. This scalar is defined as the gain margin of the system. We obtain

gain margin = ——
The Nyquist curve will go through the point (—1,0) also when it is rotated in the

clockwise direction. This could happen when the plant has, for example, a larger delay
than assumed.

With clockwise rotation, the Nyquist plot, such as the one in Fig. 7.10, could
go through the critical point (—1,0), making the system unstable. In other words,
unmodelled dynamics and delays could make the system unstable. It is to safeguard
against such difficulties, that the notion of phase margin has been introduced: it is
the angle through which the Nyquist plot can be rotated in the clockwise direction,
so as to just reach the point of instability. From the Nyquist curve drawn in Fig. 7.10,
we obtain

phase margin = ZAOB

which is the same as 180° — ZG(e?“<), where w,. is the crossover frequency, at which
the magnitude of G is 1.

A gain margin of > 2 and a phase margin of > 45° are generally considered as a
safe design. Nevertheless, in some situations even after satisfying these two conditions,
the Nyquist plot can get arbitrarily close to the critical point of (—1,0). In view of this,
it is recommended that the Nyquist curve be drawn to ensure that these two margins
are a reasonable metric for the plant under consideration. The concept of stability
margins is not restricted to proportional controllers alone. In fact, any controller that
does not have good stability margins will not be of any use.
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7.3 Other Popular Controllers

In this section, we briefly discuss two other popular controllers, namely lead-lag and
PID controllers.

7.3.1 Lead—Lag Controller

When a proportional controller is inadequate, we consider more elaborate controllers.
The lead—lag controllers are more advanced than the proportional controllers. When
the phase margin is not sufficient, we may like to rotate the Nyquist curve in the
counterclockwise direction. In other words, we would like to increase the phase angle
of the system, thereby improving the stability margins of the closed loop system. The
lead controller does precisely this.

A lag controller, on the other hand, is used to decrease the phase of the system. A
lag controller is generally used to improve the performance properties at steady state.
A lead—lag controller has both of these modes. We will discuss lead controllers in detail
in this section. A more popular version of the lead—lag controller is the ubiquitous
PID controller.

It is extremely easy to construct lead controllers directly in the discrete time
domain [40]. Fig. 7.11 shows the Bode plot of two transfer functions, G1(z7!) =
1 —0.9271, plotted using solid lines and Ga(2~%) = 1 — 0.8271, plotted using dashed
lines. These have been obtained using M 7.3. The poles of both of these have been
chosen to lie in the same radial line from the centre of the circle [49]. Note that the
phase of G is greater than that of G. This difference goes through a maximum. This
suggests that a filter of the form

_1-0927"

G=_""°"
1-0.8271

(7.19)
will have a positive phase angle. This is indeed true, as can be seen from Fig. 7.11,
where we have drawn a Bode plot of G.

We can generalize this result. Consider the transfer function
_1—-bz"'  B(zY

T1_az 1 A(z1) (7.20)

G(z™h
with
1>b>a>0 (7.21)

Substituting e’ for z, we obtain B(e/*) = 1 — be™7*. Using Euler’s formula and
simplifying, B(e?¥) = (1 — bcosw) + jbsinw. We obtain the phase angle as

. bsinw
/B(e?*) = tan~! ——— 7.22
(") an 1—bcosw ( )
Similarly, we obtain
ZA(e?*) = tan™! aeme (7.23)

1—acosw
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(a) Bode plots of 1 — 0.9z~ (solid lines) and (b) Bode plot of G1 = (1 —0.9271)/(1 —0.8271)
1 —0.8271 (dashed lines)

Figure 7.11: The phase angle of G is positive and goes through a maximum,
confirming lead nature

and hence,
ZG(e7%) = ZB(e?¥) — LA(e7) (7.24)
As b > a, we obtain for w € [0, 7],
bsinw > asinw (7.25)

from which it follows that

bsinw asinw

1—boosw ~ 1 — acosw (7.26)
which can be verified by cross multiplication. We conclude that Z/G(e/*), defined in
Eq. 7.22-7.24, is positive.

The transfer function G defined in Eq. 7.19 has a maximum phase of approximately
21° at 0.105 rad/s, as can be seen in Fig. 7.11. We next derive an expression for the
maximum phase reached by G, defined in Eq. 7.24. Differentiating Eq. 7.22 with
respect to w, we obtain

d/B(el”) 1 (1 —bcosw)bcosw — b?sin? w
= ) 2 — 2
dw 14+ (131571?0:)01) (1 —bcosw)
1-b?

1 2b cosw + b2

Using a similar expression for dZA(e?*)/dw and substituting in Eq. 7.24, we obtain
the condition for the maximum in ZG as
1—b? 1—a?
1—2bcosw,, +b2 1—2acosw,, + a?
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where w,,, denotes that it corresponds to the maximum phase lead. Simplifying this,
we observe that

a+b
ab+1

(7.27)

COS Wy, =

Next, we calculate the phase lead obtained at w,,. From the above equation, we obtain

(a> —1)(0* — 1)
ab+1

sinw,, =

(7.28)

Substituting these in Eq. 7.22-7.24, we obtain the phase lead at w,, as

, /1—a? /1— b2
wm ) —1 —1
LG (ej ) = tan b 1_ b2 — tan a m (729)

Taking tan of both sides,

jom\ b—a
tan ZG (e?“m) = o) (7.30)

Thus, we obtain the following expression for the maximum phase achieved as

Jom) — tap-1 b—a
ZG () = ta ) (7.31)

Thus, the transfer function defined by Eq. 7.20-7.21 introduces a phase lead, as in
Eq. 7.31, at the frequency w,, defined as in Eq. 7.27.

The lead control problem typically involves a reverse procedure: what transfer
function should we use to achieve a specified lead ZG at a given frequency w,,? There
are two unknowns, a and b, and two constraints, Eq. 7.27 and Eq. 7.31. We can solve
these and obtain values for a and b.

A graphical procedure to quickly arrive at approximate values of a and b is now
proposed. Let a be a fraction of b, as given by

a=fb, 0<f<1 (7.32)

Fig. 7.12 shows a plot of maximum frequency w,, and the zero location b as functions
of maximum lead ZG(e’*), for different values of f. M 7.4 shows how to obtain one
set of curves corresponding to f = 0.9.

Suppose that we want to design a lead controller that introduces a maximum lead
of 45° at w = 0.5 rad/sample (see Sec. 5.1.2 for a discussion on the units used for
discrete time sinusoids). We start in the top figure, with the ordinate value at 0.5
rad/sample. We choose the curve corresponding to f = 0.3, as it gives a maximum
phase lead of 45°. From the bottom figure, we see that a maximum lead of 45° will be
achieved for the zero location b = 0.8 when f = 0.3. The arrows show the direction of
the calculation. Using the definition of f in Eq. 7.32, we obtain a = 0.24, and hence
arrive at the required controller as

_1-08z7!
T 1-0.242"1
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Figure 7.12: A graphical procedure to design a lead controller. Zero location (b) of
0.8 and a multiplying factor f of 0.3 to achieve a maximum phase lead w,, of 45° at

frequency w = 0.5 rad/sample: follow the arrows.
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Figure 7.13: Bode plot of (1 —0.8271)/(1 — 0.24271)

It is easy to verify that this controller indeed offers the required lead. Using M 7.5, we
obtain the Bode plot as in Fig. 7.13. We now demonstrate the utility of lead controllers

with an example.

Example 7.3 Recall the discrete time transfer function of the antenna control

system, obtained in Example 4.18, for a sampling time 75, = 0.2 s:

~0.001987(z + 0.9931)
¢ = -1k —0.9802)

(7.33)
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Design a controller that will help meet the following requirements:

1. For a unit step change in the reference signal, rise time should be less than
2.3 s and overshoot less than 0.25.

2. The steady state tracking error to a unit ramp input should be less than 1.

Although the technique of pole placement, discussed in Chapter 9, is a more
appropriate method to solve this problem, we will now explore the usefulness of
lead controllers.

From a root locus plot of this example, it is easy to see that the closed loop poles
will lie between the poles at 1 and 0.9802, see Example 7.1 on page 247. These
poles, when stable, result in a sluggish response, see Fig. 5.1 on page 114. For a
faster response, the closed loop poles of the system should be closer to the origin.
Suppose that we use a lead controller of the form

_1-8 2-10.9802
T 1-09802 -8

Ge(2) 0 < B < 0.9802 (7.34)

which has a steady state gain of 1, i.e., G.(1) = 1. The lead controller cancels the
pole of the plant at 0.9802 and replaces it with another pole at 3, closer to the
origin. The loop transfer function becomes

1-8  2+0.9931
1-0.9802(z — 1)(z — f)

G(2)Ge(z) = 0.001987 (7.35)

It is instructive to study this system also from the frequency domain perspective.
Fig. 7.14 shows a Bode plot of the antenna system with solid lines. It is easy to
see that this plant has a phase angle of 165° at a gain of 1, resulting in a phase
margin of about 15°. When the above mentioned lead controller is used with an
arbitrarily chosen value of 8 as 0.8, we obtain the Bode plot, drawn with dashed
lines in the same figure. From this, we see that the phase margin has increased to
about 50°. Moreover, the bandwidth also has increased.

We will now explore whether it is possible to use the above discussed lead
controller, possibly in series with a proportional controller, to meet the steady
state requirement. It is given that the steady state error to a unit ramp input
should be less than 1. The Z-transform of error to ramp is given by

_ 1 Tsz
1+ KG(2)Ge(2) (2 — 1)2

E(2) (7.36)
We need to meet the requirement of e(co) < 1. Applying the final value theorem,
we obtain

T

M oD+ KGRIG)]

As G(1)G¢(1) = oo, the above inequality becomes

lim L <1
z—1 (Z — 1)[KG(Z)GC(Z)] N
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Figure 7.14: Bode plot of antenna tracking system, with (dashed lines) and without
(solid lines) the lead controller G..
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Figure 7.15: Output and input profiles of the antenna system with the lead controller

On substituting for G from Eq. 7.33 and simplifying, we obtain KG.(1) > 1. We
can take KG.(1) = 1. Because G.(1) = 1, we have K = 1.

We have just seen that the lead controller that we selected earlier meets the steady
state error requirement. In addition, as mentioned earlier, this controller improves
the transient performance. We will now carry out simulations and check whether
this controller is adequate. The efficacy of this scheme is evaluated through M 7.6
and simulated using the Simulink code given in Fig. A.5. The resulting input—

output profiles for a step input are in Fig. 7.15.
1
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Figure 7.16: Graphical representation of discrete time integration

Now that we have given a detailed presentation of the lead controller, we will
explain the lag controllers briefly. A lag controller also is given by an expression
identical to Eq. 7.19 with the difference that now b < a. As a result, the phase is
negative — hence the name. Supposing that we are generally happy with the dynamic
response of the system but that we want to increase the controller gain so as to reduce
the steady state offset, we include the lag controller.

By a combination of a lead and a lag controller, it is possible to achieve both
requirements: improving dynamic performance and reducing the steady state gain.

The lead action is similar to the derivative action and the lag mode is similar to
the integral mode in the popular controller of the industry, namely the PID controller,
to be discussed briefly in the next section.

7.3.2 Proportional, Integral, Derivative Controller

The proportional, integral, derivative, or more popularly, the PID, is probably the
most popular controller in use today. It is popular because of the large installed base
and simplicity in its use: it has three parameters to be tuned, one corresponding to
each of the P, I and D modes. While the proportional controller is always used, one
has the option of choosing either one or both of the other two modes. As a result, one
has the option of using any combination of P, PI, PD or PID. All these are loosely
referred to as the PID controllers. We will discuss each of the modes separately in
this section.

Suppose that our process is an integrator. Let the input to the process be denoted
by w. Let the output, the integral of u with respect to time, be denoted by y. This
can be graphically represented as in Fig. 7.16. A discrete time way to integrate the
curve is through the trapezoidal scheme, as given below:

y(k) = shaded area with right slanting lines
+ shaded area with left slanting lines
y(k) = y(k — 1) + shaded area with left slanting lines

—y(k—1)+ T? [u(k) + u(k — 1)] (7.37)
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> Re(z)

Figure 7.17: Pole—zero location of the integral mode

Taking the Z-transform of both sides, we obtain
—1 Ts —1
Y(2)=27Y(2)+ 5 [U(z) +z U(z)]

Simplifying this, we obtain

L1
Y(z) = T? 1 i —e (7.38)

If we denote the transfer function of the integrator by G;, we see that it is given by

Tsz+1
Gi(z) = 2,1 (7.39)

This is known as the trapezoidal approximation or Tustin approximation or bilinear
approzimation. The transfer function G; is low pass as it has a pole at w =0 and a
zero at w = 7, see Fig. 7.17. Thus we see that integration, a smoothing operation, is
low pass. We explain the role of the integral mode with an example.

Example 7.4 Evaluate the effect of an integrating controller

z4+1
z—1

Gi(z) =

when used with a nonoscillating plant given by

z

G(z) =

zZ—a

where a > 0. The closed loop transfer function becomes

+1
() = a1 2(z+1)
14+ z z+1 22’2—CLZ—|—CL
z—a z—1

The poles are at (a = va? —8a)/4. For all a < 8, the closed loop system is
oscillatory. When a PI controller of the following form is used

Gc(z):K<1+lZ+1)

TiZ—l
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the overall transfer function becomes

K(1+iz+1) =

T z2—1 ) z—a

14+ K (14122 2

T z2—1 ) z—a

T(z)

The steady state output for a step input is given by lim,,_,o, y(n), which is equal
to lim,_.; T(z) = 1, see Eq. 4.21 on page 83. This shows that there is no steady
state offset. .

Because the reciprocal of integration is differentiation, we obtain the transfer
function of discrete time differentiation GG4 as the reciprocal of G;, given in Eq. 7.39.
We obtain

1 2 z—-1
G = = _ 7.40
)= G T a1 (7.40)
This form, however, has a problem: G4(z) has a pole at z = —1 and hence it produces,
in partial fraction expansion, a term of the form
z
" 7.41
e ) (r.41)

which results in a wildly oscillating control effort, see Sec. 5.1.1. Because of this,
we consider other ways of calculating the area given in Fig. 7.16. For example, we
approximate the area under the curve with the following backward difference formula:

y(k) =yk — 1) + Tsu(k) (7.42)

Taking the Z-transform and simplifying it, we obtain
z
Y(2)=Ts——U
() = T U(2)

We arrive at the following transfer functions of the integrator and differentiator as

GZ(Z) = TS i 1
y—
12-1 (7.43)
Gd(z) = i >
It is also possible to use the forward difference approximation for integration
y(k) =y(k — 1) + Tou(k — 1) (7.44)

This results in the following transfer functions of the integrator and differentiator as

z—1

T (7.45)

It is easy to check that all the definitions of the differentiator given above are high
pass.
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Example 7.5 Examine the effect of using the derivative controller

—1
Gd(z) = sz

on the oscillating plant

G(z) = : , a>0
z+a

As the pole is on the negative real axis, it has maximum number of oscillations.
The overall transfer function T is given by

_ G(2)Galz) Ta(z — 1)
L a5 Ve S Rl e vopray ey

which is less oscillatory than the plant G(z). We next see the effect of using a
proportional derivative controller on the steady state offset to a step input. Let
the proportional derivative controller be given by

Ga(z) = K <1—|—sz_ 1)

z

The closed loop transfer function T'(z) is given by

K (+mt) 5
I+ K (1475t 2

z z+a

T(z)

If the input to this is a step function, The steady state value y(n) is given by the
final value theorem:

. . z—1 K
) = Y = I = w
Note that the steady state value is the same as that in the case of the proportional

controller.

We now summarize the properties of the three modes of the PID controller. The
proportional mode is the most popular control mode. Increase in the proportional
mode generally results in decreased steady state offset and increased oscillations.
The integral mode is used to remove steady state offset. Increase in the integral
mode generally results in zero steady state offset and increased oscillations. The
derivative mode is mainly used for prediction purposes. Increase in the derivative
mode generally results in decreased oscillations and improved stability. The derivative
mode is sensitive to noise, however.

7.4 Internal Stability and Realizability

Recall that in Sec. 3.3.7, we have presented the concept of BIBO or external stability.
In this section, we show that unstable poles should not be cancelled with zeros at
the same location to achieve internal stability. We also show that internally stable
sampled data systems are realizable.
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Figure 7.18: Unstable pole—zero cancellation

7.4.1 Forbid Unstable Pole—Zero Cancellation

Cancellation of a pole and a zero, although it helps simplify a transfer function, could
lead to difficulties. By cancellation, essentially we ignore some dynamics due to the
initial conditions. As a result, if the dynamics cancelled away is unstable, we could
get into difficulties, see Problem 7.3. We now present an example to illustrate this
difficulty.

Example 7.6 Study the effects of stabilizing the following system

1
G =
(2) = - T
with a controller that has a zero at z = —2, as shown in Fig. 7.18.

We will now derive the state space realization of this system without cancellation.
First we will do this for the first block:

() Z+2E(z)=<1+ Lo )E(z)

z+0.5 z+0.5
A 1.5
Xi(2) = 55 FG)
U(z) = X1(2) + E(2)
z1(k+1) = —0.521(k) + 1.5e(k)
u(k) = x1(k) + e(k)

For the second block, this becomes

A 1
Xa(2) = =5 U(2)
xo(k 4+ 1) = —2x9(k) + u(k)
y(k) = za(k)

Substituting for u(k) from above
wg(k + 1) = —2,%2(]{) + I (k) + e(k)
Writing these equations together in matrix form, we obtain
T (/C + 1) _ —0.5 0 1 (k) 1.5
LcQ(k F T 1 =2 |wa)| T 1 W

=0 1 ]
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These are of the form

z(k +1) = Az(k) + bu(k)
y(k) = Cu(k)

where

A:{_(lw _02} b:{lf], c=1[0 1]

Using Eq. 3.46 on page 56, we find the solution to this system as

k—1 k—1
=0 m=0

(7.46)
Using the diagonalization procedure of Sec. A.1.2, we obtain

A=SAS7!
AF = gAkg—1

For this problem, we can calculate the following:

150 _[-05 0 411 o
S‘[l 1}’ A‘{o —2]’ o _ﬁ[—l 1.5]

Then we can calculate A™b as SA™S~1b. The calculations are a bit easier if we
calculate from right to left. In this case, we obtain

A" = SA™S 1 = [f] (—0.5)™

Substituting this in Eq. 7.46, we obtain

2(k) = A¥2(0 Hk me(k —m — 1)

m:O

Because y = Cz, we obtain
y(k) = CA*2(0) + C [ﬂ > (=0.5)"e(k —m —1) (7.47)

The first term is

comn-5o 0[5 107 [ )28
- % [(=0-5)" (-2)f] {—xl(o)xi((i).mg(oﬂ
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e(n) 1 y(n)

e
z+0.5

Figure 7.19: Same as Fig. 7.18, but after cancellation of pole and zero

If 2(0) is not identically zero, this term grows unbounded. The second term in
Eq. 7.47 decays to zero. This term is identical to what we will obtain if we realize
the simplified transfer function obtained after cancellation, with block diagram as
shown in Fig. 7.19. Suppose that the state of this reduced system is indicated
by xs. Then we obtain

Xolz) = 5057
xs(k+1) = —0.524(k) + e(k)

Iteratively solving this equation, we obtain

k—1
ys(k) = 24 (k) = (=0.5)"2,(0) + Y _(=0.5)"e(k —m—1)  (7.48)

m=0

When the initial values are zero, the outputs are identical, as can be seen from
Eq. 7.47 and Eq. 7.48. In case, however, 2:(0) consists of small but nonzero entries,
like 10712, the first element of Eq. 7.47 grows unbounded, while Eq. 7.48 is stable.
Such small but nonzero entries can very well be due to the way a computer system
stores zero or due to noise. .

This example illustrates that an unstable pole and zero should not be cancelled.
That is, the adverse effect of an unstable pole cannot be wished away by placing a zero
at that exact location. We now look at the issue of unstable pole—zero cancellation in
a closed loop system.

7.4.2 Internal Stability

In the last section we showed that unless we have perfect zero initial condition,
cancellation of an unstable pole with a zero would result in instability. We say that a
closed loop system, in which the transfer function between any two points is stable, has
the property of internal stability. It is instructive to compare this with the property
of external or BIBO stability, defined in Sec. 3.3.7. In this section, using a feedback
loop, we show that if unstable pole—zero cancellation is permitted, some signals in the
loop will become unbounded. In other words, the system will not have the property
of internal stability.

Further discussion in this section will centre around the closed loop system, given
in Fig. 7.20. Let

G="1 (7.49a)
dy
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T2

+

2
I
|
Q
I
|
'

d2 + dl

Figure 7.20: Internal stability

be the plant transfer function and let

G, =" (7.49b)
da

be the controller transfer function. At first sight, it may seem that if the transfer
function between the output of the system and the reference signal is stable, everything
is fine. Unfortunately, however, this is insufficient. We claim that every signal in the
loop has to be bounded if stability is to be ensured. As any signal inside the loop may
be influenced by noise, we have the following requirement of stability: the transfer
function between any two points in the loop should be stable. Equivalently, for any
bounded signal injected at any part of the loop, all signals in the loop must also be
bounded. We obtain the following matrix relation.

1 G
er|  |1+GG, 1+GG. | [
[62] - |18 : H (7.50)
1+G.G  1+G.G
Substituting for G and G, from Eq. 7.49, we obtain
d1 dg _ nldg
er| | ning + dydo ning + dids 1
[62] B nad; dids L‘z] (7.51)

ning + dids ning + dids

First we will illustrate the effect of pole—zero cancellation. Suppose that d; and
ng have a common factor (z + a). That is, let

di = (z+ a)d} (7.52a)
ne = (z + a)nk (7.52b)

where d} and n/, are polynomials that do not have z + a as a factor. Thus we obtain

o om(?)
B = traae
and
G - )

dQ(Z)
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3
T +
+ z—2 U 1 Y
— e >
_ z—0.5 + z—2

Figure 7.21: A feedback loop with unstable pole—zero cancellation

with |a|] > 1. Let us suppose also that the transfer function between r1 and e, namely
T=1/(1+ GG,) = d|ds/(d}da + nin2), is stable. By direct calculation, the transfer
function between r2 and y can be shown to be unstable. Let r; = 0.

rs  1+GG.  (d,(2)da(2) + ni(2)nh(2)) (= + a)

Yy G n1(z)dz(2)

Thus this transfer function is unstable and a bounded signal injected at ro will produce
an unbounded signal at y.

Because of the symmetric nature of the problem, the unstable pole-zero cancella-
tion is to be avoided — it does not matter whether the pole comes in G or in G,:

1. Suppose G has an unstable pole cancelling a zero of G, so that the zeros of
1+ GG, are inside the unit circle. We see that 1/(1+ GG,.) and G./(1+ GG.)
are stable but not G/(1 + GG.).

2. Suppose now G, has an unstable pole cancelling a zero of G such that the zeros
of 1 + GG, are inside the unit circle. We see that G./(1 + G.G) is unstable.

We will now present an example to explain this idea.

Example 7.7 Verify whether the feedback system given in Fig. 7.21, in which
a controller is designed with unstable pole-zero cancellation, is internally stable.

It is easy to see that the transfer function between r and y is 1/(z — 0.5). This
shows that for bounded changes in r, the changes in y will remain bounded. Let &
denote the actuator noise. The closed loop transfer function between £ and y can
easily be calculated as (z —0.5)/[(24+0.5)(z — 2)]. Thus if even an extremely small
noise is introduced in the actuator, the plant output y will become unbounded.

Thus this system is not internally stable.
]

We have seen that if there is an unstable pole—zero cancellation, the system is not
internally stable. We would now like to know the converse: if the transfer function
between 1 and e; is stable and if unstable pole—zero cancellation does not take place,
will we have internal stability? The answer is yes and such a system is said to be
internally stable.
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7.4.3 Internal Stability Ensures Controller Realizability

The next question we have to address is whether the discrete time controller that

guarantees internal stability is realizable, i.e., whether it can be implemented. Suppose

that the controller given by Eq. 7.49b is written as a polynomial in 2z~

G _no—I—nlz_l—i—---
T dotdizl 4

If dy = 0 and d; # 1, G, will have a factor of 2~ ! in the denominator and hence can
be written as

G/

21

Ge

(7.53)

where G, is causal. G, is not realizable as it is not causal. Next, note that all realistic
discrete time systems have at least one sample time delay.! As a result, plant transfer
functions can in general be written as

-1
G = mailtT) (7.54)
a1(z71)
where b; and a; are polynomials in 2z~ Vand d> 1.
If a noncausal controller, as in Eq. 7.53, is obtained, it would imply that there
is a cancellation of z~! in the denominator of G, and that in the numerator of G,
in Eq. 7.54. This is equivalent to cancelling a factor with a root at z=' = 0 or at
z = oo. It follows that the unrealizable controller of the form given in Eq. 7.53 could
result if unstable pole—zero cancellation is allowed. Conversely, if this cancellation
is disallowed, the controller G, cannot have z~! as a factor in its denominator and
hence will be realizable. A procedure to avoid unstable pole—zero cancellation during
controller design is discussed in Sec. 9.2.

7.4.4 Closed Loop Delay Specification and Realizability

In this section, we show that the delays in the closed loop system have to be at least
as large as that of the open loop system, if a controller is to be realizable. Suppose
that the open loop transfer function of a system is given by

_ B(Z) _ bo—|—b12’_1—|—"'
— k _ k
Glz) == A(z) — 1+a1z7t4---

with by # 0. Suppose that we use a feedback controller of the form

_ Z_dS(z) _ 50 + 5127 -
R(z) 1+rz=t+---

Ge(2) (7.55)

with sg # 0. Note that d > 0 for the controller to be realizable. Closing the loop, we
obtain the closed loop transfer function as

GG.
T= 1+ GG,

1The reader may wish to look at the examples presented in Sec. 8.2.2 at this juncture.

(7.56)
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Substituting the values, we obtain

_s_aboso + (bos1 +bisg)z7 4 - -

T==z2
L+ (ag +ry)z=t 4

(7.57)

Thus, the delay in the closed loop system is k + d, which is greater than k, the open
loop delay, for all d > 0. The only way to make k + d < k is to choose d < 0. But
this will make the controller unrealizable, see Eq. 7.55. We illustrate this idea with
an example.

Example 7.8 Suppose that

—9 1

G=z2 T 51

and that we want the closed loop transfer function as

1
T=z1—" —
1—az1!

Determine the controller that is required for this purpose.

Solving Eq. 7.56 for G., we obtain

17T
T G1-T

Substituting the values of T and G, and simplifying, we obtain

1 1—-0.5271

Go=——-——
z7 11— (a+1)z71

We see that this controller is unrealizable, no matter what a is.

We will see in the subsequent chapters that it is possible to improve the dynamic
response and stability, but not the delay. The delay of the closed loop system has to
be at least as large as that of the open loop system.

7.5 Internal Model Principle and System Type

We are interested in finding out the conditions to be satisfied to have the plant
output follow the reference trajectories and to reject disturbances. We will show that
the concept of internal model principle helps answer this question. We will also show
that the popular topic of system type is a consequence of this principle.

7.5.1 Internal Model Principle

Consider the problem of controlling a system with transfer function G with a controller
G., as in the standard feedback loop of Fig. 7.22. The variables R, Y, U and V,
respectively, refer to the Z-transforms of the reference, output, control input and
disturbance variables, respectively.
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Figure 7.22: Servo and regulation problem in a feedback loop

The objectives of the controller are two fold: stabilization of the feedback loop
and rejection of the effect of unbounded inputs. The first issue of stabilization of the
closed loop is the topic of discussion in the subsequent chapters. In the rest of this
discussion, we will assume that this requirement is fulfilled by a suitable controller.
We will now look at the condition that needs to be fulfilled to satisfy the second
requirement of rejecting the effect of unbounded inputs. We will consider two cases:

1. Make the output Y follow the reference signal R, or equivalently, make the error
E zero. When we study this, we take the disturbance variable V' to be zero and
call it the servo problem, as mentioned earlier. Thus, we need to consider the
relation between E and R, given by

B() = %GGCR(Z) 2 S(2)R(=) (7.58)

where S(z) is 1/(1 + GG.). We need to make E(z) well behaved.

2. Eliminate the effect of the disturbance variable V' on the output Y. When we
study this case, we take R to be zero and call it the regulation problem, as
mentioned earlier. We study the relation between Y and V', given by

B 1
1+ GG,

We need to make Y well behaved.

Y(z) V(z) =S(z)V(z) (7.59)

From Eq. 7.58 and 7.59, we see that both the requirements will be met if we can
make the transfer function 1/(1 + GG.) small. To study this, suppose that we have
the following functional relationship for R and V:

N,
R(z2) = D
rr (7.60)
V) = o
D,y

The unstable poles of the reference and the disturbance signals have been grouped,
respectively, in «, and «,. For example, these could contain the factors:

e 1 — z~! if constant change is intended
e (1 — 2712 if a ramp-like change is intended
e 1 —2coswz™! + 272, if sinusoidal change is present

e 1 — 2z~ if the change is periodic, with a period N
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Let a(z) be the least common multiple, abbreviated as LCM, of a,-(z) and ay(2), i.e.,
a(z) = LCM(a,(2), ap(2)) (7.61)

Then, the internal model principle states that if the controller contains the factor
1/a, i.e., if the controller is of the form

Ge(z) = Se(2)

= AR (7.62)

the effect of unbounded signals will be eliminated. Suppose that the plant transfer
function is given by

G(z) = (7.63)

where B and A are polynomials in powers of z~!. In order to ensure internal stability,
there should not be any unstable pole—zero cancellation in G, G, and between them.
The transfer functions of Eq. 7.58 and 7.59 are given by

- AaR1
o AOéRl + BSC

A 1

S =
1+ GG, 1+

< (7.64)

aRy

o

|| —

Substituting this relation and that for R(z) from Eq. 7.60 in Eq. 7.58, we obtain

_ AOZRl NT
" AaR; + BS. D,a,

E(z) (7.65)

Because of Eq. 7.61, « contains «, and hence the unbounded inputs, if any, are
rejected. Thus, the servo problem has been addressed by this «. Because the
requirement for the regulation problem is identical, see Eq. 7.58 and 7.59, the
unbounded inputs in the disturbance variable also are rejected. Recall that we have
assumed the closed loop system to be stable and hence AaR; + BS, has zeros inside
the unit circle only.

We need to address the issue of unstable pole—zero cancellation once again. If such
a cancellation is to be forbidden, as explained in detail in Sec. 7.4.1, how can we
allow this in Eq. 7.647 The answer is that we have no option but to cancel them in
this case. To reduce the impact of the inherent difficulties in such a cancellation,
we need exact knowledge of the unstable nature of the external inputs. If there
is at all some uncertainty in the external inputs, which are taken as unbounded,
the uncertainty should be bounded. Moreover, the unstable pole—zero cancellation
indicated in Eq. 7.64 is between a signal and a system, whereas the one presented in
Sec. 7.4.1 is between two systems. The latter gives rise to other difficulties, such as
the one in Sec. 7.4.2.

We have shown that when the unstable parts of the external inputs explicitly
appear as a part of the loop, they are rejected. Hence, this is known as the internal
model principle.
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Example 7.9 If =1 — 27!, step changes in both R and V will be rejected
if the closed loop is stable. If, on the other hand, r is a step change, ie.,, R =
1/(1—271), and v is a sine function, i.e.,

2z lsinw
1—2coswz=1 4+ 272

v

or a cosine function,

1—2"tcosw
Vv

T 1_2coswzltz2

then « is given by
a=(1-2z"11-2coswz"t +272)

As before, we assume that the controller is designed so as to make the closed loop
system stable. I

We now discuss the concept of type of a system, which is a direct consequence of
the internal model principle.

7.5.2 System Type

Consider a plant G with a controller G, in our standard 1-DOF feedback control
configuration, Fig. 7.22. The system is said to be of type N if GG, has N integrators
at z = 1. That is, if
1 Gu(z)
G(2)G.(z) = G DN Gal2) (7.66)
where G, and G4, polynomials in z, don’t have any zero at z = 1.

From the internal model principle presented in the previous section, this system
is capable of completely rejecting the effect of exogeneous signals, whose Z-transform
could have (z — 1)V in the denominator. What happens if the order of the poles at
z =1 in the exogeneous signal is different from that of GG.? In other words, let the
loop transfer function GG, be given by

_ 1 BS.
a 0414]%17

GG. a=(z-1N (7.67)

where we have used Eq. 7.62 and 7.63, with a = (2 — 1) and N, a nonnegative
integer. Let the reference signal be given by

R= ar = (z— 1M (7.68)

see Eq. 7.60. Using Eq. 7.65, E(z) becomes

A(Z - 1)NR1 Nr
A(z—=1)NRy; + BS. D,.(z — )M

E(z) = (7.69)
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Table 7.1: Value of error e(co) for different M and N values in Eq. 7.70

Condition on M and N e(o0)

M =N 0

ARy N,
M=N+1, N = - T

i 0 AR1+ BS: Dr|,_,
_ ARy N,

M=N+1, N>0 BS. D, |._,
M>N+1 )
M < N 0

Table 7.2: Values of e(00), given in Table 7.1, for popular systems and signals

Step, 1(n) Ramp, nT:1(n)  Parabola, $n°T71(n)

ﬁ7M:1 %71\4:2 %7M:3
Type 0, N =0 % . o0 o0
Type 1, N =1 0 ng—gi B o0
Type 2, N =2 0 0 3’;—};

Under the assumption that the closed loop system is stable, we can apply the final
value theorem:

lim e(n) = lim - 1E(2)

n—oo z—1 z

Substituting for F(z) from Eq. 7.69, we obtain

lim e(n) = lim Al - DV R s
n—00 - z—1 A(Z — 1)NR1 + BSC DT(Z - 1)1\4

By substituting different values for M and N, we obtain the values given in Table 7.1
for e(00). For N values of 0, 1 and 2, the system is known as type 0, type 1 and type 2,
respectively. These systems give rise to different errors for step, ramp and parabola
signals, with corresponding models 1(n), nTs1(n) and n*T?1(n), respectively. The
matrix of error values is given in Table 7.2.

It is customary to obtain the diagonal values in Table 7.2 in terms of the values
of GG.. Tt is easy to show that the (1,1) entry becomes

AR 1
! = (7.71)

AR+ BS.|,_, 1+K,

(7.70)
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where
A~ BS,
K, = 7.72
p ARl 1 ( )
is known as the position constant. The (2,2) entry becomes
AR, 1
To——r = — 7.73
BS.|._., K, (7.73)
where
GG,
K, 2 lim (= — 1) = (7.74)

is known as the velocity constant. Finally, the (3,3) entry in Table 7.2 becomes

AR, 1
T2 = _— .
Bs.|_ " E (7.75)

where

GG,
T3

AL
K, = lim (2 - 1)2 (7.76)
z—
is known as the acceleration constant. It is also customary to state the performance
specifications in terms of the constants defined above. We will now explain these ideas
with an example.

Example 7.10 |lllustrate the ideas of this section with the plant

271 1

IR S

G(2)

Rejecting step inputs: Suppose that we want to reject step inputs. Because
the plant already has an integral term, we do not need to include it in the controller.
Note that a precondition for discussing steady state errors is the closed loop
stability. Suppose that we want the closed loop characteristic polynomial to be

by =2z—0.5 (7.77)

The controller G. = 1/2 helps achieve this requirement. A procedure to design
such a controller will be discussed in detail in Example 9.14 on page 351. M 7.7
implements this control design procedure.

Note that this controller results in a Type 1 system, because it results in GG, of
the form given by Eq. 7.66, with N = 1. This should reject step inputs and give a
constant steady state error to ramps. To verify these observations, we determine
the closed loop transfer function between the input and the error, given by Eq. 7.64.
We obtain

1 z—1

S:1+GGc:z—0.5

(7.78)




276 7. Structures and Specifications

The closed loop characteristic polynomial agrees with our requirement, stated by
Eq. 7.77. The steady state error is given by the final value theorem.

-1
lim e(n) = lim :
n—00 z—1 z

E(2) (7.79)

Expressing E(z) as a product of reference signal and the error transfer function S,

lim e(n) = lim - S(2)R(2) (7.80)

n—oo z—1 VA

where R(z) is the reference signal. For step inputs, R(z) = z/(z—1). Substituting
this and the expression for S from Eq. 7.78 in the above equation, we obtain

z—1 z—1 z

0 (7.81)

lim e(n) = lim =
n—oo =1 2z 2z—-05z-1

Thus, the steady state error to step inputs is zero.

How does this controller handle ramp inputs? To evaluate this, we take R(z) =
z/(z — 1)%, where we have taken the sampling time to be unity. Substituting this
and the expression for S from Eq. 7.78 in Eq. 7.80, we obtain

-1 2z-1
z z z 9

i e(n) = lim —— "= (z—12
These results can be verified by executing M 7.7 and the Simulink program, given
in Fig. A.1. To calculate the controller, we assign a value of 0 to the variable
reject_ramps in Line 8 of M 7.7. By double clicking the manual switch in the
Simulink program of Fig. A.1, one can toggle between step and ramp inputs.
From the response in Simulink, one can see that this controller rejects step inputs.
A ramp input, on the other hand, produces a steady state error of 2. For example,
at n =10, y(n) = 8, while r(n) = 10.

Rejecting ramp inputs: Suppose that now we want to reject ramp inputs as
well. Because the plant already has one integral term, we need to include just one
more in the controller. A procedure for designing the controller will be given in
Chapter 9. Using M 7.7, we obtain the controller

G, = 1.5 —271 _ 1.5z -1
1—271 z—1

(7.82)

From Eq. 7.66, it is easy to see that this is a Type 2 system. Substituting this
controller and the plant expression in Eq. 7.64, we obtain

1 (z—1)2

5= 1Taa. " 2(z—05)

(7.83)

Substituting this in Eq. 7.80 with R(z) = z/(z — 1), we obtain the steady state
error to steps:

. Coz—=1 (z-1)% 2z
Jirrgoe(n)—il_}ni z 2(z—05)z—1

0 (7.84)
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Figure 7.23: 1-DOF feedback control configuration

Substituting the expression for S from Eq. 7.83 in Eq. 7.80 with R(2) = z/(2—1)?,
we obtain the steady state error to ramp inputs:

) . oz—1 (z—-1)2 z
1 =1 =
nLIr;Oe(n) P z(z—10.5) (z—1)2

0 (7.85)
These results can be verified by executing M 7.7 once again, but with reject_
ramps in Line 8 of M 7.7 assigned as 1. The closed loop response to steps and
ramps may be verified with the help of the Simulinkprogram, given in Fig. A.1.
Before leaving this example, let us point out that there will be a nonzero offset to a
parabola input. We find that the findings of this example are in perfect agreement
with the observations made earlier in this section.

In the next section, we present the important concept of performance limits.

7.6 Introduction to Limits of Performance

Is it possible to achieve a given performance for any given plant? One clue is already
available in Sec. 7.4.4: closed loop delay should be at least as large as that of the open
loop. In this section, we will present a few other limits on the achievable performance.
We will begin the discussion with time domain limits.

7.6.1 Time Domain Limits

In this section, we discuss some limits on achievable time domain performance [20].
Consider the 1-DOF control feedback given in Fig. 7.23. Let us suppose that the
closed loop system is stable. Let us also suppose that GG, has a pole at z = 1 and
hence y follows step changes in r without offset, as discussed in Sec. 7.5. For the
same reason, step changes in disturbance are also rejected. We will examine how the
transient responses in y and e depend on pole—zero locations of G.

Suppose that we introduce a unit step change in . We obtain the Z-transform of
e as

(7.86)
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Evaluating this at zg, the zero of G, we obtain

Z0 1

FE(zy) = =
(0) 20_1 1_20_1

(7.87)

Suppose that zyp € ROC, see Footnote 1 on page 64. Using the definition of the
Z-transform, we obtain

> e(k)zg " = E(z0) = ! — (7.88)

1-—2

Suppose that, in addition, z( is real and less than 1. For all causal systems, the ROC
is outside a circle of some radius a, see Sec. 4.1.5. In other words, we have a < zp < 1.
Using this value of zg in the above equation, we obtain

e(k)zg" <0 (7.89)

M8

b
Il

0

From e(k) = r(k) — y(k) we obtain e(0) = 1 —0 = 1. As a result, e(k) has to be
negative for some k > 1, so as to satisfy Eq. 7.89. Because e(k) = 1 — y(k), this
implies an overshoot in y(k), for £ > 1. We also see that as zo approaches the unit
circle (i.e., zo — 1), Spey (k)25 " becomes a large negative number, see Eq. 7.88.
In other words, as zy approaches the unit circle, the overshoot becomes larger. We will
now illustrate this with an example.

Example 7.11 Design controllers for two plant transfer functions

11085271
1-0.82z"1"7

109271

Gy = ST IR
1=z 1- 0821

GQZZ

with integral mode such that the closed loop characteristic polynomial in both
cases is equal to (1—0.7271)2. Calculate the step responses and verify the validity
of the observations made in this section.

Because of the presence of the integral mode, the controller is of the form

Golz) = 22 (7.90)

where A = 1—2z7! and S and R are polynomials in z=1. Let the plant be denoted
by

_xB(2)
A(z)

G(z) ==z (7.91)

The characteristic equation of the closed loop is given by 1 + G(2)G.(z) = 0.
Substituting for G, and G from Eq. 7.90-7.91, we obtain

AAR+2"*BS =¢
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Figure 7.24: Output and input profiles of the closed loop system with G; (thin line)
and Gy (thick line), as discussed in Example 7.11. Presence of slow open loop zeros
has resulted in overshoots of the output. Overshoot of G5 is larger than that of G;.

where ¢ is the desired characteristic polynomial, which we require to be (1 —
0.72~1)2. For the first plant, we need to solve

(1-082"H(1-2"HR+271(1-0852"1)S =1—-142"" 4049272

A procedure to solve such equations will be outlined in Sec. 7.8. It is easy to verify
that R =1—3.427! and S = 3.8 — 3.2z ! satisfy this equation and hence the
controller for the first plant is given by

3.8—3.2271
(1—2"1(1 —34z"1)

G, =

In a similar way, the controller to the second plant can be verified as

4.9 — 4271

Gea = (1—z1)(1—45z10)

Thus, we have two plants with different zeros but the same closed loop pole
positions. The step responses of these two are shown in Fig. 7.24. Observe that
both responses have overshoot, as predicted. Also notice that the response of the
second plant has a larger overshoot compared to the first. This agrees with the
observation that zeros close to the unit circle result in a large overshoot. From
the accompanying plot of the control effort u, we see that larger overshoot is

accompanied by larger initial control effort. I

Conclusions similar to the ones obtained in this section can be arrived at for the
pole locations of G. Let py be a real pole of GG, such that py < a. Recall that a defines
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Figure 7.25: Output and input profiles of the closed loop system with G3 (thin line)
and G4 (thick line) of Eq. 7.93. Presence of slow open loop poles has resulted in
overshoots of the output. Overshoot of G4 is larger than that of Gs.

ROC. Evaluating Eq. 7.86 at pg, we obtain E(z = pp) = 0. Using the definition of the
Z-transform of F(z), we conclude that

> e(k)pg* =0 (7.92)

k=0

This shows once again that the error to a unit step change in r has to become negative

for £k > 1, because e(0) = 1. Note that this conclusion is true also when py > 1. If

po becomes larger, the weighting on e(k) in Eq. 7.92 is smaller and hence e(k) should

attain a larger negative value, or equivalently, y should assume a larger overshoot.
To verify these, Example 7.11 is repeated for two transfer functions

,1-0.85z71
=2z

1-0.8521
G. = - v =1 Y
3 1—1.12-1° y

Gy = 7.93
4 1— 1221 (7.93)

The controllers are once again designed with the same ¢. The resulting input—output
profiles are shown in Fig. 7.25. From these plots, we can observe that the outputs
have overshoots. We also see that the overshoot corresponding to G4 is larger than
that of G3, as predicted above.

We conclude this section with a study of nonminimum phase zeros of G. Let y(n)
be the plant response for a unit step change in . We obtain

GG, z
Y=——+— — .94
1+GG. z—1 (7.94)
where Y is the Z-transform of y. From the definition of Y, we also have
Y =Y y(k)z~", V2 € ROC (7.95)

k=0
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Figure 7.26: Output and input profiles of the closed loop system with G5 =
2741 — 1.127Y) /(1 — 0.8271). Presence of nonminimum phase zero has resulted in
an undershoot of the output.

where ROC is the region of convergence, see Footnote 1 on page 64. Let G have a
real zero zg with zp > 1. Thus, zp € ROC. Evaluating Eq. 7.94 at z = zp, we obtain
Y (29) = 0. Comparing with Eq. 7.95, we arrive at

> ylk)zg* =0 (7.96)

Because zg is positive and y(k) will eventually reach a value of 1, y(k) should
assume a negative value for some k if the above equality is to be satisfied. This
is demonstrated in Fig. 7.26, where we have shown the input-output profiles for
Gs = 2741 — 1.1271) /(1 — 0.827!), when controlled in the same manner as in
Example 7.11, so that the closed loop poles are at 0.7. This study shows that if
the open loop system is nonminimum phase, there will be overshoots in the negative
direction for a positive step change, known as inverse response.

In this section, we have studied in detail what happens when the closed loop
poles are chosen smaller than the open loop poles and zeros in magnitude. When a
pole is chosen close to the origin, the signals change quickly. For example, a® goes
to zero quickly as k increases when a is small. Thus, when we make the closed loop
system faster than the open loop poles, there is a penalty we have to pay through
overshoots, etc.

7.6.2 Sensitivity Functions

One of the main objectives of using feedback controllers is to cope with the problem
of not knowing the plant exactly. Suppose that the plant transfer function is G and
that the closed loop transfer function is denoted by 7. Suppose also that when G



282 7. Structures and Specifications

v

Figure 7.27: A simple feedback control loop with reference, disturbance and
measurement noise signals as external inputs

changes by AG, T changes by AT'. If the relative change, given by

ATJT AT G
AG/G ~ AGT

(7.97)

is small, we say that the closed loop is not sensitive to perturbations in plant
parameters. When the changes are infinitesimal, this ratio, denoted by S, becomes

e

S=2a7 (7.98)

S is known as the sensitivity function. We will now apply this formula to the closed
loop system presented in the previous section. Let us evaluate the fractional change
in T, defined in Eq. 7.5 on page 245, to that in G:

_ITG  (1+GG)G. — GG? G(1 + GG.)
TOGT T (1+GG.)2 GG,

Simplifying, we obtain

1
S_1+GGC

which turns out to be identical to the expression in Eq. 7.6. Thus, if 1/(1 + GG.) is
made small, the plant becomes less sensitive to perturbations in the plant. Observe
from Eq. 7.4 and 7.6 that this fraction is also the transfer function between v(n) and
y(n). Thus, by making S small, the effect of v on y also is reduced.

In view of the fact that S + T = 1 (see Eq. 7.8 on page 245), T is known
as the complementary sensitivity function. This constraint restricts the achievable
performance, as we will see in the next section.

7.6.3 Frequency Domain Limits

In this section, we will look at the achievable performance from a frequency domain
perspective. For this discussion, we will refer to Fig. 7.27. Notice that measurement
noise has been included in this, as compared to Fig. 7.23. Using straightforward
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algebra and Eq. 7.6 and 7.5 on page 245, we arrive at the following equations:

GG, 1
v GO wrwe et U (7:99)
1
e e e AU A (7100
G
u= 71+GGC(T—U—TL) (7.101)

We assume that the system is internally stable. We will look at the restrictions on .S
and T for tracking, disturbance rejection and noise suppression.

In tracking or servo control, the objective is to make e small while assuming v and
n to be zero. To make e small at any frequency w, we obtain from Eq. 7.99,

max |S(e/)| < 1 (7.102)

Another condition that is of interest in control applications is that the disturbance
v should not greatly affect y, known as the disturbance rejection problem. For this to
happen, we see from Eq. 7.99 that |S| has to be small, i.e., the above equation has to
be satisfied.

From these conditions, one may be tempted to keep S(e?“) close to zero and T'(e/)
close to one at all frequencies. Unfortunately, there are problems in implementing this.
One of them is due to the mismatch between the model G and the actual plant it
represents. Suppose that the exact model of the plant, indicated by G (e/*) at a
frequency w, is given by

Gr(e’) = [14 L(*)] G(e7*) (7.103)
with
max | L(e¥)| < I(w) (7.104)

Generally the uncertainty is large at high frequencies and, as a result, [ is large at
high frequencies and small at low frequencies. In other words, the mismatch between
the model and the actual plant is generally large at high frequencies.

Suppose that we design a controller G., assuming the plant transfer function is G.
If the actual transfer function is G, the following condition has to be satisfied for
stability [1]:

max [T(e7)] < ﬁ (7.105)

This implies that |T'(e?“)| should be small at high frequencies. In other words, the
bandwidth of T should be only as large as the frequency range over which we have good
knowledge of the plant. Thus, we revise the condition on S and T keep |S(e/*)| ~ 0
and |T(e?*)| ~ 1 in the range 0 < w < wy and |S(e’*)| ~ 1 and |T(e’*)| ~ 0 in the
range wy < w < 7, where wy, is the frequency until which we have good knowledge of
the plant. Thus, the robustness condition restricts the range of frequencies over which
|S| can be made small.
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The magnitude of control effort u also poses a restriction on S. When |S] is small,
[1/S] = |1 + GG,.| is large. This implies |GG.| > 1 and hence from Eq. 7.101, we
obtain the following approximate expression:

G
GG,

U~ (r—n—u)=G (r—n—u) (7.106)
If |G| is small in this frequency range, the control effort « will become large and the
actuator may saturate. It follows that S can be made small only in the frequency
range corresponding to the bandwidth of G.

We end this discussion by looking at the requirement for noise suppression from
Eq. 7.101. The condition

IT(e7)] < 1 (7.107)

has to be satisfied if the effect of n is not to be felt on y. Hopefully, the measurement
noise n is large only at high frequencies. Thus, we need to satisfy the above inequality
only at high frequencies.

Gathering all the requirements stated above, we can summarize that |.S(e?“)| could
be made small only over the smallest of the following frequency ranges:

1. The frequency range in which we have good knowledge of the plant.
2. The bandwidth of the plant is large.
3. The frequency range in which clean measurements are available.

We conclude this section by briefly presenting the so called water-bed effect. The
following restriction on the sensitivity function can be proved [20]:

1 ™ ) q
—/ In [S(e)ldw = 3 |pi] (7.108)
0

m X
i=1

where p;, ¢ > i > 1, refer to the unstable poles of G. At frequencies where |S| < 1,
the contribution to the integral is negative. If the integral has to be greater than or
equal to zero (will be equal to zero for stable G), it is clear that S has to become large
at some other frequencies. In other words, if we want a good performance at some
frequency wq (i-e., |S(wp)| < 1), we have no option but to accept a poor performance
at some other frequency wy, (i.e., |S(wr)| is large). This poor performance becomes
worse if the plant under consideration is open loop unstable.

7.7 Well Behaved Signals

The objective of a controller is to make a plant behave better, both from transient and
from steady state viewpoints. There are two ways of specifying this requirement. One
approach is to specify the closed loop transfer function and to look for a controller
that will help achieve this. The second approach is to specify the requirements on the
plant response to some reference signal, such as a step signal. In this section, we will
follow the second approach. It turns out that this objective may be met by placing
the poles of the transfer function in some locations. This approach is well known for
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Figure 7.28: Typical y(n) (left) and e(n) (right) profiles

continuous time systems [16]. In this section, we will be concerned with discrete time
systems.

Let us first look at the transient response to a unit step change in r. We would
want y to have:

1. Small rise time. This is an indication of how fast the system responds to a
stimulus. For oscillatory or underdamped systems, it is the time when the
response reaches the final value, at the first instance. For overdamped systems,
it is the time required for the response to go from 10% to 90% of the final value.

2. Small owvershoot. This is the amount by which the response exceeds the
final value. It is usually specified as a fraction and it is applicable only for
underdamped systems.

3. Small settling time. From this time onwards, the response comes within a small
band of the final value and stays within it. Some of the typical values of the
band are +5% and +2%.

If, instead, we specify the requirements in terms of the error e(n) between the reference
signal r(n) and the actual response y(n), the problem becomes easier to handle. A
plot of a step response y(n) and the error e(n) are shown in Fig. 7.28.

We first address the issue of using a suitable functional form for the error e(n).
The following expression

e(n) =p"coswn, 0<p<l1 (7.109)

is a suitable and a convenient form for error, as its initial error is one, it oscillates
about zero with decaying amplitude and its steady state value is zero. Translating
the requirements on the response y(n) in terms of the error, it is easy to see that the
error should meet the following requirements: it should have a small fall time, a small
undershoot and a large decay ratio.

The first step in designing the controller G, is to determine suitable p and w
values from the step response requirements. This will be the topic of discussion in
this section. In Chapter 9, we will explain a method to design the controller, given p
and w.

7.7.1 Small Rise Time in Response

We will first determine the values of p and w that satisfy the rise time requirement.
From Eq. 7.109, we see that when wn = 7/2, e(n) = 0 for the first time, the condition
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Figure 7.29: Desired location of poles for small fall time is shown shaded

for rise time. That is, this happens at the sampling instant given by

™

TL:E

Suppose that we want the rise time to be less than a specified value. If we divide this
specification in time units by the sampling time, we get it as the number of samples
in one rise time, which we will denote by the symbol N,.. It is clear that n should be
less than N,.. In other words,

T
— < N,
2w "
Rewriting this, we obtain the expression for small rise time in the response or small
fall time in error as

™

>
“~ 3N,

(7.110)

The desired region is shown shaded in Fig. 7.29. All points in this region satisfy the
condition given by Eq. 7.110. Note that there is no strict requirement that IV, should
be an integer.

7.7.2 Small Overshoot in Response

In this section, we will derive an expression for the maximum overshoot in y(n).
Because y is not a continuous function of n, we will not take the differentiation route.

Suppose that the maximum undershoot occurs approximately when wn = .
Substituting this in Eq. 7.109, we obtain

e(n)|wn=r = p" coswn|wn=r = —P" |lwn=r = _pﬂ'/w

This is the value of the first undershoot in e(n), which occurs at n = 7/w. This has
to be less than the user specified overshoot of . That is, p™/“ < e. Simplifying, we
obtain the condition for small overshoot in response or small undershoot in error as

p < el (7.111)

The values of p and w satisfying the above requirement for different values of ¢ are
listed in Table 7.3. The desired region is shown shaded in Fig. 7.30.
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Table 7.3: Values of p and w satisfying the small fall requirement

€ 15 30 45 60 75 90 105 120 135 150 165 180

0.05 0.78 0.61 047 037 028 022 017 014 0.11 0.08 0.06 0.05
0.1 0.83 0.68 056 046 038 032 026 022 018 015 012 0.1

Im(z)

Figure 7.30: Desired location of poles for small undershoot is shown shaded

Although we have referred to the expression given by Eq. 7.111 as approximate,
it turns out to be exact, as can be seen in examples of Chapter 9, starting from 9.3
on page 331. This is because p™ is a decaying function.

7.7.3 Large Decay Ratio

The time that it takes for a step response of a system to come within a specified band
is known as the settling time. One of the objectives of control design is to achieve a
small settling time. This will be achieved if the ratio of two successive peaks or troughs
in a step response is small. In control parlance, this ratio is known as the decay ratio.
In this section, we consider the ratio of a peak and the immediate trough; the reason
will become clear shortly.

Suppose that we make the approximation that the first undershoot in e(n) occurs
at wn = 7 and that the second overshoot occurs at wn = 27w. Then we would want
le(n)|wn=2x]/]€(n)|wn=x| to be small. In other words, we would want

pnlwn:2ﬂ'

pn|wn:7r

<46

where § = 0.5 and 0.25 roughly work out to one-quarter and one-eighth decay,
approximately. Simplifying, we obtain

p< 5w/7r

This is in the same form as the condition for small undershoot. Normally, as € < §,
the small undershoot condition is sufficient to take care of small decay as well.

We now summarize the procedure to select the desired area where the closed loop
poles should lie. Choose the angle of the pole location w, satisfying w > 7/2N,., as
given in Eq. 7.110. Here N, is the rise time in number of samples. This is indicated by
the shaded region in Fig. 7.29. Choose the distance of the pole location from the origin,
p, satisfying p = ¥/ as given in Eq. 7.111. Here, ¢ is the overshoot specified as the



288 7. Structures and Specifications

Figure 7.31: Desired location of poles is shown shaded. The poles in the shaded area
would result in small rise time, small overshoot, and small settling time.

fraction of the setpoint change. This is indicated by the shaded region in Fig. 7.30.
This is likely to satisfy the settling time requirement as well. The intersection of these
two shaded regions, as indicated in Fig. 7.31, satisfies all the three requirements stated
on page 285.

Using the above approach, we obtain the closed loop characteristic polynomial as

Ba(z~1) = (1= etz 1)(1 = pei271) = 1 — pa~L (eI 1 e~ 4 222
Using Euler’s formula, this can be simplified as
ba(z7h) =1—2pcosw 27 4 p?z2 (7.112)

How do we use this approach to design controllers? Given the procedure detailed
above, we can first find p and w and then obtain the expression for error to a step
input as e(n) = p™ coswn. It is possible to back-calculate the desired transfer function
between r and y to be in the form of 2714 (271) /¢y (271). Unfortunately, however,
there are a few difficulties in implementing this approach. First of all, there are some
restrictions imposed by the nonminimum phase zeros of the plant, to be discussed
in detail in Sec. 9.2. In the presence of nonminimum phase zeros of the plant, the
zeros introduced by v could cause undesirable overshoots, as discussed in Sec. 7.6.1.
Finally, we have made approximations to arrive at the desired region. In view of
these observations, we will use only the closed loop characteristic polynomial, ¢.;, to
design controllers. A methodology based on this procedure is explained in detail in
Chapter 9.

7.8 Solving Aryabhatta’s Identity?

In several control applications, there is a need to solve polynomial equations. A
standard software package for this purpose is available [28]. In this section, we present
the approach we have adopted to solve them. We begin with Euclid’s algorithm.

7.8.1 Euclid’s Algorithm for GCD of Two Polynomials

We will now present Euclid’s well known algorithm to compute the greatest common
divisor (GCD) of two polynomials. Let the two polynomials be denoted by D(z)

2This section may be skipped during a first reading.
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and N (z). Without loss of generality, let
dD > dN (7.113)

Recall from Footnote 3 on page 68 the notation to refer to the degree of polynomials.
Carry out the following steps. Divide D(z) by N(z) and call the reminder Rp(z).
Divide N(z) by Ri(z) and obtain Rs(z) as the reminder. Divide Ri(z) by Ra(z)
and obtain R3(z) as the reminder. As we continue this procedure, the degree of
the reminder keeps decreasing, eventually going to zero. We arrive at the following
relations:

D(z) = Q1(2)N(z) + Ru(z) (7.114a)
N(z) = Q2(2)R1(2) + Ra(2) (7.114b)
Ri(z) = Q3(2)Ra2(2) + Rs(2) (7.114c)
Rk_3(z) = Qk_l(Z)Rk_Q(Z) + Rk_l(z) (7.114(1)
Ri_2(z) = Qr(2)Re—1(2) + Ri(z) (7.114e)
Ri—1(2) = Qu41(2) Ri(2) (7.114f)

Note that in the last step, the reminder is taken as zero. We will show in two steps
that Ry(z) in Eq. 7.114f is the GCD of D(z) and N(z):

1. We first show that Ry divides both D and N. For this, we start from the bottom.

e The last equation shows that Ry (z) divides Ri_1(2).

e When this fact is applied to the second last equation, we see that Ry(z)
divides Ri_2(2).

e As it divides Rix—1(2) and Rg—_2(z), from the third last equation, we see
that Ry(z) divides Ri_3(z).

e Continuing upwards, we see that Ry (z) divides both D(z) and N(z).

2. Next we show that the Ry (z) computed above is the GCD. Suppose that there
exists another divisor of N(z) and D(z); call it S(z).

From the first equation, we see that S divides R, denoted as S|R;.

As it divides N and Ry, Sa|R2 — see the second equation.

Continuing downwards, we see that S|Ry.

As an arbitrary divisor S(z) of D(z) and N(z) divides it, Rg(z) is indeed
the GCD of D(z) and N(z).

The GCD is unique up to a constant. If we demand that it be chosen monic, i.e., the
coefficient of the constant term is one, then the GCD becomes unique.

Now, we will state an important result. If R(z) is the GCD of D(z) and N(z), it
is possible to find polynomials X (z) and Y (z) such that

X(2)D(z)+Y(2)N(z) = R(2) (7.115)
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If dD(z) and dN(z) > 0, we can take it that
dX(z) <dN(z) (7.116)
dY (z) < dD(2) (7.117)

We will prove this claim now. It is given that R(z) is the same as R (z) of Eq. 7.114f.
From Eq. 7.114e, we obtain

R(z) = Re—2(2) — QuRr—1(2)

Substituting for Ry_1(z) in terms of Rx_2(z) and Ry_3(z) using Eq. 7.114d, we arrive
at

R(z) = (1 — QrQr—1)Rr—2(2) — Qr(z)Rr—3(2)

Continuing this procedure upwards, we arrive at Eq. 7.115. The degree condition can
be proved easily, as shown in Sec. 7.8.2.

Two polynomials are said to be coprime if they do not have a polynomial of degree
one or higher as a common factor. From the above result, it is easy to see that if the
polynomials D(z) and N(z) are coprime, there exist polynomials X (z) and Y (z) that
satisfy

X(z)D(z)+Y(z2)N(z) =1 (7.118)
7.8.2 Aryabhatta’s Identity
In many control problems, we will be interested in solving the polynomial equation
X(z)D(z)+Y(2)N(z) = C(2) (7.119)

for X and Y, with D, N and C specified. This equation is variously known as the
Bezout identity, Diophantine equation [24] and Aryabhatta’s identity [59]. In this book,
we will refer to it as Aryabhatta’s identity. In this section, we will first present the
condition under which there is a solution to Eq. 7.119. Aryabhatta’s identity, given
by Eq. 7.119, has a solution if and only if the GCD of D(z) and N(z) divides C(z).
We will first prove the only if part. Let the GCD of D(z) and N(z) be R(z) and

Substituting the above in Eq. 7.119, we obtain
X (2)Do(2)R(2) + Y (2)No(2)R(z) = C(2)
or

(XDo+YNg)R=C

Thus, we see that R|C.
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Next, we will show the if part. Let the GCD of D(z) and N(z) be R(z) and that
R|C; that is, Co(2)R(z) = C(z). Multiplying Eq. 7.115 by Cy(z), we obtain

Co(2)X(2)D(2) 4+ Co(2)Y (2)N(2) = Co(2)R(z) = C(2)

Comparing with Eq. 7.119, we see that Cy(2) X (2), Co(2)Y (2) is the required solution.

There are infinitely many solutions to Aryabhatta’s identity, given by Eq. 7.119.
But we can obtain a unique solution under special conditions, as we see now. Suppose
that D and N are coprime with respective degrees dD > 0 and dN > 0. If the degree
of C' satisfies

0<dC <dD+dN (7.120)
Eq. 7.119 has a unique least degree solution given by

dX(z) <dN(z)
dY(z) < dD(z) (7.121)

Note that this implies that dX is at least one less than the degree of the known
quantity, in this case N, in the other term, in this case Y N. The second inequality
in Eq. 7.121 may also be interpreted in a similar way. We will refer to this as the
degree condition of unique minimum degree solution. Suppose that, as per Eq. 7.118,
we determine polynomials a(z) and b(z) satisfying

a(z)D(z) + b(z)N(z) =1 (7.122)

We multiply throughout by C(z). If we substitute X (z) and Y'(z), respectively for
a(z)C(z) and b(2)C(z), we arrive at Eq. 7.119. We will now show the degree condition.
Suppose that we solve for X and Y satisfying Eq. 7.119 with dX > dN. We divide
X by N to obtain

X(z) =Q(2)N(2)+ R(z), dR(z) <dN (7.123)

where @ is the quotient and R is the remainder. Substituting in Eq. 7.119 and dropping
the dependence on z, we obtain

(QN+RD+YN=C
We rearrange the terms to arrive at

RD+(Q+Y)N=C
We see that d(Q +Y) < dD, because dC < dN + dD.

7.8.3 Algorithm to Solve Aryabhatta’s Identity

In this section, we will present an outline of the approach we have taken to solve
Aryabhatta’s identity, Eq. 7.119. We will illustrate our approach with the following
specific example:

X1 =621 442"D)+Y () (e 42 ) =1-2"140522 (7.124)
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Eq. 7.119 is equivalent to solving

[(X(2) Y(2)] [ﬁgﬂ =C(z) (7.125)

We solve this equation by comparing the coefficients of powers of z~1. Let
V(z)=[X(z) Y(2)] (7.126)
F(z) = []138] (7.127)

Let V(z) be of the form
V() =Vo+Viz b+ 4 V27" (7.128)

where v is the order of the polynomial V, an unknown at this point. We need to
determine v, as well as the coefficients Vi, v > k > 0. Let F' and C be of the form

F(z)=Fy+ Fiz7 '+ + Fapz™F (7.129)
C(z)=Co+Crz7 4+ Cycz™9¢ (7.130)
Thus, Eq. 7.125 becomes

Vo+ Vit + Vo |[Fo+ Fy + - + Fapz™ ']

7.131
= Oo+012_1 + "'—I—Cdcz_dc ( )

The resulting equations, in powers of 27!, can be arranged in the following matrix
form:

Fpb F, - Fqgp 0 - 0
0 Fy F, - Fip -~ 0

Vo o W) : (7.132)
o -~ 0 F F - Fyr
:[00 c, - Cdc}

For example, multiplying these out, the first two equations are obtained as

VoFo = Co
Wi +Viky = Cy

which agree with Eq. 7.131. The matrix consisting of the elements of F}, has v rows, to
be consistent with the matrix of elements of V;. Thus, solving Aryabhatta’s identity
boils down to determining v and the elements V;, v > [ > 0. We write Eq. 7.132 as

VF =€ (7.133)

where the new symbols are defined in an obvious way. If % is right invertible, we can
find the solution to Eq. 7.133 as

Y =¢F " (7.134)
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For the inverse .# ~! to exist, the rows of .# have to be linearly independent. We
choose v to be the largest possible integer, satisfying this requirement. Once 7 is
known, V(z) and then X (z), Y (z) can be determined. We outline this approach with
an example.

Example 7.12 Explain the steps involved in solving Aryabhatta's identity,
Eq. 7.124.
Comparing Eq. 7.124 with Eq. 7.119, we obtain

D(z)=1—-5z"1 44272

N()— 214 52 (7.135)

and hence, using Eq. 7.127,
C[1=5zt 4427 1 =5 1, [4] -
F(Z)—[ 214 2 ]—[0]4-[1}2 + 1117 (7.136)

which is of the form Fy+ Fyz~ !+ F, 272, First we explore the possibility of v = 1.
We obtain

(7.137)

F=[F P FQ]:[(l) _15 ﬂ

Although the rows of .# are linearly independent, v is not the largest integer. In
view of this, we explore v = 2. We obtain

z_[Ph A B 0}:

0 v I F

oS oo

As these rows are independent, we observe that v is still not the maximum. We
explore the possibility of v = 3 and verify once again. We obtain

1 -5 0 O

BoE B oo o] (0 L0
F=|0 F, F, F, 0] = (7.138)

0o 0 R R R |©9 1 10

o Tt 0 0 1 -5 4

0 O 0 1 1

These rows are no longer independent. As a matter of fact, we can verify

bF =0 (7.139)

where b can be chosen as

b=1[0 025 —025 —-1.25 —0.25 1] (7.140)
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We can also see that while all the rows of % in Eq. 7.138 form a dependent set,
the first five rows are independent. Thus, Eq. 7.134 becomes

—1

1 -5 0 0
01 1 0 0

¥=[1 -1 05 0 0|0 1 -5 4 0
00 1 1 0

0 0 1 -5 4

From the above, we see that ¥ is a 1 x 5 vector. To account for the row removed
from %, we add a zero to ¥'. We obtain

¥ =[1 325/0.75 —3[0 0]

where we have separated coefficients of powers of =1 with vertical lines. That is,
we have Vj = [1 3.25} and V; = [0.75 —3}. Using Eq. 7.128 and Eq. 7.126,
we obtain

X(z)=1+0.752""

7.141
Y(z) =3.25—32"" ( )

These form the solution to Aryabhatta's identity, given in Eq. 7.124, which can
be verified by substitution. M 7.8 shows how to solve this problem using Matlab.
This code calculates a few other variables as well, which will be explained next.

Eq. 7.139 is equivalent to
E(z)F(z)=0 (7.142)

which can be written as

[~B(z) A(2)] [D (2)} —0 (7.143)

A7 (2)B(2) = N(2)D7(2) (7.144)
Comparing Eq. 7.139, Eq. 7.140, Eq. 7.142 and Eq. 7.124, we obtain

B(z) =0.25271 +0.25272

7.145
A(z) =0.25271 —1.2527 1 + 272 ( )

It is easy to verify that the values of A, B given above and N(z), D(z) given in
Eq. 7.135 satisfy Eq. 7.144. Of course, when N and D are scalars, it is trivial to
obtain A and B. The proposed approach works also when N and D are matrices. The
algorithm given above can be used solve a matrix version of Aryabhatta’s identity as
well, which we will encounter in Chapter 13.
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The way we have chosen b in Eq. 7.140 ensures that the coefficients of highest
powers of A form a nonsingular matrix, which ensures that A is invertible. Construc-
tion of the maximal independent row set out of .% involves a little more book-keeping.
These topics are beyond the scope of this book. The interested reader is referred to
[24], [9], [8] and [39]. The reader can also go through the Matlab code available with
this book for solving polynomial equations.

Recall that there is a unique least degree solution to Aryabhatta’s identity when
Eq. 7.120 is satisfied. In case this condition is violated, there is no longer a unique
solution. Nevertheless, depending on the implementation, it may be possible to find
some solution. We have seen an occurrence of this situation in Example 9.9 on
page 341.

The solver for Aryabhatta’s identity is available at HOME/matlab/xdync.m, see
Footnote 3 on the following page. In this implementation, we have used Kwakernaak’s
[27] convention of writing the coefficient matrices in ascending powers of z~1. This
convention is nothing but storing a polynomial matrix, given in Eq. 7.136, with its
constant matrix equivalent of Eq. 7.137. We conclude this section with two matrix
versions of examples.

Example 7.13 Starting with a left factorization N and D given below, find a
right coprime factorization satisfying Eq. 7.144.

1 0 0 1 0 0
N(z)=|(0 1 0|, D(z)= 271 1 0 (7.146)
0 0 1 271 2711

M 7.9 carries out the indicated operations. Notice that there are only four input
arguments to the function-call 1eft_prm: the polynomial and the degree, for both
D and N. With the help of this code, we obtain left coprime factorization B and
A satisfying Eq. 7.144:

Example 7.14 Solve Aryabhatta’s identity, Eq. 7.119, when

. [0 4+ 271 . 27l 47l 4 2
N = -1 3—|—3z_1] , D= [—z_l 0

. (14 271 271 ]
¢= 0 2—|—z_1_

This is solved by invoking M 7.10. We obtain the following result:

Y =

(2 —1-0.5271] x| 15 1
0.5 —0.125z7" |’ ~10.375 0.5
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7.9 Matlab Code

Matlab Code 7.1 Procedure to draw root locus in Matlab for the problem discussed
in Example 7.1 on page 247. This code is available at
HOME/specs/matlab/rlocus_ex1.m?

H=tf(1,[1 -1 0],—1);
rlocus (H)

Matlab Code 7.2 Procedure to draw the Nyquist plot, as discussed in Example 7.2
on page 250. This code is available at HOME/specs/matlab/nyquist_exl.m

H= tf(1,[1 -1 0],—-1);

nyquist (H)

Matlab Code 7.3 Procedure to draw Bode plots in Fig. 7.11 on page 255. This code
is available at HOME/freq/matlab/lead exp.m

poll = [1 —0.9]; pol2 = [1 —0.8];
Gl = tf(poll,[1 0],—1);

G2 = tf(pol2,[1 0],—1);

w = linspace(0.001,pi,1000);
bode(Gl, =’ ,G2, — ' .w), grid
figure

G = tf(poll ,pol2,—1);

bode (G,w) , grid

Matlab Code 7.4 A procedure to design lead controllers, as explained in Fig. 7.12
on page 257. This code is available at HOME/freq/matlab/lead lag.m

w = linspace(0.001,pi,1000);
a = linspace(0.001,0.999,100);
lena = length (a);

omega = []; lead = [];
for i = 1:lena,

zero = a(i);

pole = 0.9xzero;

sys = tf([1 —zero],[1 —pole] 1);
[mag, phase] = bode(sys ,w);
)7
)

[v,J] = max(phase

omega = [omega w(j)];

lead = [lead y];

comega = (poletzero)/(polexzero+1);
clead = zero—pole;

cleadl = sqrt((1—zero"2)x(1—pole”"2));
clead = clead/cleadl;

% [w(j) acos(comega) y atan (clead ) *180/ pi ]

SHOME stands for http://www.moudgalya.org/dc/ — first see the software installation directions,
given in Appendix A.2.
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end

subplot (2,1,1), plot(lead ,omega)

ylabel ( ’Frequency ,.in.radians’), grid
pause

subplot(2,1,2), plot(lead , a)

ylabel (’Zero_location’)

xlabel ( 'Lead_generated ,.in._degrees’), grid

Matlab Code 7.5 Bode plot of a lead controller, as shown in Fig. 7.13 on page 257.
This code is available at HOME/freq/matlab/lead vfy.m

w = linspace(0.001,pi,1000);
G=tf([1 —0.8],[1 —0.24],-1);
bode (G,w), grid

Matlab Code 7.6 Verification of performance of lead controller on antenna system,
as discussed in Example 7.3. This code is available at HOME/specs/matlab/ant_lead.m

% continuous time antenna model
a=0.1;

F=1[0 10 —a]; g = [0; a];
Ga = ss(F,g,c,d); [num,den]
Ts = 0.2;

G = c2d(Ga,Ts);

C

)

= [1 0]; d = 0;
tfdata (Ga, 'v’)

% lead controller
beta = 0.8;
N = [1 —-0.9802]%(1—beta)/(1-0.9802); Rc = [1 —beta];

dl

% simulation parameters using g-s m
L

gamma = 1; Sc = 1; Te=1; C= 0; D
st = 1; stl = 0;
t_init = 0; t_final = 20;

12 .

Matlab Code 7.7 Illustration of system type, as explained in Example 7.10 on
page 275. This code is available at HOME/specs/matlab/type_test.m

% Plant
B=1; A=[1 —-1]; zk = [0 1]; Ts = 1;

% Specify closed loop characteristic polynomial

phi = [1 —0.5];

% Design the controller

reject _ramps = 1;
if reject_ramps 1,

Delta = [1 —1], % to reject ramps another Delta
else

Delta = 1; % steps can be rejected by plant itself
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end
[Re,Sc] = pp-pid(B,A,k,phi,Delta);

% parameters for simulation wusing stb_disc .mdl
Tc = Sc; gamma = 1; N = 1;

C=20; D= 1; N_var = 0;

st = 1; t_init = 0; t_final = 20;

open_system (’stb_disc .mdl’)

Matlab Code 7.8 Solution to Aryabhatta’s identity, presented in Example 7.12 on
page 293. This code is available at HOME/specs/matlab/abex.m

N = conv([0 1],[1 1]);

D = conv([1 —4],[1 —-1]);

dN = 2; dD = 2;

C=[1-10.5];

dC = 2;

[Y,dY,X,dX,B,dB,A,dA] = xdync(N,dN,D,dD,C,dC)

Matlab Code 7.9 Left coprime factorization, as discussed in Example 7.13 on
page 295. This code is available at HOME/specs/matlab/data0l.m

D= |
100000
010100
00111 0]
N =]

100

010

00 1]
dD = 1
dN = 0
[B,dB,A,dA] = left_prm (N,dN,D,dD)

Matlab Code 7.10 Solution to polynomial equation, as discussed in Example 7.14
on page 295. This code is available at HOME/specs/matlab/data05.m

N=1[0 401

-1 80 3]
dN = 1
D=[00 1401
00-100 0]
dD = 2
C=1[1011
020 1]
ac = 1

[Y,dY,X,dX,B,dB,A,dA] = xdync(N,dN,D,dD,C,dC)
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7.10 Problems

7.1.

7.2.

7.3.

7.4.

If the system of Example 7.1 on page 247 is operated in a closed loop, with a
proportional controller of gain of K, what will be the frequency of oscillation
for impulse and step inputs?

In Example 7.2 on page 250, we designed a proportional controller for the plant
H = 1/[z(z — 1)] using a particular contour Cy that encircled both the poles.
In this problem you indent the contour in such a way that the pole at 1 is
excluded, as in Fig. 7.32. Using the Nyquist plot for this C7, determine the

Im(z)
'

Re(z)

Figure 7.32: An alternative contour C

range of proportional controller for which the closed loop system is stable.

Is it acceptable to cancel the factor z — a when the following system is
Z-transformed?

x(k+1) —azx(k) =ulk + 1) — au(k)
y(k) = (k)

[Hint: Show that the solution to this system is given by y(k) = a*z(0) + u(k).]

This problem is concerned with the demonstration that internal stability of the
closed loop system shown below can be expressed in terms of a few conditions
on the sensitivity function (to be described below).

(a) Write down the 2 x 2 transfer function between [r d] T (treated as input)

and [e u]T (treated as output) in the following figure. [Hint: See Eq. 7.50
on page 267 in the text.]

+
o+ e u 1
3 G, .<£ . Ie Y o

+

(b) State the internal stability condition, in terms of the stability of the entries
of the 2 x 2 transfer function matrix, obtained in part (a).



300

7.5.

7.6.

7. Structures and Specifications

(c¢) State the internal stability condition in terms of the unstable pole-zero
cancellation and external stability of the closed loop system.

(d) Let the sensitivity function S be defined as

1

S:1+GGC

Show that the unstable poles of G will not be cancelled by the zeros of G,
if S(p;) =0, n > 1> 1, where p; are the unstable poles of G.

(e) Show that the nonminimum phase zeros of G(z) will not be cancelled by
the unstable poles of G., if S(z;) = 1, m > j > 1, where z; are the
nonminimum phase zeros of G.

(f) State the internal stability condition in terms of conditions on S, derived
in (d) and (e), and stability of S.

By the way, (f) is known as the interpolation condition on the sensitivity
function, the use of which allows controllers to be designed [15].

Consider a closed loop system that includes a controller so that the error to a
unit step change in the reference signal behaves as in Eq. 7.109 on page 285.
Show that if the steady state error of this system to a ramp of unit slope has to
be less than a small value, say u, the following relation should be satisfied:

1—pcosw

T.

s < 7.147
1 —2pcosw + p? . ( )

Find the minimum degree polynomials z and y in the following equation:
D +yN=C
where

D=1-—2z14222
N=1+4z"14272
C=2+42:"1-32"244,73

by the following two methods:

(a) Using the routine xdync.m.

(b) Multiplying the polynomials, comparing the coefficients and solving the
resulting system of equations by a linear solver — you can use the one
available in Matlab, if you wish.



Chapter 8

Proportional, Integral,
Derivative Controllers

Proportional, integral and derivative controllers are the most popular in industrial
practice. In Sec. 7.3.2, we looked at the effect of using each of the three modes present
in these controllers. But we did not discuss how much of each of these modes should
be present in the implementation. This is decided by the tuning rule of the PID
controllers. There are many rules to tune the PID controllers. All the tuning rules,
however, are based on continuous time analysis. In view of this, to understand this
chapter, a background on analog control is required.

Because all the PID tuning rules are in the continuous time domain and because
this is the most popular controller, the PID implementations are achieved by
discretizing the analog counterpart. In view of this, we revisit the topic of sampling
rate selection. In Sec. 2.5, we presented the procedure to arrive at the ZOH equivalent
discrete time system. In this chapter, we present a few other discretization techniques.

We present different ways of implementing the PID controllers. We also present
discretized versions of the PID controllers. We eschew the topic of tuning the
continuous time PID controllers and present only one popular technique of tuning
them.

8.1 Sampling Revisited

In Sec. 5.3, we determined the minimum rate at which continuous time functions have
to be sampled so as to not lose any information. The minimum rate should be greater
than twice the highest frequency component present in the continuous time signal.
Unfortunately, this sampling rate is not useful in real time applications, because the
reconstruction procedure is not causal.

In reality, we need to sample much faster than the minimum rate suggested by
the sampling theorem. In Sec. 5.3.3, we have seen that the reconstruction procedure
using ZOH gets better if we increase the sampling rate. Unfortunately, however, we
don’t know the sampling rate that should be used. As a matter of fact, there is no
rigorous answer to this question.

If we use a small sampling rate, we may lose some crucial information. If we use
a large sampling rate, we will end up increasing the computational load. Based on

Digital Control ~ Kannan M. Moudgalya
© 2007 John Wiley & Sons, Ltd. ISBN: 978-0-470-03143-8
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the experience, many different ad hoc rules have been proposed for sampling rate
selection. We list them now:

e Use ten times the rate suggested by Shannon’s sampling theorem.

e Make sure that there are four to ten samples per rise time of the closed loop
system.

e Make sure that there are 15 to 45 samples per period of the oscillating closed
loop system.

e Sampling frequency should be 10 to 30 times the bandwidth.

e Choose w.Ts to be 0.15 to 0.5, where w, is the crossover frequency and Ty is the
sampling time.

e Choose the sampling time in such a manner that the decrease in phase margin
of the discretized system is not more than 5° to 15° degrees of the margin in
the continuous time system.

Whatever sampling rate is used, it has to be validated through simulations. The
efficacy of the discrete time controller with ZOH should be tested on the continuous
time model of the plant. Note that validation of the controller on the discrete time
model of the plant is not sufficient in sampled data systems.

8.2 Discretization Techniques

We presented the method of ZOH equivalent discretization in Sec. 2.5.2. This approach
gives discrete time models that are exact at sampling instants. We also presented a
simple approximation technique in Sec. 2.5.3. These methods gave rise to discrete
time state space models. There are also methods for converting the continuous time
transfer functions into discrete time equivalents. We present some of these techniques
in this section. This section assumes prior knowledge of Laplace transforms. These
approximation methods can be classified into three broad categories: area based
approximation, equivalence in response to inputs, such as step and ramp, and pole—
zero mapping. We restrict ourselves to area based approximation and step response
equivalent techniques.

8.2.1 Area Based Approximation

Recall that we derived the transfer function of the discrete time integrator in Eq. 7.39
on page 261. As the output y is the integral of the input u, and as 1/s is the transfer
function in the Laplace domain, we obtain the following correspondence between the
Laplace domain variable s and the Z-domain variable z:

1 T.z4+1 Ts1+271
o I8 —
S

=3 8.1
2 2—1 21—271 (8.1)
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This result says that one way to discretize a continuous transfer function is to replace
all occurrences of 1/s by the right-hand side of Eq. 8.1. In Sec. 7.3.2, we explained
why we need to consider other mapping approaches. Using the backward difference
approximation of Eq. 7.43 on page 262, we obtain

1 T

SR/ S L (8.2)

s fo—1 1-—z1

Using the forward difference approximation of Eq. 7.45 on page 262, we obtain

-1
l(_) T, T z

s z—1 fl—z—1 (8.3)

8.2.2 Step Response Equivalence Approximation

We will now present a four step method to determine the ZOH equivalent Z-transform
transfer function of a Laplace domain transfer function of a continuous system:

1. Determine the step response of the continuous transfer function y;(t).

2. Discretize the step response to arrive at ys(n7s).

3. Z-transform the step response to obtain Y;(z).

4. Divide the function obtained in the above step by the Z-transform of a step
input, namely z/(z — 1).

To summarize, if G(s) is the continuous domain transfer function of a system, its
discrete time transfer function G(z) is given by
-1 G
G =2""7 [L“l—(s)} (8.4)

z S
We will now present a few examples to illustrate this idea.

Example 8.1 Find the ZOH equivalent of 1/s.
The step response of 1/s is given by 1/s2. In the time domain, it is given by

1
— r-1 —
Sampling it with a period of T, ys(nTs) = nTs. Taking Z-transforms and using
Problem 4.9,

Tz
Ys(2) = ——3

(2) EEE
Dividing by z/(z—1), we obtain the ZOH equivalent discrete time transfer function
G(z) as

T, 271
= TS
z—1 1—21

G(z) =

When written as a function of 27!, the presence of delay in the transfer function
becomes clear. This fact has been used to arrive at the realizability condition in
Sec. 7.4.3. I
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Example 8.2 Find the ZOH equivalent of 1/s2.

The step response of 1/s? is given by 1/s. In the time domain, it is given by

11
s(t) =L = =217
ys(t) il

Sampling it with a period of T§,

1
ys(nTy) = 5”2T52

It is easy to check (see Problem 4.9) that

T?z(z+1
Yalz) = 28(2(_J1r)3)

Dividing by z/(z — 1), we obtain

CT2(z+1) T2(A+4z7t)z!
CE =50 T2 a—yp

This example also shows that there is a delay that is introduced due to sampling.

Example 8.3 Find the ZOH equivalent of K/(7s + 1).

1 K 1 1
YS = — :K —_ —
() sTs+1 [s s—l—%}

Inverting this,
ys(t) = K {1 —e_t/T} , t>0
Sampling this, we obtain
ys(n) = K 1 e_"TS/T} 1(n) =K [1(71) — e /71 (n)

The Z-transform of 1(n) is z/(z — 1). Using Example 4.5 on page 71, we obtain

Yi(z) = K

(z = 1)(z — e Ts/7)

[ 2 z ] Kz(1 —e T:/7)

z—1 z—eTs/7

Dividing by z/(z — 1), we obtain

K(1—e Ts/m)
z—e Ts/T

G(z) =
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Matlab can be used to find the ZOH equivalent transfer functions. We illustrate
this with an example.

Example 8.4 Find the ZOH equivalent transfer function of 10/(5s+1) obtained
with sampling period Ts = 0.5 s.
Using M 8.1, we see that

0.9546  10(1 — e 01

G = =
(2) = 50048 Z—¢01

which is in agreement with the above example.

Example 8.5 Calculate the step response discrete time equivalent of the
Laplace domain transfer function

G(s) = (8.5)

where 0 < D < T and T is the sampling time.
We cannot work with the above form directly because

1 1
e S:—:
ePs 14 Ds+ Ds?+---

will contribute to an infinite number of poles, making the problem difficult. In view
of this, we first write G(s) = e~ T=5G(s), where
o ( ) e(TS—D)s
§) = ———
! T7s+1
We apply a continuous unit step input to G1(s) and write down the partial fraction
expansion of the resulting output, call it Y1(s), to arrive at

(T:=P)s1 A B
e

Y = = —

1(s) 7s+1 s S+7'S+1

Multiplying by s and letting s = 0, we obtain A = 1. Multiplying by 7s + 1 and
letting s = —1/7, we obtain

(Ts—D)s
=% = —re
S s=—1/71

—(Ts=D)/~

Thus we arrive at the partial fraction expansion for Y7 (s) as

| e-(T-D)/r
Y e —
1(5) s s+1/7
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Inverting this, we obtain
i (t) = (1 - e_(TS_D)/Te_t/T) 1(t)
where 1(t) is the continuous time unit step function. Discretizing it, we obtain
y1(nT) = (1 - e_(TS_D)/Te_"TS/T) 1(n)

Z-transforming it, we obtain

Z — — T
Yi(e) = S e DT

2[1 = e~ (T=D)/7] 4 [e=(TmD)/7 _ =Tu/7]
(Z — 1)(z — e—Ts/‘r)

z

=z

As this is the response due to a unit step function, we divide by z/(z — 1) to arrive
at the transfer function

_ ,—(Ts—D)/T —(Ts—D)/7 _ ,—Ts/T
Gl(z):z[l e }—i—[e e }

z—e Ts/7

To account for the e~ 7% that we pulled out, we need to multiply G1(z) by 27!
to obtain
G | — ~(T=D)/r] 4 [o~(Te=D)/r _ =Tu/7
Gy = Q@) _zllze J+[e ] (8.6)

z 2(z — e Te/T)

In the above example, we had assumed D to be less than T. For a general D, i.e.,
D = kT, + D', where k is an integer, k > 0, the discrete time equivalent of Eq. 8.5 is

5 [1 _ e—(TS—D’)/T:| i |:e—(TS—D’)/T _ e—TS/T}

21 (z — e~ Te/7)

G(z) = (8.7)

We will next solve the problem discussed in Example 8.5 through state space
techniques.

Example 8.6 Using the state space approach, discretize the following transfer
function

G(s) =

where 0 < D < T and Ty is the sampling time.

Ts+1

It is easy to check that the following state space equations result:

i(t) = —%x(t) + %u(t _ D)
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The discrete time equivalent of the state equation has been obtained in Exam-
ple 2.5. In particular, we arrive at

xz(n+ 1) = Az(n) + Bu(n)
y(n) = Ca(n) + Du(n)

with

_(I) Bl _BO _ —
A_[O o}’ B—[l}, C=1[1 0], D=0

Taking the Z-transform, we obtain the transfer function as

G(z) = ]j?jj q]f)l

Substituting the values of ®, By and B; from Eq. 2.54 on page 28, we once again
obtain Eq. 8.7. Thus both the transfer function and state space approaches give

rise to identical results.
|

We have seen several approximations to continuous time transfer functions: step
response or ZOH equivalent, trapezoidal or Tustin or bilinear equivalent, forward
difference approximation and backward difference approximation. There are several
other ways to approximate the continuous time transfer functions, the popular ones
being tmpulse response approximation and ramp response approximation, with the
former being popular in DSP. There is no theory that categorically states the preferred
order of these approximations. In control applications, the ZOH or step response and
Tustin approximations are most preferred, although backward and forward difference
approximations are also used to approximate continuous time transfer functions.

In this section, we discretized several continuous time transfer functions. The
inverse problem of determining the continuous time transfer functions from discrete
time transfer functions is a more difficult one. Only under special conditions is it
possible to obtain a unique solution to this problem. Problem 8.3 presents one such
instance. This inverse problem is beyond the scope of this book and hence will not be
considered further.

8.3 Discretization of PID Controllers

As mentioned earlier, PID controllers are the most popular form of controllers used in
industry. These controllers have proportional, integral and derivative modes. Arriving
at the extent of presence of these modes by trial and error is known as tuning. Most
tuning techniques for PID controllers are in the continuous time domain. In this
section, we discuss a few tuning methods and structures of PID controllers, and some
implementation issues.
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8.3.1 Basic Design

Let the input to the controller be e(t) and the output from it be w(¢). The PID
controller in continuous time is given by

u(t) = K {e(t) + 1L /Ot c(t)dt + Tdde—(“] (8.8)

T dt

where K is the gain, 7; is the integral time and 74 is the derivative time or lead time.
On taking Laplace transforms, we obtain the continuous controller to be

u(t) = K <1 + L Tds) e(t) (8.9)

3

where we have used the mixed notation, as in the discrete time control. The above
equation can be written as

u(t) = 7y e (8.10)

where

So(s) = Tis + 1 4 137452
c( ) 4 ild (811)
R.(s) = 7;s
From the above equation, we arrive at the important property of controllers with
integral modes:

Rc(0)=0 (8.12)

In the above equations, the derivative mode is difficult to implement. It is made
implementable by converting into a lead term. The modified PID control law is given
by

1 TdS
u(t) =K <1 + p_ + T TdS/N) e(t) (8.13)
where N is a large number, of the order of 100. It is easy to see that at low frequencies,
the last term behaves like a derivative, becoming equal to N at large frequencies.
For all practical purposes, the number of tuning parameters goes up to four with the
introduction of N. It is important to note that if this controller is written in fractional
form S./R., as above, Eq. 8.12 will still be satisfied. It is easy to verify that Eq. 8.13
reduces to Eq. 8.9 in the limiting case of N — oo. This PID control law is said to be
in filtered form.

8.3.2 Ziegler—Nichols Method of Tuning

There are a large number of methods of tuning a PID controller. The most popular
ones amongst them are the reaction curve method and instability method. Both are
referred to as the Ziegler—Nichols tuning method.
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Figure 8.1: Reaction curve method of Ziegler—Nichols tuning

Table 8.1: Ziegler—Nichols settings using reaction curve method

K Ti Td

P 1/RL
PI  09/RL 3L
PID 1.2/RL 2L 05L

Table 8.2: Ziegler—Nichols settings using instability method

K Ti Td

P 05K,
PI 045K, P./12
PID 06K, P,/2 P.,/8

We will first present the reaction curve method. Give a unit step input to a stable
system (see Fig. 8.1) and obtain the time lag after which the system starts responding
(L), the steady state gain (K') and the time the output takes to reach the steady state,
after it starts responding (7). This method is known as the transient response method
or reaction curve method.

We will now summarize the instability Ziegler—Nichols tuning method. Put the
system in a feedback loop with a proportional controller, whose gain is increased until
the closed loop system becomes unstable. At the verge of instability, note down the
gain of the controller (K, ) and the period of oscillation (P, ). Then the PID settings
are as given in Table 8.2. This is known as the instability method of Ziegler—Nichols.

These tuning methods are based on the specifications imposed on model transfer
functions. The reader may refer to [45, p. 683] for more details.

Ziegler—Nichols methods are the most popular tuning methods. Although there
are several other conventional methods of tuning the PID controllers, we will not
devote any more time to this topic. Nevertheless, several tuning methods that have
their origin in the discrete time domain will be presented throughout this book.

8.3.3 2-DOF Controller with Integral Action at Steady State

We have seen the advantages of the 2-DOF control structure in Sec. 7.1.3. In view of
this, PID controllers are often implemented in the 2-DOF framework. There are many
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T. B _
. “=3

[}

Se
R.

Figure 8.2: A 2-DOF feedback control structure. B includes time delay.

different 2-DOF implementations of PID controllers, some of which will be presented
in this chapter. A necessary condition that these implementations have to satisfy is
derived in this section. The presentation is general in the sense that this development
is applicable to any controller with an integral action.

Consider the 2-DOF control structure presented in Fig. 8.2. The controller transfer
functions S./R. and T./R. are assumed to have the integral mode. Because this
structure is applicable to both continuous time and discrete time systems, the
dependence on s or z is omitted. The term B in this figure includes time delay.
The control law implemented in Fig. 8.2 is

_de,_2e 8.14
““RTRY (8.14)

It is easy to arrive at the following relation between r and y:

_T.__B/A_ BT
YT R.1+ BS./JAR. ~ AR. + BS.

The error between the reference signal and the actual value is given by

X BT.
= 7r — = _—_—— T
€ 4 AR. + BS.

Simplifying, we arrive at

_ AR.+ BS. — BT.
~ AR.+ BS.
We will now use this expression to arrive at a necessary condition that the 2-DOF

controllers have to satisfy at steady state. We restrict our attention to step inputs in
the reference signal, .

(8.15)

Continuous time systems: The continuous time form of the error expression in

Eq. 8.15 is given by

A(s)Re(s) + B(s)Sc(s) — B(s)Te(s)
A(s)Re(s) + B(s)Sc(s)

E(s) = R(s) (8.16)

where E(s) and R(s) are, respectively, the Laplace transforms of e(t) and r(¢). Using

the final value theorem for continuous time systems, we obtain

lim e(t) = lim sE(s) (8.17)

t—o0 s—0
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Substituting the expression for E(s) from Eq. 8.16, the above equation becomes

lim e(t) = lim SAB)Re(s) + B(s)Sc(s) — B(s)Te(s) 1
tee 50 A(s)Re(s) + B(5)Se(s) 5

where we have made use of the fact that R(s) is the transfer function of unit step.
Because the controller has an integral action, R.(0) = 0, as in Eq. 8.12. Using this,
the above equation reduces to

_ Sc(s) B Tc(s) _ SC(O) - Tc(O)
e(o0) = —Sm) T o0 (8.18)

The above condition can be satisfied if one of the following conditions is met:

T. =S5,
T. = 5.(0) (8.19)
Te(0) = Sc(0)
We have assumed that S.(0) is nonzero while arriving at the above conditions. We will

make use of these to arrive at 2-DOF continuous time PID controllers in subsequent
sections.

Discrete time systems: The discrete time form of the error expression in Eq. 8.15
is given by
A(2)Re(2) + B(2)Se(2) — B(2)Te(2)

E(2) = ARG+ BLSe) ) (8.20)

where E(z) and R(z) are, respectively, the Z-transforms of e(n) and r(n). Using the
final value theorem for discrete time systems, we obtain

lim e(n) = lim - 1E(z) (8.21)

n— oo z—1 z

Substituting the expression for F(z) from Eq. 8.20, the above equation becomes

lim e(n) = lim 2 —1A(z)R.(2) + B(2)Sc(2) — B(2)Tc(2) =

where we have made use of the fact that R(z) is the transfer function of unit step.
Because the controller has an integral action, R.(1) = 0. Using this, the above
equation reduces to
Se(z) = Te(z) Se(1) —Te(1)
= o = 8.22
e(o0) N . 5.0 (8.22)

The above condition can be satisfied if one of the following conditions is met:

S.=1T,
Sc(l) = Tc(l)
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We have assumed that S.(1) is nonzero. If any of these conditions is satisfied, Fig. 8.2
is reduced, at steady state, to a 1-DOF control structure, as in Fig. 7.2 on page 244.
Because R, has an integral term, by the internal model principle, steps in the reference
signal are rejected, verifying the offset free tracking condition derived above.

It should be remembered that although we have used the same symbols, the actual
functional forms of R., S. and T, above will be different from those in the continuous
time case. This is explained in detail in the subsequent sections.

8.3.4 Bumpless PID Controller with T, = S,

Using the relations given by Eq. 8.1 and Eq. 8.2, we can map the controller given by
Eq. 8.9 to the discrete time domain:

1T52z41 192-—1

=K |1
u(n) +Ti22—1+TS z

] e(n) (8.24)

where we have used the trapezoidal approximation for the integral mode and backward
difference formula for the derivative mode. On cross multiplying, we obtain

(22 =2)u(n) =K (22 —2)+ 22:1 (2 +2) + ;—i(z - 1)2] e(n)

We divide by 22 and invert, to obtain

u(n)—un—-1)=K _e(n) —e(n—1)+ 2272 {e(n) +e(n—1)}

(8.25)

i Fd e(n) —2e(n—1) +e(n — 2)}]

This formula can also be derived starting from the continuous version of the PID
controller given by Eq. 8.8. Let us approximate this expression by discretization:

TORT FORRR CXULLOEE KED L)

Ti
+ Tp

One can easily check that by writing u(n—1) using the above and finding the difference
between these two expressions, the PID expression given above is once again obtained.
The PID expression is usually written as

u(n) —u(n —1) = spe(n) + sie(n — 1) + sge(n — 2) (8.26)
where
Ts Td

K14 2244

S0 [ + 27_1 + T5:|
T. Td

=K|-14=2-22¢ (8.27)
51 |: * 2Ti TS:|
S9 = I(E
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Although the continuous time formulation is not implementable, because of the
presence of the derivative term, its discrete time equivalent does not have this
difficulty.

The control law, as given by Eq. 8.26, is in the difference or incremental
formulation: the control law at the current instant is the control law at the previous
time instant plus an increment based on the error signals. This formulation helps
while switching a plant from the manual or open loop mode to automatic or closed
loop mode even when the control level used in the manual mode is not exactly known
to the controller. If, on the other hand, the controller specifies only the total control
action to be implemented, there could be problems if the previous open loop state of
the plant is not known exactly. In this case, the mismatch in the control levels at the
previous and the current time instants could result in the plant experiencing a bump.
For this reason, Eq. 8.26 is supposed to implement a bumpless control law. We will
refer to this controller as PID-1.

Example 8.7 Determine the discrete time PID controller if we have the
following continuous time PID settings: K =2, 74 = 2.5s, 7, =40sand Ty, = 1s.

Substituting these values in Eq. 8.27, we obtain s = 7.03, s = —11.98, so = 5.
Thus,

1 de(t)

u(t) =2 {e(t) + @/o e(r)dr + 25—

is approximated as
u(n) = u(n —1) + 7.03e(n) — 11.98e(n — 1) + 5e(n — 2)

We see that the control action is an increment over the previous control action,
as explained above. I

We will now write the controller obtained in this section in standard notation.
Writing Eq. 8.26 in the following form,

(1 —2z"Hu(n) = (so + 51271+ 5227 %)e(n) (8.28)

and substituting for e(n) using e(n) = r(n) — y(n), we obtain the controller in the
form of Eq. 7.9 on page 245 with

R.=1-—2z71
S. =80+ 8121 + 89272 (8.29)
T.= 5.

8.3.5 PID Controller with Filtering and T, = S,

In this section, we will discretize the control law of Eq. 8.13 with the backward
difference formula of Eq. 8.2 on page 303 for all occurrences of s. The derivative term
becomes
1 NTS T1
o _
1+ 7148/N T 1471271

(8.30)
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where
S @3
Using the same rule for approximating integration as well, Eq. 8.13 becomes
_ -1
e o
Simplifying, we obtain
Se _ K(l -2z YA +rz )+ Ty /m(1+r127Y) — Ny (1 — 271)2
R, 1—=2"Y1Q+r2z1h
On comparing the denominator and the numerator, we obtain
Re(z)=(1—2"YH(1 +rz7h (8.33)
S.(2) =80+ 5127 4 59272 (8.34)

where

SQZK<1+£_S—NT‘1)

2

G- K {m (1 + oy 2N) _ 1} (8.35)

K3

So = —KT‘l(l + N)
Thus, we obtain the control law,
(1= 2D +riz7Huln) = (so + 5127+ 5227 %)e(n) (8.36)

We will refer to this controller as PID-2.

We observe that on introduction of the filtering action in the derivative mode, we
lose the useful property of bumpless control action.

Recall that the filtering action was introduced to make the derivative mode
implementable. We will now point out another advantage in using this action. The
closed loop characteristic polynomial is given by AR, + BS,, see Eq. 8.20. We could
equate this to the desired polynomial and determine R, and S,.! Comparing Eq. 8.33
with Eq. 8.29, we find that filtering increases the degree of R.. The larger degree of
R, allows plants of larger degree to be accommodated by this procedure, because of
the condition dB = dR. + 1.

Example 8.8 Using the discretization method presented in this section,
determine the polynomial coefficients that correspond to the continuous time PID
controller presented in Example 8.7. The filter constant N may be taken as 10.

1This procedure is illustrated in Sec. 9.2.
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Using Eq. 8.31, we obtain
025
025+1

Using Eq. 8.35, we obtain

T = —-0.2

so=2(1+1/40+2) =6.05
s1=2[-0.2(1+1/40+20) — 1] = —10.41
9 =2x0.2(11)=4.4
Using Eq. 8.36, the control law is given by
(1—2"H1 = 0.227YHu(n) = (6.05 — 10.41271 4+ 4.4272)e(n)

As mentioned above, the control action is not in incremental form.

There are instances when one may not want to use the integral mode of control.
For example, if the plant already has an integrator, one may not wish to introduce
an integral mode through the controller. That is, one may want to implement a
proportional, derivative (PD) controller. This is achieved by setting the second term
of Eq. 8.13 and Eq. 8.32 equal to zero to obtain continuous time and discrete time
PD controllers, respectively. The discrete time PD controller is

Se Nri(1—z71 1-N 14+ N)z7t
Se _pefy o Nml == ) gl r) +ri(l+ N)z (8.37)
R, 1+7r271 1+7r271
In other words, the discrete time PD control law is given by
(1+riz7 Hu(n) = (so + 512 He(n) (8.38)
where
so=K(1—Nr

S1 = KT1(1—|—N)

Compare this control law with that of Eq. 8.36. This control law also is not in
incremental form. We will refer to this as PID-3.

Example 8.9 Using the discretization method presented above, determine the
polynomial coefficients that correspond to the continuous time PID controller with
K =2, 7;=2.5, N =10, and compare with the values in Example 8.7.

It is easy to see that 71 remains as —0.2. Using Eq. 8.39, we calculate s¢ and s;:
so=K(1—-Nr)=2(1+2)=6
s1=Kri(1+N)=-2x0.2(11) = —4.4

The control law is given by

(1—0.22"Yu(n) = (6 — 4.427)e(n)
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r K u Yy

\ 7;:8(1 + 74s/N) 7( > G "

TdS
K<1+ 1+Td5/N)

Figure 8.3: A 2-DOF PID control structure without proportional and derivative
actions on a reference signal. It satisfies second condition of Eq. 8.19 for tracking
step changes without offset.

8.3.6 2-DOF PID Controller with T, = S.(1)

In this section, we present a control structure that satisfies the second condition in
Eqg. 8.19.

The control effort given by Eq. 8.8 has the following shortcoming: if there is
a sudden change in the setpoint, both the proportional and the derivative modes
will introduce large jumps in the control effort, known as setpoint kick. The large
change introduced by the derivative mode is known as derivative kick. Although the
proportional mode may introduce a smaller change than the derivative mode, it may
still give rise to a larger than acceptable control effort, known as proportional kick.
Both derivative and proportional kicks are generally not acceptable. The control law
implemented in Fig. 8.3 addresses these difficulties [30]. Note that the feed forward
path also has the low pass filter from the derivative term. The control law can be
expressed as

K TdS
)= —F——(r(t) —yt) — K |1+ ——— t 8.40
1) = ey 0 00 - K |14 5 ) (8.40)
Grouping the terms involving y(t), we obtain
K TdS 1
t)=——1r(t) - K |1+ + t
BT (e M R T (T

which can be simplified as

K
u——r—K[1+

2
T;Tas” + 1
- A1
7is(L+ 7as/N) )] Y (841)

Tis(1 + Tas/N

Comparing this with Eq. 8.14, we see that the first term is T.r/R. and the second
term is S.y/R.. It is easy to see that this equation implies T, = S.(s = 0) = K, the
continuous time condition for offset free tracking of step inputs, as given by Eq. 8.19.
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We proceed to discretize Eq. 8.41. Because the second term is S.y/R., we can
write it as follows:

S, {1 N TiTas? + 1 1

2e _ g
R, T8 1+ 74s/N

Using Eq. 8.30 and the backward difference rule, the discrete approximation of this
expression is

S i« rita(l —271)% /T2 +1 NT, r
R, (1 —271)/Ts 79 14+mriz1

which can be simplified as

Se
e _Kl1-
7k

(1—2"H2+T2/(1i7q) Nrq
1—2z-1 147271

On equating the terms in the numerator and denominator, we obtain
Re=(01—-z"HA+rz1 (8.42)

and

2
S. =K {(1 — 2z H(A+rz7h — (1 227 4272 & ) er]

Simplifying, we obtain

ZV’I”1T'S2

TiTd

Sc:K{l—Nm— +(T1—1+2NT1)2_1—(T‘1 +N7‘1)z_2]

which is equivalent to the following:

Se(z) = s0 + s5127 1 4 89272

NrT?

TiTd (8.43)
s1 = K[ri(1+2N)—1]
53 = —Kri(1+ N)

sozK{l—Nn—

with r; given by Eq. 8.31. Following the same procedure as above, the first term in
Eq. 8.41 becomes

T. KNT? i
e - 271/ (7i7a) (8.44)
R, (I—2"H(Q+rz71)
Comparing the numerator and the denominator, we obtain
KNT?
T, = 2T (8.45)

TiTd
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and R, is as in Eq. 8.42. We will refer to this controller as PID-4. Substituting from
Eq. 8.43, and simplifying, we obtain

KNT2r

Sc(l):SO+81+82:—
TiTd

(8.46)

We see that T. = S.(1), the discrete time condition for offset free tracking of step
changes in the reference signal r(n), see Eq. 8.23. Of course, this is only expected
because the continuous time version of this controller has this property.

Example 8.10 Using the 2-DOF formulation given in this section, determine
the discrete time PID controller for the continuous controller parameters as in
Example 8.8.

As in the previous example, we obtain
r = —0.2
Using Eq. 8.43, we obtain

10 x 0.2
— 21 4+10x 024 —22] —6.04
%0 R TRV

s1 =2[-0.2(1+20)-1]=-104
So=2x02x11=44

Using the fact that 7. = S.(1), we obtain

T. =50+ 81 +s2=0.04
The control law is given by
(1—2"H(1 = 0.2z Yu(n) = 0.04r(n) — (6.04 — 10.42~" + 4.4z 2)e(n)

As mentioned above, the control action is not in the incremental form.

Several variations of the control law given in Eq. 8.40 are possible. Substituting
N — o0 in this equation, we obtain

u(t) = K |—y(t) + %e(f) — Tasy(t) (8.47)
K3
where e(t) = r(t) — y(¢). Equivalently, this can be obtained also from Eq. 8.9 on
page 308 by replacing e(t) with —y(¢) in proportional and derivative modes. In other
words, r(t) has been replaced with zero in these modes. The usual implementations
with a large proportional gain result in large control actions for step changes in the
reference signal. The current formulation of not sending the reference signal through
the derivative mode addresses this problem. Nevertheless, setpoint tracking is not
affected by this change, because the integral term is unchanged: so long as there is a
nonzero error, the integral term will try to correct it. Because only the integral term
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takes care of offset free tracking, it cannot be made zero. In other words, proportional
or proportional derivative controllers cannot be used in this configuration.

We conclude the discussion in this section with another discretization. Using the
backward difference formula, given by Eq. 8.2, we obtain the discrete time equivalent
of this control law:

) = K [ ~y(0) + el = (o)

where A = 1 — z~!. Multiplying throughout by A and rearranging the terms, we
obtain

KT,

Ti

Au(n) =

e(n) — K {A + %A?] y(n) (8.48)

S
Substituting for A as 1 — 2~! on the right-hand side, this equation becomes

KT,

Ti

Au(n)

(1) = y() = K€ (174 Z = 2274272 y(n)

S

Rearranging the terms, this becomes

Au(n) = By — K [(1 + 2 + %) - (1 + 22) Ty 22_2} y(n)

Ti T s TS TS
(8.49)
Defining
L=k | (1+ 24 70) (14 008) 1 122 (8.50)
Ti Ts TS TS ,
Eq. 8.49 becomes
Au(n) = L(1)r(n) — L(2)y(n) (8.51)

This is in the form of Eq. 8.14 with S.(z) = L(z) and T.(z) = L(1). We see that the
second condition in Eq. 8.23 on page 311 is satisfied. The controller is once again in
incremental form, useful for bumpless implementation. We will refer to this controller
as PID-5.

Example 8.11 Using the relations obtained above, repeat Example 8.10
without the filtering action.

Let us evaluate L using Eq. 8.50:
1
L(z)=2 [(1 +too T 2.5) —(14+2x25)z7 425272
=7.05—12z"1 4 5272
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Substituting z as 1, we obtain L(1) = 0.05. Thus, the control law given by Eq. 8.51
becomes

Au(n) = 0.057(n) — (7.05 — 12271 + 527 2)e(n)

It is easy to check that this controller satisfies the offset free tracking condition,
T. = S(1), each of which is equal to 0.05. I

8.3.7 2-DOF PID Controller with T,.(1) = S.(1)

The 2-DOF PID controller presented in the previous section does not have dynamic
elements in T.. Moreover, because only the integral mode acts on the measurement
y(t), the system could be sluggish in tracking the reference signal. The response can
be made faster by feeding back a fraction of y through the proportional mode. We
modify Eq. 8.13 on page 308 to arrive at the following control law [2]:

1 STd

u(t) = K |br(t) —y(t) + —(r(t) —y(t)) —

8T; 1+ 5 y(t) (8:52)
where we have substituted for e(t) using r(¢t) — y(t) and b is selected to be in the
range of zero to one, i.e., 0 < b < 1. Many different ways of discretizing the continuous
controller of Eq. 8.52 exist. To compare with the result of [2], however, we use forward
difference approximation of Eq. 8.3 to discretize the integral mode and backward
difference approximation of Eq. 8.2 to approximate the derivative mode. Recall
that there is no hard and fast rule about which approximation of continuous time
transfer function is the best. The above choice illustrates that there are many ways
of approximating continuous time transfer functions. Because there is no difference in
the proportional mode between the continuous and discrete time domains, Eq. 8.52
becomes the following;:

mmzkwwm»wmw+i ﬂ(d@—ym»——iéﬁ—(m] (8.53)

Tiz=1 1+ZzT:Tﬁdy

Simplifying and dropping the explicit dependence on n, we obtain

T, 1 N7g z—1
= K |br—y+ =) - - 4
[ 1 NTs+ 7192 — NTSﬂ-Td
With a4 defined as follows
Td
== 8.54
d NTS —+ T4 ( )
the above equation becomes
T, 1 Nag(z—1)

=K|br—y+=—=—"(r—y)—
Tyt 1( Y) —
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After multiplying by (z — 1)(z — aq) on both sides, we arrive at

(z=1)(z—ag)u=K@br—y)(z—1)(z — aq)

) (8.55)
+ Kbi(r —y)(z — aq) — Kba(z — 1)%y
where
) T
7 (8.56)
bd = Nad

Dividing by z? and rearranging, we arrive at the following controller expression:
(1 =271 —aaz™u= Kb+ (bi = b(1 + aq))2™" + (baa — biaa)z~*]r
— K[(14bq) + (b; — 2bg — (1 + ad))z_l + (ag — bjaq + bd)z_z]y (8.57)
This is of the form

Rou(n) = Ter(n) — Scy(n)

where the definition of these variables follows from the previous equation. It is easy
to check that

T.(1) = S.(1) = Kbi(1 — aq)

satisfying the requirement for offset free tracking of step change in R, namely Eq. 8.23
on page 311. We will refer to this controller as PID-6.

The use of PID controllers will be a continuing theme in this book. The next
occurrence of this will be in Sec. 9.8, where we will take up the implementation issues
of PID controllers.

8.4 Matlab Code

Matlab Code 8.1 Continuous to discrete time transfer function. Available at
HOME/Z-trans/matlab/disc2.m?

sys = tf(10,[5 1]);
sysd = ¢2d(sys,0.5);

2HOME stands for http://www.moudgalya.org/dc/ — first see the software installation directions,
given in Appendix A.2.
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8.5 Problems

8.1.

8.2.

8.3.

8.4.

This problem presents a state space approach to Example 8.3 on page 304. Show
that the state space equivalent of this problem is

. 1
rT=——r+ —u
T T

y=x

Show that this can be written in the standard discrete time state space
formulation of Eq. 2.2 on page 6, with

A=e /7 B=K [1 _ e_TS/T}

Show that this discrete time state space system has a transfer function identical
to the one presented in Example 8.3.

This problem is concerned with the determination of where the stable region in
the s plane gets mapped to the z plane under the trapezoidal approximation.

(a) Show that the trapezoidal or the Tustin approximation, given by Eq. 8.3
on page 303, is equivalent to

L 1+ sT,/2
1 —sT./2

(b) Find out where the left half of the s plane will be mapped in the z plane
using the above transformation [Hint: Substitute s = a + jb in the above
equation for a < 0 and find out what z you get. Repeat this for a = 0.]
Does this agree with the notion of the z domain stability region discussed
earlier?

Consider the following discrete time transfer function
51

Gl2) = g0

(8.58)

obtained by sampling a continuous system with a period Ts = 0.1 s. If the
discrete time transfer function is obtained by the ZOH equivalent approximation
of a first order system, determine the continuous transfer function.

Find the ZOH equivalent of G, (s) = 1/s% in the following manner.

(a) Show that
010 0
F=1]0 0 1|, G=1|0|, C=[1 0 0], D=0
0 0 O 1

is a state space realization of 1/s3.
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(b) Show that the discrete time state space matrices are

1 T, T2/2 [173/3!
A=l0 1 T, |, B=|T2/2
00 1 T
(¢) Using
A—zI B] [A—=z2I 0][I (A—zI)"'B
c D/~ | ¢ 1I)l0 D+C(zI-4)"'B

show that the required discrete time transfer function Gg4(z) is given by
A—zI B
c D

_ (_1)3T_53 1+4z + 22
31 (1—2)3

Ga(z) = det { ]/det (A —2I)

(d) Check that G4(z) is a nonminimum phase transfer function, even though
G.(s) = 1/s% is not [10].
8.5. With the derivative mode controller
z—1

D =
(2) =710

in a feedback loop with the oscillating plant

H(z)= j_, a>0
z+4a

show that the closed loop transfer function is given by

Taz(z — 1)

T(Z): (Td+1)22+(a+1_7d)z+a

With a = 1, show that the closed loop poles are at the following locations:
(a) —0.25+ 50.6614 = 0.707¢111° when 745 = 1
(b) i\/igj when 74 = 2
(¢) 0.565 or 0.161 when 74 = 10

Justify that the effect of this derivative mode is to reduce the oscillations.

8.6. When the plant in the above problem is put in a feedback loop with the following
PD controller,

-1
D=K<1—|—sz >

z4+1

show that the steady state value of the output is given by

. K
Jm y(n) =
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8.7.

8.8.
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Using the root locus technique, or any other method, determine the proportional
controller (K,) that will bring the open loop transfer function

1

‘9T

to the verge of instability. If the Ziegler—Nichols settings for a PI controller are
K, = 045K, and 71 = P,/1.2, determine K, and 77. A sampling time of 0.1
second is used to arrive at this transfer function.

This question is concerned with discretization of the PID controller given in
Eq. 8.52 using the trapezoidal approximation, with 0 < b < 1, and N is of the
order of 10 [2]. As usual, R, Y and U, respectively, refer to setpoint, output and
input.

(a) Use the trapezoidal approximation for both derivative and integral terms,
i.e., substitute for s as
2 z—-1

o 2
Tsz+1

S

and arrive at the following result:

z+1 z+1+(z—1)bd

- K i K |1+ Y
0 =K |+ b 25 R - e et E 0 v
where

b-—ﬂ by — 2N 14 a_2Td—NT5

T o YT o A NT. YT 27, 1 NT,

(b) Simplify the above expressions to arrive at a controller in the usual R., S.,
T, form with S, # T,:
(1—2"H(1 = aqz YU (2) = [to + t127 + t22 2| R(2)
— [s0 + 81271 + 52272V (2)

where

to = K(b+b;)

t1 =K1+ aq) — bi(1 —aq))

to = Kag(b—b;)
so=K(14b;+by)
s1=—K(14aq+2bg—b;(1 —ag))
So = K(ad—i-bd—biad)

We will refer to this controller as PID-7.

(¢) Check that T.(1) = S.(1) = 2Kb;(1 — agq) and hence that this controller
satisfies the condition required for the plant output to track the setpoint,
namely Eq. 8.23 on page 311.
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8.9. In this problem, we study the 2-DOF PID controller.

(a) Argue that the PID controller of Fig. 8.3 on page 316 can be redrawn as
in the following figure:

R K

when N = oo, 74 = 0 and disturbance = 0. Show that this is equivalent to
the following block diagram:

R
T e (e e I

for a specific T,.. Determine T..

(b) Suppose that the normal 1-DOF PI controller has a control saturation
(input saturation) problem. Will the 2-DOF PI controller discussed in this
problem be able to reject disturbances better, perhaps for different tuning
parameters? If so, explain what you will do. If not, explain why not.

(¢c) If the normal 1-DOF PI controller configuration does not have a saturation
problem, will the response to a step change in R be faster than that in the
2-DOF PI controller, discussed here? Make suitable assumptions.



Chapter 9

Pole Placement Controllers

Pole placement controllers can be considered as the mother of all controllers in the
sense that all controllers can be thought of as belonging to this category in one way
or another. In this chapter, we will present mainly two approaches: one that uses a
model system and one that is based on performance specification. The first section is
based on a first order model as a target system. The remaining sections are devoted
to treating the closed loop as a second order system. This forms the major part of
this chapter.

9.1 Dead-Beat and Dahlin Control

In this section, we first design a dead-beat control, which is essentially a zero order
system with possibly a time delay. We also explain Dahlin control, whose objective is
to produce a first order overall system.

One of the advantages in working with discrete time systems is that digital
controllers can be designed through direct techniques, as we show in this section.
First we present dead-beat control, then Dahlin control. Consider the feedback system
presented in Fig. 4.6.

Supposing we want the transfer function between the setpoint and the output to
be G, (2), we have

Gp(2)G(z)
1+ Gp(2)G(z) Gm(2)
the solution of which is
Gn(2)

“r() = =g, a0

In dead-beat control, an effort is made to reach the setpoint as quickly as possible

and stay there. The minimum time required to reach the setpoint, however, is the
dead time of the system. As a result, we get the condition

Gm(z)=27% k>1

Digital Control ~ Kannan M. Moudgalya
© 2007 John Wiley & Sons, Ltd. ISBN: 978-0-470-03143-8
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where k = D/Ts, D is the system dead time and T the sampling time. The resulting
dead-beat controller is given by

ok

R e

Example 9.1 Design a dead-beat controller for
-2

G(z) =

T 1—21

Using the above formula, we get the dead-beat controller to be

272 1—2"

(1—272)z72/(1—271) Tl

Gp(z) = '

The Dahlin controller is similar to the dead-beat controller in the sense that the
desired closed loop transfer function G,,(z) is specified, from which the discrete time
controller is found using the formula given above. The only difference is that now the
desired transfer function is no longer dead-beat, but a first order transfer function
with a time delay.

Example 9.2 For the open loop transfer function in the continuous domain

~ 10e~
T bs+1

G(s)
a choice of a desired closed loop transfer function is

~ 10e®
T 2s+1

Gm(s)

Note that the closed loop transfer function has the same dead time, but a smaller

time constant, indicating a faster response. I

9.2 Pole Placement Controller with Performance
Specifications

In this section, we explore the possibility of making the closed loop system a second
order system, with possibly a time delay. In this setting, one can naturally specify
requirements, such as rise time, overshoot and settling time, in addition to ensuring
internal stability. After introducing a basic design, we present a design that has an
internal model of the disturbance in the loop. We also explain the steps to be taken
to prevent oscillations in the loop. We will work exclusively with the 2-DOF control
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r TC(Z) u _ —kB(Z) J >
B Ty
Se(2) -
R.(2)

Figure 9.1: Schematic of 2-DOF pole placement controller

structure presented in Sec. 7.1.3. Although we ignore the effects of noise for now, we
study them in detail from Chapter 11 onwards. Let us begin with the plant

Y(z) = G(2)U(2) (9.1)
with transfer function

_xB(2)
A(z)

G(z)==z (9.2)
where B(z) and A(z) are coprime. Recall that this means that A and B do not have
a common factor. We would like to design a controller such that the plant output y
is related to the setpoint or command signal 7 in the following manner:

Yin(2) =Wz‘k% (2) (9.3)

where ¢.; is the characteristic polynomial obtained by the desired location analysis
and

~ ¢a(l)
- B:(l) (9.4)

so that at steady state Y = R. Towards this end, we look for a controller of the form

Ro(2)U(2) = vT.(2)R(z) - S()Y (2) (9.5)

where R.(2), S.(z) and T.(z) are polynomials in z~1, to be determined, see Fig. 9.1.
Note that this structure is identical to the one in Eq. 7.9 on page 245, but for the
introduction of v now. The controller has two components:

1. A feedback component S./R. that helps ensure internal stability and reject
disturbances.

2. A feed forward component T,./R, that helps Y track R.

Because of these two objectives, as mentioned earlier, it is known as the 2-DOF
controller.

Simplifying the block diagram given in Fig. 9.1, or equivalently, substituting for
Y (z) from Eq. 9.1 and Eq. 9.2 in Eq. 9.5, and dropping the argument z for convenience,
we obtain

a T.B

AR, + 27*BS, (9:6)

Y =~z
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We equate this Y to the variable Y,, in Eq. 9.3, and cancel common terms to arrive
at

BT, B,
AR.+ 27 FBS. ~ ¢ (97)
In general,
deg B, < deg B (9.8)

so that the desired closed loop transfer function is of lower order than that of BT,. This
is achieved by cancelling common terms between the numerator and denominator. But
we know that such cancellations, if any, should be between factors that have zeros
inside the unit circle, or in our notation, between good factors only. In view of this,
we factorize B as good and bad factors:

B=BIB" (9.9)

Similarly, we factorize A into good and bad factors to arrive at

A=A9A° (9.10)
If we let
R. = BIR; (9.11a)
Se= A8, (9.11b)
T. = ATy (9.11c)

Eq. 9.7 becomes

B9IBYAIT, _ B,
AIAPBIR, + 2~k BIBb A9 S, N o]

which can be simplified by cancelling the good common factors. We obtain

BT, B,
APRy 4+ 27FBbS) ¢y

(9.12)

We can equate the numerator and denominator parts. On equating the numerator,
we obtain

B, = B*T) (9.13)
and equating the denominator results in the following Aryabhatta’s identity
ARy + 27*BbS) = ¢ (9.14)

which can be solved for R; and S;. There are many options to choose T7. We can
shape the transfer function between the reference signal and the plant output by a
suitable choice of T7 [30]. By choosing T; to be equal to Si, the 2-DOF controller is
reduced to the 1-DOF configuration. Another simple choice is to make T equal to
one. We compare the last two choices in Sec. 9.6. For most of this chapter, however,
we will make the following choice:

Ty =1 (9.15)



9.2. Pole Placement Controller with Performance Specifications 331

In view of Eq. 9.13 and 9.15, the expression for v obtained in Eq. 9.4 becomes

 ball)
T Bé(l)

(9.16)

and the closed loop transfer function, as desired in Eq. 9.3, is now obtained as

LB
d)cl

We see that the bad factors in the numerator of the original transfer function appear
in the closed loop transfer function as well. In other words, the bad zeros of the
original transfer function cannot be changed by feedback.

Systems with zeros outside the unit circle are known as nonminimum phase
systems, see the discussion in Sec. 5.4.2. Recall that the zeros outside the unit circle
are known as the nonminimum phase zeros. Because these zeros cannot be altered by
feedback control, the performance of a controller will be lower than that achievable
with the corresponding minimum phase systems.

Gy =~z (9.17)

Example 9.3 Let us control the magnetically suspended ball presented in detail
in Sec. 2.2.1. Let the distance between the ball and the armature i be the only
measured variable. That is, the output is modelled as

y=Cz
with

C=[1 0 0]
The controller should help track step changes in the reference signal, with the
following specifications:

Steady state error < 2%

Overshoot = ¢ < 5%
Settling time < 0.5 s

The Matlab code in M 9.1 carries out controller design, as we now explain:

1. The continuous time transfer function can be obtained as
—280.14
G p—
(%) = 510052 — 9815 — 98100

which has poles at 31.32, —31.32 and —100 and hence is unstable. Sample
at

T, =0.01s
Using myc2d.m listed in M 9.2, obtain

1 (=3.7209 x 1075 — 1.1873 x 10421 — 2.2597 x 10~7272)
1— 2466821+ 1.77212~2 — 0.3679z 3
_,—3.7209 x 1075(1 + 2.9877271)(1 + 0.2033z"Y)  _, B

G(z) ==z

(1 1.36782-1)(1 — 0.7311z-1)(1 — 0.3679z-1) - A
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where k = 1. We factor A and B into good and bad parts:

A= A9Ab

A9 = (1-0.73112"1)(1 — 0.3679271)
Ab = (1 -1.3678271)

B=DBB"
BY = —3.7209 x 107°(1 4 0.2033271)
B’ = (142.9877271)

This is carried out using the function given in M 9.3.

2. Next, we proceed to determine p and w required to satisfy the transient
conditions, using the method presented in Sec. 7.7. As the rise time is not
specified, we guess it to be about one third of the settling time. Thus the
rise time has to be 0.15 s. Let us choose the sampling time to be 0.01 s. Let
us first apply the rise time constraint:

N, <rise time/Ts = 15
Choose N, =15

™ T
w = 5N, 30 =0.1047

Overshoot constraint:

p < e¥/™ =0.0501047/7 = 0.905
Choose p = 0.905

Desired closed loop poles:
2 = petiv
3. We calculate the desired closed loop polynomials as
ba(z) =1—=22"1pcosw +p*2 2 =1 182" +0.819272

M 9.4 carries out these calculations.

4. Next, solve Eq. 9.14. That is, solve
(1—1.36782 Ry + 2~ H(1 +2.9877271) S,
=1-182"140819272 (9.18)
Using xdync.m, we obtain

S1 =0.0523

9.19
Ry =1-0.48452""1 (9.19)
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Figure 9.2: Output and input profiles for ball suspension example obtained by
executing the Simulink block diagram in Fig. A.8. The controller used is CTRL-1,
derived in Example 9.3. The overshoot and the settling time constraints of y(n) have
been met. The auxiliary constraint in rise time is not met, however.

5. Using Eq. 9.11, we calculate the control parameters:

R. = —3.7209 x 107°(1 — 0.28122~! — 0.098522)
S. = 0.0523 — 0.05752~" +0.01412 72
T.= A% = (1-0.7311z71)(1 — 0.367921)

These calculations are carried out in M 9.5. We will refer to this controller
as CTRL-1.

6. The function in M 9.1 calculates the 2-DOF controller, discussed above. After
that, simulation is carried out using the Simulink program in Fig. A.8. The
resulting profiles are shown in Fig. 9.2. Note that the output ¥y is measured
in m. The equilibrium value is 1 cm or 0.01 m. The simulations have been
carried out for 1% change in that value.

It is easy to see from the above profiles that while the overshoot and settling time
requirements are met, the auxiliary condition of rise time constraint is not met.

The controller designed above (CTRL-1) works well, but for the auxiliary condition
of rise time. What if the rise time requirement also has to be fulfilled? It is possible
to use N, as a tuning parameter to meet this requirement, as we show in the next
example.

Example 9.4 Use the rise time N, as a tuning parameter and achieve the
required rise time.

The rise time achieved is about one and a half times the specified rise time. In
view of this, we carry out the control design procedure outlined in Example 9.3
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Figure 9.3: Output and input profiles for ball suspension example obtained by
executing the Simulink block diagram in Fig. A.8 with 77 = 1. The controller used
is CTRL-2, derived in Example 9.4. All specifications on y(n) have been met. The
tradeoff is that now the control effort is larger than that in Fig. 9.2.

with rise time = 0.1 s or equivalently, N,, = 10. With this reduced rise time, we
obtain the following:

p = 0.8609
w=0.1571

by =1 —1.70062"" +0.7411272
v = 0.0102

R =1-0.3984z"1

S; = 0.0657

R. = —3.7209 x 107°(1 — 0.19522~! — 0.081272)
S. = 0.0657 — 0.0722z"1 + 0.0177z 2
T.=1-1.0992""1 +0.2692 2

We will refer to this controller as CTRL-2. As before, the Simulink code in Fig. A.8
is executed to evaluate the efficacy of CTRL-2. The resulting y(n) and u(n) profiles
are shown in Fig. 9.3. With this controller, it is easy to see that we also satisfy the
auxiliary condition of rise time. The price we have to pay for this is the slightly

increased control effort at initial time, as compared to the one achieved using
CTRL-1, see Fig. 9.2.
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r AITY + BB’ Yy -
"B, | ° A
Ass, |
BIR,

Figure 9.4: 2-DOF pole placement controller in factored form

9.3 Implementation of Unstable Controllers

In this section, we present a case that requires the denominator of the controller,
namely R, to be taken inside the loop.

Let us begin by calculating the closed loop transfer function for the system with
a pole placement controller. Let us first redraw the closed loop block diagram given
in Fig. 9.1 with Eq. 9.11 substituted. The resulting diagram is given in Fig. 9.4. The
closed loop transfer function is given by

z‘kBng Lk B

T:'yAng Ag AD Z’YE Ab
BiRy | BB A0S R B
A9AY BIR, APRy

Simplifying, we obtain
T Z_kaRl

T=~— 9.20
TRy ARy + 2 *B'S, (9-20)
Cancelling common factors, we obtain
—kB'T B
© Lkt (9.21)

VAR, 2 FBS, T by
First observe that the closed loop transfer function, given by Eq. 9.21, is in the desired
form, specified by Eq. 9.3 on page 329.

It is important to note that this desired form is obtained by cancelling R; in
Eqg. 9.20. On re-examining Fig. 9.4, we see that R; in the denominator is from the feed
forward term while that in the numerator comes from the feedback loop calculation.
Recall that R; is calculated by solving Aryabhatta’s identity given by Eq. 9.14 on
page 330. There is no constraint that R; has to be stable. In case R; is unstable, and
if there are differences between the numerically obtained R; in the feedback loop and
that in the feed forward term, the closed loop system will become unstable.

We will now illustrate this with an example, in which R. has a zero outside the
unit circle.

Example 9.5 Design a 2-DOF pole placement controller for the plant with
transfer function

1-3z71
(1-22"H(1 44271

G(z) =271
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such that the following transient requirements are met:

1. Rise time should be less than or equal to ten samples (i.e., N = 10).

2. Overshoot should be less than or equal to 10% (i.e., ¢ = 0.1).

We have
B'=1-3"
A= (1 -2 +427) =142 — 8272
A9=1,BY=1

Let us first consider the rise time condition:

v T
> T T 01571
w2 5N T ax10 7

We will choose w = 0.1571. Let us next consider the overshoot condition:
p < e¥/™=0.17/20/7 = 0.1%0° = 0.8913
We will let p = 0.8913. The characteristic polynomial is obtained as
b =1—22"tpcosw + p?2 2 =1—-1.76072"1 + 0.79442 2
We obtain the following Aryabhatta's identity:
ARy +27'B%S) =
Solving this, we obtain

S1 = —2.6945 + 2.8431z7 !
Ry =1-1.0662z""1

M 9.7 may be used to design this controller. Implementation of this controller as
in Fig. 9.4 makes this system unstable. Depending on the accuracy with which the
implementation is carried out, it could take more or less time. For example, the
above mentioned closed loop becomes unstable after about 1,000 time steps when
simulated using Simulink code, given in Fig. A.3. In real implementations, it could
become unstable a lot sooner.

The problem associated with the implementation as in Fig. 9.1 on page 329 or as
in Fig. 9.4 is that there is unstable pole—zero cancellation between the feed forward
element and the closed loop transfer function. The obvious solution to this problem
is to shift R, inside the loop, as in Fig. 9.5. Note that it is easy to shift R, inside
the loop as we are using z~! as the independent variable. If, instead, we work with
polynomials in powers of z, some extra work is required.



9.4. Internal Model Principle for Robustness 337

L
@
I
I
'

— 7Té(z) e ® e

Figure 9.5: 2-DOF pole placement controller with unstable R. taken inside the
feedback loop
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Figure 9.6: Output and input profiles for closed loop system with unstable controller,
discussed in Example 9.6

Example 9.6 Solve Example 9.5 once again, with R, taken inside the loop.

Note that there is no change in the control design procedure. The only change is
in simulation: now, it has to be carried out as in Fig. 9.5. M 9.7, in addition to
designing the controller, sets up parameters for simulation using Simulink code,
given in Fig. A.1 as well.

The system remains stable even after 10,000 steps of iteration. The output and
input profiles have been plotted in Fig. 9.6.

Because of the limitations introduced by the nonminimum phase zeros, the
controller does not perform as well as the design specifications. I

9.4 Internal Model Principle for Robustness

We would like to evaluate the efficacy of CTRL-2 designed in Example 9.4 for handling
any mismatches between the model and reality for the magnetically suspended ball
problem. This is the topic of discussion in the next example.
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Example 9.7 Study the robustness of the controller CTRL-2 to perturbations
in initial conditions and in open loop parameters, such as gain.

We will first study the effect of perturbing the initial conditions. The procedure is
as follows:

1. Calculate CTRL-2 using the procedure discussed in Example 9.4.
2. Invoke Simulink code presented in Fig. A.8.

3. Perturb the initial conditions using the vector xInitial in Matlab work
space.

4. Carry out the simulation.

Recall that x; denotes the distance between the ball and armature and x3 denotes
the current through the circuit. We perturbed the initial conditions in these two
variables in the following range: 21(0) = +0.005 m and z5(0) = +1 A, one at a
time. Note that the order of magnitude of these perturbations is comparable to
the equilibrium values. We can assume that the initial velocity of the ball is zero
and, hence, 22(0) is not perturbed. In all simulations, the steady state offset is
nil. Thus the controller CTRL-2 is able to handle the perturbations in the initial
conditions.

We study the effect of perturbing the gain of the plant through the procedure
given next:

1. The controller (CTRL-2) is designed with a nominal value of c=[1 0 0].

2. After the design is completed, the value of ¢ is perturbed to [1.1 0 0} and
[0.9 0 O] in Matlab work space.

3. For each perturbation, simulation is carried out through the Simulink block
diagram given in Fig. A.8.

The resulting profiles are plotted, respectively, as solid and dotted lines, in Fig. 9.7.

It is clear that there is a big offset in y for both perturbations. .

It is easy to explain the reason for the offset in the above example: output following
is proposed to be achieved by choosing v as the reciprocal of steady state gain. If the
gain of the plant used in simulation is different from that used for controller design,
naturally v will be calculated wrongly. We can conclude that the above procedure has
a shortcoming whenever there is uncertainty in the steady state gain. We will next
describe a method that overcomes this difficulty.

We know from Sec. 7.5 that if an internal model of a step is present in the loop, step
disturbances can be rejected. One way to realize this is to ensure that the denominator
R, has this component, see Eq. 7.62 on page 272. If we denote the denominator of
the step input as A, i.e.,

A=1-2z"1 (9.22)
Eq. 9.11a will have to be replaced by

R, = BYAR, (9.23)
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Figure 9.7: Output y(n) and input u(n) profiles for perturbations in plant gain, as
discussed in Example 9.7 using the controller designed in Example 9.4 (CTRL-2).
Solid lines correspond to increasing the gain (¢ = [1.1 0 0]) and dotted lines denote
decrease of gain (¢ = [0.9 0 0]). There is steady state offset in y for both perturbations.

As A has a root on the unit circle, it has to be treated as the bad part and not
cancelled. This implies that all earlier occurrences of R; have to be replaced by AR;.
For example, we now have to solve the following Aryabhatta’s identity, as opposed to
the one in Eq. 9.14 on page 330:

APAR; + 27"BS) = ¢y (9.24)

Comparing Eq. 9.5 on page 329 with Fig. 8.2 on page 310, we see that we have an
extra factor of v in T, now. In view of the condition for offset free tracking of step
inputs derived in Eq. 8.23 on page 311, we see that a sufficient condition for offset
free tracking is now obtained as

Se(1) =Te(1) (9.25)

Using Eq. 9.11 on page 330, we see that this condition is equivalent to S1(1) = vT3(1).
Because of Eq. 9.15, this condition becomes

Si(1) =~ (9.26)

Fig. 9.8 shows a schematic of this approach. We now illustrate this procedure and its
efficacy with a simple example.

Example 9.8 Explore the effect of incorporating the internal model of a step
in the closed loop of the suspended ball problem.

The calculation begins as in Example 9.3 on page 331. Nevertheless, as there is
now an extra factor of A, Eq. 9.14 on page 330 has to be changed. Recall that
we require rise time = 0.15 s, overshoot = 0.05 and settling time = 0.5 s. This is
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Figure 9.8: Modification of pole placement controller of Fig. 9.1 on page 329 to include
an internal model of a step

achieved by the following specifications: rise time = 0.1 s and € = 0.05. Eq. 9.24
becomes

(1-1.36782"1)(1 — 2 )Ry + 27 1(1 +2.9877271)5; =

9.27
1—1.7006z"1 4+ 0.74112~2 (9:27)

Solving this equation for Ry and S; using xdync.m, we obtain

Ry =1+0.4507z7!

9.28
S; = 0.2165 — 0.20632 1 ( )

Using Eq. 9.11,

R. = —3.7209 x 107°(1 4+ 0.6542 "' +0.0916272)(1 — 27 1)
S. = 0.2165 — 0.4443271 + 0.285272 — 0.05552 3
T.=A9 =1—1.0992"" 4 0.2692 2

Using Eq. 9.16 on page 331, we obtain v = 0.0102, which can be shown to be
equal to S1(1), satisfying the offset free tracking condition of Eq. 9.26. We will
refer to this controller as CTRL-3.

By incorporating the following changes, M 9.8 generalizes M 9.5:

1. There is now one more input parameter. The polynomial, whose internal
model has to be introduced in the loop, has to be passed through the
argument Delta. For example, if Delta is set as [1 -1], an internal model of
A =1—z"1is introduced in the loop. Note that if no internal model is to
be introduced, A has to be chosen as 1.

2. The call to xdync.m is now changed: we now pass A’A in place of A’

The controller described above, namely CTRL-3, is obtained by setting rise=0.1,
Delta=[1 -1] in M 9.9, which also sets up the simulation parameters for the
magnetically suspended ball problem. If instead we let rise=0.15, Delta=1, we
obtain CTRL-1, discussed in Example 9.3.

After execution of M 9.9, Simulink code given in Fig. A.8 is executed. The resulting
profiles for nominal as well as positive and negative perturbations in ¢ are reported
in Fig. 9.9. It is easy to see that the presence of an internal model of the step in
the control loop has removed the offsets seen in Fig. 9.7.
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Figure 9.9: Output y(n) and input u(n) profiles for perturbations in plant gain, as
discussed in Example 9.7 using the controller designed in Example 9.8 (CTRL-4).
Solid lines correspond to increasing the gain (¢ = [1.1 0 0]), dense dotted lines denote
decrease of gain (¢ = [0.9 0 0]) and sparse dotted lines correspond to nominal state.
Offsets seen in Fig. 9.7 have been eliminated.

Although the steady state offsets in y have been removed, the transient require-
ments are no longer met. This is because the internal model principle provides
relief only at steady state, see Sec. 7.5. The control efforts required for perturbed
conditions are different from that of the nominal model.

Simulations have shown that CTRL-3 can reject the perturbations in initial
conditions as well.

Note that the code presented in this example can generate and evaluate the
performance of all controllers derived so far, namely CTRL-1 to CTRL-3.
1

We conclude this section with an example that has to do with the control of an
IBM Lotus Domino server. Through this example, we illustrate another utility of the
integral mode.

Example 9.9 Determine a 2-DOF pole placement control for an IBM Lotus
Domino server [22] with the transfer function

0.47z71

Glo) =Ty

such that the following transient specifications in tracking a step input are met:
rise time < 10 and overshoot condition, £ < 0.01.
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We obtain the following factors:

A9 =1-0.432"1

Ab =1
B9 =047
B"=1
k=1

In all these naturally discrete time problems, T can be taken as 1 without loss of
generality. We obtain

N, =10
w = 0.1571
p=0.7943

b =1—1.56912"1 +0.63102 72

Because step signals are to be followed, we will assume an internal model of steps
in the loop. We need to solve Aryabhatta’s identity, given by Eq. 9.14, reproduced
here for convenience:

APARy + 27"BS) = ¢
For the current problem, the above equation becomes
(1—2"HRy + 2718 =1—1.56922"! +0.63102 2

Because the condition on C', namely Eq. 7.120 on page 291, is not satisfied, there
is no unique least degree solution. Nevertheless, our implementation of this solver
gives the following solution,

Ry =1-0.63102""
S; = 0.0619

the correctness of which can be easily verified. The 2-DOF pole placement
controller is given by

R, =0.47 — 0.76652" + 0.29652 2
S, =0.0619 — 0.0266z "
T.=1-043z""
v =0.0619
M 9.10 implements this solution. The resulting output and input profiles are shown

in Fig. 9.10. As in the previous examples, all requirements, except the rise time, are
met. The rise time requirement can also be met by specifying a tighter requirement.

We will take this up example once again in Example 9.16 on page 357 to discuss
performance in the presence of input limits. .
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Figure 9.10: Step response of the IBM Lotus Domino server, discussed in Example 9.9

9.5 Redefining Good and Bad Polynomials

In the previous section, we had taken the polynomial with roots inside the unit circle
to be good. In this section, through an example, we illustrate that we need to redefine
the concept of what is meant by good and bad polynomials.

Example 9.10 We will now design a controller for a DC motor described by [2].
The system is described by the following state space equations:

i) =3 o [+ o)
v=10 1 [2]

The objective of this exercise is to design a pole placement controller that has a
rise time of 3 seconds and overshoot of not more than 0.05 for a step change in
the command signal.

The sampling time T is chosen as 0.25 s. The transfer function of the system is

0.0288 + 0.02652 1

G(z) = 2!
(2 =2 77881 1 077882

We obtain the following factorizations:

A9 =1-0.77882"1

Ab=1- 271
BY =0.0288 4 0.02652 ! = 0.0288(1 4 0.9201z71)
B =1

The controller design proceeds as in the ball system, explained in Example 9.3.
The transient specifications result in the following relations, leading to the desired
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Figure 9.11: Output (left) and input (right) profiles for the motor example obtained
with 77 = 1. Control effort u(n) is oscillatory and, hence, not acceptable. The rise
time constraint is not met in y(n).

closed loop characteristic polynomial:

N =12
w = 0.1309
p = 0.8827

o =1 —1.7502271 4+ 0.7791 22

Note that as A has 1 — 2! as a factor, an internal model of the step is already
present. By solving Aryabhatta's identity, of the form in Eq. 9.14, we obtain the
following control parameters:

Ry =1-0.7791z""1
S; = 0.0289
R. = 0.0288 4+ 0.00412~! — 0.02062 2
S, =0.0289 — 0.02252 7!
T.,=1-0.77882""

M 9.11 carries out these calculations.

The efficacy of this controller is checked by simulation through Simulink code in
Fig. A.8. The resulting profiles are shown in Fig. 9.11.

The control effort is highly oscillatory. In view of this, this controller is rejected.
As in the ball problem (see Example 9.3), while the overshoot and the settling
time constraints have been met, the rise time is larger than what is specified. .
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It is easy to explain why the control effort is oscillatory. Substituting the expressions
for R., S; and T, from Eq. 9.11 on page 330 into the control law given by Eq. 9.5, we
obtain
A

u(n) = g5 pr(n
Because BY has a zero at —0.9201, the control variable u is oscillatory. Recall from
Fig. 5.1 on page 114 that poles on the negative real axis result in oscillations. Recall
also that the very definition of good factors has been introduced earlier in this chapter
to effect cancellations. And recall from Sec. 7.4.2 that the pole—zero cancellation
effected between the plant and the controller appears in other transfer functions. When
such a cancellation occurs, the output also oscillates in every sampling interval, even
though it may appear to be nonoscillatory if one observes it at the sampling instants
only. These are known as hidden oscillations.

One way to prevent this from happening in the current design is to define the factor
with a root in the left half of the plane as a bad one, whether or not it lies within the
unit circle. As a matter of fact, we can make use of the desired region analysis carried
out earlier. For example, we could say that the entire area outside the shaded region
in Fig. 7.31 is bad. Unfortunately, however, it is not easy to calculate this region.
As a way out, we can take a root whose real part is negative to be bad. We can take
this opportunity to define also as bad the factors that are inside the unit circle, but
close to it. The reason is that if the factors close to the unit circle are cancelled, this
would show up as poles of the controller transfer function and make the control action
sluggish. In view of this, we would define the stable poles inside the unit circle also
as bad and thus ensure that they don’t get cancelled. These two changes have been
implemented in M 9.12. Compare this with M 9.3 that defines all the factors inside
the unit circle to be good.

We will now apply this new definition of good and bad polynomials to the motor
control problem and check whether the oscillations are removed.

)
BgRly "

Example 9.11 Redo Example 9.10 with good and bad factors defined as in
M 9.12.

In Lines 7 and 8 in M 9.8, let the function polsplit3 be called instead of
polsplit2. B is factored as

BY = 0.0288
BY=1+40.9201z""

while the factoring of A is same as that in Example 9.10. As the transient
specifications have not changed, we obtain the old ¢.;, namely

b =1—1.75022"1 +0.779122
Solving

(1—2"HRy + 2711+ 092012718, =1 — 1.75022" 4+ 0.77912 2
using xdync.m, we obtain

Ry =1-0.76522""1
S; = 0.015
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Figure 9.12: Output and input profiles for the motor problem using the new
cancellation rule. Oscillations in the control effort have been removed. The rise time
constraint is not met in y(n).

Using Eq. 9.11 on page 330,

R, =0.0288 — 0.022z!

S. =0.015—0.0117z""

T.=A%=1-0.7788z""
The performance of this controller is checked with the Simulink code given in
Fig. A.8. We obtain the profiles as in Fig. 9.12. Observe that the oscillations

have been completely removed. In addition, the initial control effort is smaller.
Unfortunately, however, the rise time condition is not met.

As in the ball suspension problem, the best control effort is achieved by making
the required rise time less than that required. Fig. 9.13 shows the profiles obtained
with rise time specified as 2 s. The required conditions of rise time = 3 s and
overshoot = 0.05 have been met simultaneously. The controller parameters are

by =1—1.62662"1 +0.68772 72
Ri=1-0.6584z""1
S; =0.0318

As before, using Eq. 9.11, we obtain

R, =0.0288 — 0.019z!
S. = 0.0318 — 0.0248z!
T. = A9



9.5. Redefining Good and Bad Polynomials 347

1.2 1.2
1 E— 1 §|L‘
0.8 0.8 L‘

0.6

y(n) 0.6 / u(n) o 1
04 / 0.2 LL

0.2

Figure 9.13: The profiles in Fig. 9.12 are improved by requiring the rise time to be
less than required. With rise time specified as 2 s, we meet the required conditions of
rise time = 3 s and overshoot = 0.05, simultaneously with a reasonable control effort.

Because the plant has A as a factor, the controller is capable of handling setpoint
changes even if there are some changes in the model parameters. This controller
is found to track the perturbations in the initial conditions as well. M 9.13 helps
design this controller.

We illustrate the efficacy of the proposed method [40] with a difficult control
problem, presented by [52, p. 47].

Example 9.12 Suppose that we have a system with plant (G(s)) and distur-
bance (H(s)) transfer functions, as given below,

200 1
G =
() = 105 +1(0.055 £ 172
100
H =
)= 0571

with time in seconds. Design a 2-DOF pole placement controller, so as to satisfy
the following requirements:

1. The 90% rise time to a step change in r should be less than 0.3 s and the
overshoot should be less than 5%.

2. The output in response to a unit step disturbance should remain within
[—1,1]. It should satisfy y(t) < 0.1 after 3 s.

3. u(t) should remain within [—1,1] at all times.
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| =

Figure 9.14: Schematic of 2-DOF pole placement controller

A schematic of this system with a 2-DOF pole placement controller is given in
Fig. 9.14. The zero order hold equivalent of this system with sampling period
Ts = 0.025 s yields

0.0163(1 + 2.92562~1)(1 + 0.2071z~1)z~1

G pu—
(2) (1—0.99752—1)(1 — 1.21312— + 0.367922)
0.249721
H(z) = —2222
(2) = T 00975

where we have used the same symbols G and H. If we define only the roots outside
the unit circle as bad, the transfer function between d and y will have a sluggish
pole at 0.9975. In view of this, we define this factor as bad. In order to avoid
oscillations in the control effort, we take the factor 1 — 0.2071z~!, which has a
negative zero, as in Example 9.11, also as bad. We obtain

BY =0.0163

B® = (1+2.92562"1)(1 +0.2071z71)

A9 =1-1.21312"" 4 0.367922

AP =1-0.997527"
The controller designed with rise time as 0.3 s and overshoot as 0.05 results in
the first condition being violated: we obtain a rise time of 0.37 s. The is because
of the presence of B, = B’ the nonminimum phase part of the plant numerator.

We handle this by overspecifying the rise time requirement. With the required rise
time as 0.24 s, we obtain the following:

by =1 — 16882271 +0.7319272
R =0.0163(1+0.23572" +0.0391272)(1 — 27 1)

S =0.0736(1 — 2.08772 "' + 1.4288272 — 0.32182%)
T=1-121312""40.36792 2

M 9.14 implements these designs. By choosing st = 1 and st1 = 0 in Lines 31
and 32 of this code, we can simulate the tracking problem. If instead we choose
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Figure 9.15: Profiles for tracking problem

st = 0 and st1 = 1, we can verify the efficacy of the controller in rejecting the
unit step disturbance.

The plots of the output y and the control effort w for the tracking problem are
given in Fig. 9.15. One can see that all the tracking requirements are fulfilled.
The corresponding plots for the regulation problem are given in Fig. 9.16. The
response y returns to within 0.1 in 0.4 s itself, as opposed to the requirement
to do this within 3 s. On the flip side, the control effort exceeds the maximum
permissible value by 12%. M 9.14 calculates also the gain and phase margins
as Gm = 4.7 and Pm = 46°, respectively. We see that the simple 2-DOF pole
placement technique has been able to provide a reasonable controller for a difficult
plant, characterized by two time constants that vary by two orders of magnitude.
Considering that the transient requirements are also quite stiff, we see the efficacy
of the proposed control technique.

We have used two tuning parameters in this design: sampling time and rise time.
We note that the sampling time T has to be smaller than the smallest time
constant of the plant, which is 0.05 s. A smaller T, of the order of 0.01 s, results
in large control efforts. We could quickly arrive at a value of 0.025 s. Tuning of
the rise time specification also is straightforward: we have made it small enough
so that the required rise time of 0.3 s is met.

Thus, we see that a fairly simple control design technique, posed entirely in the
discrete time domain, has been able to provide a reasonably good controller for a
difficult problem.

1

In the next example, we will present the original controller, designed entirely in the
continuous time domain, and discuss the implementation issues.
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Figure 9.16: Profiles for regulation problem

Example 9.13 For the plant studied in Example 9.12, the controller has been
designed by [52, p. 52], in the form of two control blocks:

s+2 0.05s+1

0.005s + 1
0.5s+1 1

T 0.655+10.03s+ 1

K,(s)=0.5

K. (s)

Discuss the efficacy of this controller.

Because continuous time domain techniques have been used to arrive at this
controller, we do not present them here. The interested reader is referred to
the original reference for details. We would, however, like to focus on the
implementation issues of this controller.

M 9.15 sets up the plant and the controller blocks. The Simulink block diagram,
given in Fig. A.6, carries out the simulations entirely in the continuous time
domain. Through execution of these programs, one can easily see that the problem
specifications are achieved. M 9.15 calculates also the gain and phase margins as
Gm = 19.7 and Pm = 51°, respectively.

Unfortunately, however, it requires some more work to implement this controller,
the reason being that one has to discretize the controller first. M 9.15 can be
used to study these issues as well. The Simulink block diagram, given in Fig. A.7,
may be used to carry out the indicated simulations. If T is chosen to be equal to
0.025 s, as in Example 9.12, the controller performs extremely poorly in meeting
the setpoint tracking requirements. The degradation in performance is expected
because the sampling time used is larger than the time constants of the controller.

The performance of the controller gets better as the sampling time is made smaller.
If T5 is chosen to be equal to 0.01 s, the performance becomes comparable to
that of the discrete time controller, designed in Example 9.12. In the setpoint
tracking problem, the initial control effort exceeds the specified limits of [—1,1]
by about 10%. The gain and phase margins for this implementation are Gm = 6.7
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and Pm = 68°, respectively. Indeed, to achieve the continuous time domain
performance, sampling periods smaller than 0.001 s are required, as can be verified
using the programs mentioned.

In summary, if small sampling times are difficult to achieve, one may consider using
the discrete time controller, presented in Example 9.12. If smaller sampling times
are permissible, the continuous time controller presented in this example is more
suitable.

We would like to conclude this example with a few comments on the design of the
continuous time controller. It is not obvious how to arrive at some of the transfer
functions in the above expressions. The number of tuning parameters also is large.
It is safe to say that the time required to tune the continuous time controller would
be at least one order of magnitude more than that required for the discrete time
controller of Example 9.12. I

9.6 Comparing 1-DOF and 2-DOF Controllers

The main benefit of the 2-DOF controller is that we can shape the response to
reference and disturbance signals independently. We have seen in Sec. 8.3.6 that
the PID controllers may be implemented in a 2-DOF configuration to overcome the
derivative kick. This allows tight tuning for disturbance rejection, without worrying
about input saturation, see Problem 8.9. The 2-DOF pole placement controller
generalizes these ideas. Although we have chosen T) to be unity in Eq. 9.15 on
page 330, it is possible to assign a suitable value so as to shape the response to
reference signals [30].

In this section, we show that in 2-DOF controllers, the system type is dependent
on the type of signal — reference, as opposed to disturbance signal. The reason is
that S¢, which is present in the loop, helps achieve the desired system type for the
disturbance signal. Because T, is not in the loop, it does not have to satisfy any
special condition. Because T, could be different from S., the type of the system could
be different from the reference signal. We illustrate these ideas with an example.

Example 9.14 For the system given in Example 7.10, design 1-DOF and
2-DOF controllers, with and without an additional integral term, and evaluate
the system type.

In Example 7.10, for a closed loop characteristic polynomial of ¢o; = 1 — 0.5z~ 1,
we have designed two controllers for the 1-DOF controller, for two cases: with and
without an additional integral term. Let us refer to them as G, and G.2. That is,

1 1.5z—1

= Gu=—C

27 T L

These controllers have been designed with the following two changes from the
2-DOF control design techniques. The first step is to take the entire A and B as
bad. That is, we do not cancel the good parts. We end up solving Aryabhatta's

identity,
AR, + 27*BS. = ¢ (9.29)

Gcl =
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If the controller includes one integral term, we choose R. = AR, as explained in
Sec. 9.4, and solve the following Aryabhatta's identity:

AAR; + 27 *BS. = ¢y (9.30)

The second step is to take yT,. = S,, irrespective of whether or not we include
the integral term. We have implemented these calculations through M 7.7 in
Example 7.10 on page 275 and seen that G.; and G2 give rise to Type 1 and
Type 2 systems, respectively.

We will now calculate the 2-DOF controller for the same ¢.;. By choosing Delta
to be 1 in Line 4, we design a controller with no additional integral term. We will
refer to the resulting controller as G3. It is given by

R.=1, S.=05 T.=1, =05

By choosing Deltato be [1 -1] in Line 4, we design a controller with an additional
integral term. We will refer to the resulting controller as G4. It is given by

Ro=1-z"' S.=15-2"' T.=1, =05

The transfer function between the reference signal r and the output signal ¥ is
given by Eq. 9.21. Because v = 0.5 for both cases, we obtain the following transfer
function 7" between the reference signal and the output signal:

0.5
z—0.5

Thus, the sensitivity transfer function S is given by

z—1

S=1-T=
z—0.5

for both controllers. It follows that the system type is the same for both the
controllers. In other words, we obtain the same system type, whether or not the
controller includes an additional integral term. Let us calculate the steady state
offsets for a step signal first. Substituting the above S and R = z/(z — 1) in
Eq. 7.80, we obtain the steady state error to step inputs as

-1 2z-1
z z z 0

lim e(n) = lim =
n—»oo() z—1 z z—05z-1
Thus, both controllers reject step changes completely. Now, let us see what
happens to step inputs to ramps. Using the same procedure as above, the following
steady state error results:

-1 2z-1
z z z 9

nh_}Ir;Oe(n) - ll—>ml z z—05(z-1)2 -
This can be verified by executing the Simulink program stb_disc.mdl of Fig. A.1
on page 525, followed by M 9.16.

Although G.4 introduces an extra integral term, the system is only Type 1 with
respect to the reference signal. It is easy to check that the system is of Type 2
with respect to the disturbance signal. .
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In this example, we have taken ¢.; as 1 — 0.5z~ 1. Instead, we could have arrived at it
through performance specifications, as in Sec. 7.7.

Now we address the question of cancellation of good factors. Why should we even
cancel them? Why can’t we just solve Eq. 9.29 to design a 1-DOF controller? The
2-DOF control design ensures that at least some part of the controller is good, see
for example Eq. 9.11 on page 330. If, on the other hand, R. and S. are obtained
by solving only Eq. 9.29, there is no guarantee that R. and S. have good factors.
Of course, if we don’t cancel the good factors, we also end up solving a higher degree
Aryabhatta’s identity. We illustrate these ideas with an example.

Example 9.15 Design a pole placement controller that places the poles of the
plant

2711 +0.9271)(1 - 0.8271)

¢ = (1—21)(1—05z1)

S0 as to give rise to a closed loop characteristic polynomial ¢o; =1 —2714+0.5272
and to have nonzero offset to step inputs.

Let us first design the 2-DOF controller. M 9.17 may be used for this purpose with
the variable control in Line 10 assigned as 2. We obtain

BI=1-082"', B"=1+09:"", k=1

A9=1-052"1 Ab=1-:7"1

Because the plant has an integral term, we need to solve Eq. 9.14 on page 330,
which is

(1—2HR +271(140927HS. =121 +0.5272

Solving this, we obtain Ry = 1 — 0.2632z~%, S; = 0.2632. Notice that the zero

of Ry is in a good location. Using Eq. 9.11 and Eq. 9.16 on page 331, we obtain
R.=1-1.0632z"140.21052"2, S, =0.2632 —0.1316z"*
T.=1-0.52"1 ~=0.2632

We now calculate a 1-DOF pole placement controller, by assigning a value of 1 to
the variable control in Line 10 of M 9.17. We now solve Eq. 9.29, which is

(1—2"H1-052"HR. + 27114+ 0.927H(1 - 0.8271)S, = da
with ¢.; unchanged. The solution is obtained as
R.=1-242922"1-2.3233272, S, =2.9292

The roots of R, are 3.1636 and —0.7344. We see that this controller is unstable.
Notice also that it has a negative pole, which should result in oscillatory control
effort, see the discussion in Sec. 9.5. In contrast, the previous controller has only
good poles. Our observations may be verified by executing Simulink code given
in Fig. A.1. We obtain the plots given in Fig. 9.17. Note that, as expected, the
controller obtained after cancellation of good factors is performing a lot better.
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Figure 9.17: Comparison of pole placement controllers with cancellation (thick
lines) and without cancellation (thin lines) of good factors, as discussed in
Example 9.15

This example shows the benefits of cancelling good factors. Is it possible to cancel
the good factors in the 1-DOF controller design so as to overcome the difficulties
explained in the above example? We invite the reader to explore this option in the
above example, as well as in Problem 9.5.

We now summarize the pole placement controller design:

1: Specify the constraints on rise time, overshoot and decay ratio, and determine ¢;.

2: if 2-DOF controller then

3:  Split A and B into good and bad factors: A = A9A% and B = BIB’.

4:  Solve Eq. 9.14 on page 330 or Eq. 9.24 on page 339 for R; and S;. Assign a
suitable value for T7; a possible choice is 1.

5. R, S. and T, given by Eq. 9.11. In case the internal model of a step is used,
R, has to be calculated using Eq. 9.23 on page 338. In this case, check the
calculations using Eq. 9.25 or Eq. 9.26.

6: else if 1-DOF controller then

7. Solve Eq. 9.29 for R, and S.. Let T, = S, and choose appropriate ~.

8: end if

9: The controller is given by Eq. 9.5 on page 329.

10: Use the configuration of Fig. 9.5 on page 337 for implementation.

9.7 Anti Windup Controller

Sometimes there are limits put on the control action. This may be done from a safety
point of view. This could also happen when the actuator saturates. A schematic
of a 2-DOF controller with a limiter is shown in Fig. 9.18. It is clear that if the
controller is not allowed to work freely, the performance could deteriorate. There
could be additional difficulties, as we now explain.

If the output of a control block with integral mode is constrained by a limiter,
the controller should be informed about it. If not, the controller would have no idea
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Figure 9.18: 2-DOF controller with limits on control effort. Up to some value, the
controller output u is the same as the plant input wug,t. Beyond this, ug,t is different
from u.

about the saturation and hence would increase its output further. This situation is
known as integrator windup, an illustration of which is given in Example 9.16.

The problem with integrator windup is that, if not corrected, the controller output
u could be quite different from the actual effort us,y that goes into the plant. Now
suppose that the sign of the control effort has to be changed. Because the magnitude
of w is much larger than ug,s, it could take a lot of time to change the sign, as required.
As a result, ugat would continue to be at the wrong maximum value.

Note that the reduced performance due to the presence of limiters and the
integrator windup are two different issues. The former is inevitable, as the performance
in the presence of limits cannot be the same as the one without any limits. On the
other hand, the integrator windup is an avoidable problem. An ideal situation is that
u should not increase beyond wug,¢. This will allow u to change sign quickly, as and
when required.

The most obvious way to handle the integrator windup is to compare u and ugys
and when a difference occurs, hold u at ugs,;. We now present a feedback approach
[50] to solve this problem in our familiar 2-DOF controller framework. In particular,
we will show that the control scheme presented in Fig. 9.19 can negate the effects of
the saturating element, where we have introduced new polynomials P, E and F'. Note
that we use a positive feedback around the limiter.

First we will show that it is possible to choose E and F that will reduce Fig. 9.19
to Fig. 9.18 when the control effort stays within the limits. Because the gain of the
limiting block is one under this assumption, the inner loop can be replaced by the
transfer function 1/(1 — E/F) = F/(F — E). As a result, the schematic of Fig. 9.19
can be reduced to that in Fig. 9.20. Note that if we choose

F=E+PR, (9.31)

where P is stable, Fig. 9.20 reduces to Fig. 9.18. Thus, we have shown that when
the control effort is within limits, the scheme of Fig. 9.19 implements the standard
2-DOF pole placement control.

We will next show that when the control effort exceeds the limits, its impact on
y is eliminated, at least asymptotically. Thus, there will be a difference between the
computed control effort u and the one actually used, ugs,;. We will model the impact
of this through a variable § acting at the location of the nonlinear element, as in
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Figure 9.19: 2-DOF controller with feedback loop around the limiter. The controller
output v is modified by comparing it with the actual control effort ug,; used.
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Figure 9.20: 2-DOF controller with feedback around limiter is reduced to 2-DOF
controller without limiter when F' = E + PR, and P is stable
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Figure 9.21: Modelling the mismatch between u and us,y by an exogeneous variable §

Fig. 9.21, where we have taken v to be zero as the focus is on . It is easy to see that
Fig. 9.21 can be redrawn as in Fig. 9.22. Because the two feedback elements are in
parallel, they can be added to give PS. — Ez*¥A/B in the negative feedback path.
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Figure 9.22: Simplified version of Fig. 9.21

The transfer function between § and y is given by

—k B —k
273 2 "BF

Ty = -
W 1Y HE(PS,— Es#4) L FA+ (: FBPS, - EA)

Using Eq. 9.31 in the denominator, we obtain

2"*BF
PR.A+ 2=kBPS,

Ty, = (9.32)

Note that R.A + 2z *BS. is the closed loop characteristic polynomial; an expression
for it can be obtained as ¢ A9 B9, by multiplying both sides of Eq. 9.14 on page 330
with A9BY. If we choose

F=AR,+ 2 "BS, = ¢, AYBY (9.33)
Eq. 9.32 becomes

B

If P is stable and well behaved, the effect of T, will diminish with time. Many choices
have been proposed in the literature for P. A popular choice is

P=A (9.35)

if A is stable. If any factor of A is not stable, we replace this factor with its stable
reflection. We illustrate this approach with an example.

Example 9.16 Explain the steps discussed in this section with the problem of
control of an IBM Lotus Domino server, discussed in Example 9.9.

The transfer function of this system is given by

0.47z71

Glo) = T3
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Figure 9.23: Anti windup control (AWC) in the 2-DOF framework. The Simulink
code is available at HOME/matlab/stb_disc_sat.mdl, see Footnote 1 on page 367.

Parameters for simulation may be established by executing a program, such as the
one in M 9.18.

From Example 9.9, we obtain A9 =1—0.43z"1, A® =1, B =0.47, B® =1 and
k = 1. We calculate the desired characteristic polynomial now:

b =1 —1.5691271 4+ 0.63102 2
Re =0.47 — 0.76652 ! + 0.29652 2
S. = 0.0619 — 0.02662 "
T.=1-04327"1

v =0.0619

From Eq. 9.32-9.34, we obtain

F =047-0.9396z"1+0.6137272 - 0.12752~3
P=A9=1-0.432""1

Using M 9.18, and the Simulink code in Fig. 9.23, we design the anti windup
controller and carry out the following different simulations. In each of them, we
give a reference signal of +1 at the zeroth instant and —1 at the 500th instant.
The resulting plots are shown in Fig. 9.24.

1. The first simulation is carried out assuming that there are no actuator
constraints. No anti windup controller is used in this simulation. The resulting
U, Usay and y profiles are plotted with thick dotted lines in Fig. 9.24. Because
there are no limits on the control effort, the output of the plant tracks the
reference signal without any difficulty. Note that the magnitude of the control
signal is greater than one. Also note that w and wus,; are identical, as there
are no constraints.

When M 9.18 is executed, three options come in a menu. The first option is

to be selected for this design, followed by execution of the Simulink program
in Fig. 9.23.
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Figure 9.24: Controller output u, plant input wug,¢ and the plant output y for the IBM
Lotus Domino server problem, discussed in Example 9.16: thick dotted lines, limits
not imposed and AWC not used; thick continuous lines, limits imposed but AWC not
used; thin continuous lines, limits imposed and AWC used; sparse continuous lines,

limits not imposed but AWC used

2. The second simulation

is carried out with actuator constraints of +1.

The resulting profiles are plotted with thick continuous lines. Because the
magnitude of the required control effort is larger than one and because the
maximum allowable value is one, there is a difference between u and wugas.
As mentioned earlier, u goes on increasing, see Fig. 9.24(b). As a matter of
fact, because the value of w for this run are a lot larger than that in other
runs, it has been shown in a separate figure. The plots corresponding to this
run are shown with thick lines.

When the sign of r changes at k 500, the required value of w is
negative. But because of the integral windup, u is approximately 20, a large
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positive number. It takes quite a bit of time for this value to decrease and to
become negative. This delay affects the control input used by the plant ugat,
and consequently, the plant output y: both of them are delayed by about 50
samples. This delay in following the changes in the reference signals could be
unacceptable. Such delays could actually result in catastrophic consequences.

The user may execute M 9.18 and choose the second option in the menu for
this design, followed by the Simulink program in Fig. 9.23.

3. The third simulation is carried out with actuator constraints of +1. The

resulting profiles are plotted with thin continuous lines. The above mentioned
bad effects of saturation are reduced by the introduction of the anti windup
controller. The profiles for this run are plotted with thin continuous lines.
From Fig. 9.24(a), it is easy to see that the controller output u is reduced to
a small value the moment saturation takes place. As a result, the controller
is able to track the changes in the reference signal quickly. Thus, there is no
delay in following the sign changes in the reference signal.
It is important to note that the plant output exhibits an offset for both step
changes. This is inevitable, as the required control effort is not permitted.
We cannot escape from this problem of performance deterioration. What
AWC has achieved is to get rid of the delays in following the changes in the
reference signal.

The user may execute M 9.18 and choose the third option in the menu for
this design, followed by the Simulink program in Fig. 9.23.

4. The fourth and final simulation is carried out without actuator constraints,
but the in presence of AWC. The resulting profiles are shown with thin dotted
lines. The profiles of ug,t and y are identical to those obtained in the first
run. The profile of u, however, is different: the value of u is close to zero,
except when step changes occur.

We conclude this example with the observation that the plant runs in open loop so
long as there is a violation of the actuator limits, whether the anti windup controller
is used or not. For example, in the above runs, the control input to the plant, wugat,
is constant at +1 during most of the simulation. If this open loop operation is not
permissible, there is no option but to change the operational procedures or the
actuator itself. I

In this section, we discussed in detail a possible way to incorporate anti windup
controllers. A related issue is that of bumpless transfer. It was mentioned in Sec. 8.3.4
that if the control input is in difference form, switching from manual mode to
automatic mode is somewhat easier than if we have the absolute control effort. There is
a requirement for a bumpless transfer in other situations as well. It could be because
of a change in the plant’s operating region or substitution of an analog controller
with a digital controller or switching to another controller simply to take care of
maintenance.

The similarities between bumpless operation and AWC are striking. It is possible
to think of a switch between two controllers of the former, as equivalent to the
introduction of an extra disturbance (possibly nonlinear), as in Fig. 9.22. In this sense,
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the anti windup controller discussed in this section could help achieve bumpless
transfer as well.

9.8 PID Tuning Through Pole Placement Control

PID controllers are extremely popular in industry. One of the difficulties associated
with the use of these controllers, however, is the task of tuning: it can be time
consuming, to say the least. Often the guidelines are inadequate and a lot of trial and
error is required in tuning. In view of this, practitioners welcome any realistic method
of tuning these controllers. In recent years, there has been a move to come up with
initial tuning parameters through model based control techniques. This procedure
involves design of a model based controller and then implementing it through a PID
controller. In this section, we will concentrate on tuning the PID controllers through
pole placement techniques.

In Sec. 8.3, we presented several methods of discretizing the PID controllers. We
also showed how they can be presented in RST format. In this section, we will reverse
the procedure: we will first solve Aryabhatta’s identity for polynomials R. and S. and
then back calculate the PID tuning parameters. As the PID framework allows only
four parameters, including the filter constant /V, the maximum number of polynomial
coefficients we can work with is also four. Because the degrees of R, and S, depend
on that of A and B, it is clear that this introduces a constraint on the type of plants
for which this is possible. In the latter part of this section, we will discuss this topic
in detail.

In continuous time PID controllers, we will not even think of assigning negative
values to the parameters. Nevertheless, when they are assigned by solving simultane-
ous equations, there is no guarantee that the resulting solution will be positive all the
time. We will now show that there could be advantages in assigning negative values
to the PID parameters.

Recalling Eq. 8.31 on page 314, we see that 1 has to be negative if both 74 and N
are to be positive. Unfortunately, as r; is obtained by solving Aryabhatta’s identity,
there is no guarantee of r; remaining negative.

We demonstrate this with an example.

Example 9.17 Design a PID control law for the plant with continuous time
transfer function

1 —0.5s
Gls) = g q¢

sampled at T = 0.5. Let the overshoot € be 0.05. Solve Aryabhatta’s identity for
the rise time in the range of 4 to 9 s and determine the corresponding 71, defined
in Eq. 8.31- 8.33 on page 314.

We first calculate ¢; for the given € and a rise time in the given range. Eq. 9.37 is
then solved for R; and S.. Ry is of the form 1 + 7z~ 1. M 9.19 carries out these
calculations by invoking M 9.20. Closed loop simulations can be carried out using
the Simulink code in Fig. A.4.

First we list 1 as a function of rise time in Table 9.1. It is easy to see that if
we demand a rise time of 6 seconds or less, r; is positive. From Eq. 8.31 on
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Table 9.1: Parameter r; as a function of rise time

Rise time [

0.1522
0.0782
0.0286
—0.0070
—0.0337
—0.0545

© 00 3 O Ut

1.2 1.2

0.4 .
/
0.2 / 0.2

t (s) t(s)

Figure 9.25: Output and input profiles for rise times of 5 (thick line) and 7 (thin
line), in Example 9.17. The faster response is realized through a PID controller with
negative tuning parameters.

page 314, we see that either 74 or N has to be negative if we wish to implement
this controller through the PID framework. In other words, the PID controller with
positive parameters achieves only a slow response. If we wish to speed it up, we
may have no option but to use negative values in the PID parameters. The output
and the input profiles achieved with rise time specifications of 5 and 7 are shown
using thin and thick lines, respectively, in Fig. 9.25. Actual rise times achieved are
worse than what is designed for, as explained earlier.

If we worked with analog PID controllers, we would not even think about using
negative tuning parameters. The digital controller, on the other hand, could
actually promote such usage. In view of this, we remark that it may be possible to
get better performance with digital controllers than with analog controllers.

Having argued for the flexibility of assigning negative values to the PID parame-
ters, we will proceed to derive explicit expressions for them and also the conditions
on the plant.

The main reason for splitting the PID action into forward and backward paths
was presented in Sec. 8.3.6 and 8.3.7. Here we approach this problem purely from
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the point of view of solvability of polynomial equations. Suppose that we wish to
place the closed loop poles of the system at the roots of ¢.;, the desired closed loop
characteristic polynomial. From Eq. 7.13, we have

A(2)Rel(2) + B(2)Se(2) = dul2) (9.36)

This equation assumes that B includes time delays. If we wish to express the delay
explicitly and if R has an integral action, i.e., R, = AR;, where A =1 — 271, the

above equation becomes, after dropping the explicit dependence on 271,

AAR; +27*BS, = ¢ (9.37)

Comparing this with Eq. 9.24, we see that this is equivalent to setting A® and B®
as A and B, respectively. That is, we don’t cancel any factor of A or B to arrive at
the control law. We now invoke the degree condition of the solution of Aryabhatta’s
identity, as in Eq. 7.121 on page 291. For a unique minimum degree solution, we see
that dR; has to be less than dz~*B, the degree of the known quantity, in the other
term. As a result, we can equate dR; to one less than dz~*B, with the possibility
that some coefficients of R; are zero. Using a similar logic for the other unknown S,
we obtain

dRy =dB+k-1

(9.38)
dS.=dA+1-1=dA

where we have taken B to be a polynomial in 27!, see Footnote 5 on page 100. Thus,

we see that

dB <dR; —k+1

9.39

dA < dS. (9.39)

Suppose that we use the control law given in Eq. 8.33— 8.35 on page 314. Because
dR; =1 and dS,. = 2, we obtain

dB<2-k

9.40
dA <2 (9.40)
When the plant satisfies these conditions, it is possible to assign values to the four
PID parameters, namely K, 7;, 74 and N from 71, sg, s1 and so. We will now state
the tuning rules for this PID structure [30]. From Eq. 8.31, it is easy to derive the
following relation:

Td 71

=T, 9.41
N 1 —|— T1 ( )

In the following, we will use Eq. 8.35 for sq, s1 and ss. By straightforward calculation,
it is easy to show that sor; — s1 — (2 +71)s2 = K(1 + r1)2. From this, we obtain

Sor1 — 81 — (2 + T‘l)SQ
(I1+m71)?

K = (9.42)
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By direct substitution, we can also obtain sgr? — s171 + s2 = —K Nr1(1+71)2. Then,
using Eq. 9.41, we obtain

sorf — 81711 + 82

Td = 1g K(1+T1)3

(9.43)

By straightforward addition, we obtain sg + s1 + s2 = K(1 +r1)Ts/7;, from which we
obtain

-7 K(1+T1)

So + S1 + S2

It is easy to verify that if we substitute r1, sg, s1 and s values, respectively, as —0.2,
6.05, —10.41 and 4.4, in the above expressions, we obtain K = 2, 74 = 2.5, 7; = 40
and N = 10, consistent with Example 8.8.

We will next consider the control law that does not have an integral action, i.e.,
PD controllers. It immediately follows that we cannot use the 2-DOF configuration
presented in Sec. 8.3.6, in which only the integral mode is fed back. It is possible to
use the configuration given in Sec. 8.3.7, in which a fraction of the reference signal
goes through the proportional mode. In this configuration, even if the integral mode
is excluded, fractional proportional feedback is available.

We will now demonstrate how to use the PD controller described in Sec. 8.3.5 to
arrive at the tuning parameters. First, we will begin with the standard polynomial
equation

AR, + 27 *BS. = ¢ (9.45)

where R. does not have A as a factor. Compare this with Eq. 9.37. The condition for
unique minimum degree solution is

dR. =dB+k -1

9.46
dS,=dA -1 ( )

or

dB <dR.—-k+1

dA <dS. +1 (9-47)

The control law presented in Eq. 8.37— 8.39 on page 315 has dR, = 1 and dS, =1
and the above equations become

dB<2—-k

9.48
dA <2 (9.48)

We are now in a position to derive the tuning parameters for this PD control law.
The expression for 74/N is the same as in Eq. 9.41. From Eq. 8.39, we obtain

S0+ 381

14+nrm
S1 — SoT1

(9.49)

T1 (So + 81)
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It is easy to verify that if we substitute —0.2, 6 and —4.4, for 71, sg and s1, respectively,
we obtain K =2, 7; = 2.5 and N = 10, consistent with Example 8.9. We will present
another example.

Example 9.18 Explore the possibility of arriving at a PID controller to achieve
the performance specifications posed in Example 9.10 in the control of a DC motor.

This system has B = 0.0288+0.02652"%, A = 1 —1.77882140.7788272 k = 1,
dA =2 and dB = 1. Thus, the conditions of Eq. 9.48 are satisfied. We conclude
that it is possible to tune a PD controller using the pole placement approach. From
Example 9.10, we see the characteristic polynomial as

by =1—1.7502271 +0.7791272
Solving Eq. 9.45 for R, and S., we obtain

R.=140.0073z""1
S. =0.7379 — 0.21582""

which is equivalent to

1 = 0.0073
s0 = 0.7379
s1 = —0.2158

We next calculate the PD controller parameters. Using Eq. 9.49, we obtain

K =0.5183
N = —57.7038

Using Eq. 9.41, we obtain

7q = 0.1052

M 9.21 implements these calculations. Observe that N has turned out to be
negative.

Simulink block diagrams shown in Fig. A.5—-A.6 on page 527 have been used to
validate the performance of these controllers. The efficacy of the RST controller
is demonstrated using thin lines in Fig. 9.26. Both the output variable y and the
control effort u are shown.

In the same figure, the performance of the controller, implemented in the
continuous time PD framework, is drawn using thick lines. The continuous time
controller is of the form given in Eq. 8.13, with 7; taken as infinity. The other
tuning parameters are assigned the values given above.

It is clear from this figure that the control performance is better with the
discrete time controller, although with a larger initial control effort. This is not
surprising, because the specifications and the controller design have been carried
out completely in the discrete time domain and there is no guarantee that
implementation in the continuous time domain will give the same performance.
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Figure 9.26: Output and input profiles of the DC motor control problem using discrete
time (thin lines) and continuous time controllers, as explained in Example 9.18

We will conclude this section with a discussion on tuning the 2-DOF PID controller
presented in Sec. 8.3.6. Because the controller has an integral mode, Eq. 9.37-9.39 are
applicable now also. As the degree of R; is one and that of S, is two, Eq. 9.40 also
is applicable. For plants that satisfy these degree conditions, we can once again use
the four parameters r1, sg, s1 and s2, to assign the values for K, 7;, 7y and N. The
expression for r; is identical to the one in Eq. 9.41, reproduced here for convenience:

Td 71

=-T7T,— 9.50
N 1+r ( )

As the expressions for S, are now different, the PID parameters also will be different,

however. In the following, we will use the expressions for sg, s; and s from Eq. 8.43.
By evaluating s; + 2s3, it is easy to arrive at

S1 4 259
K=——= 9.51
147 ( )

By straightforward calculation, we can show 7151 4 (11 —1)s2 = KNr1(1+471). Using
the above expressions for K and 74/N, it is easy to arrive at

r181 + (7‘1 — 1)82
(1+71)(s1 + 282)

=T, (9.52)

Making use of Eq. 8.46 for so + s1 + s2, Eq. 9.50-9.51 for 74/N and K, it is easy to
arrive at the following expression for 7;:

51+ 2s2

s e e B (9.53)
So + s1 + S2

Ty = —

The tuning of PID controllers using model based controllers will be a continuing
theme throughout this book. We will take up this topic again in Sec. 10.2.3.
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9.9 Matlab Code

Matlab Code 9.1 Pole placement controller for magnetically suspended ball prob-
lem, discussed in Example 9.3 on page 331. Available at
HOME/place/matlab/ball basic.m!

% Magnetically suspended ball problem

% Operating conditions

M= 0.05; L=0.01; R=1; K= 0.0001; g = 9.81;
%

% Equilibrium conditions

hs = 0.01; is = sqrt(M«g+hs/K);

%

% State space matrices

a2l = Kxis "2/M/hs "2; a23 = — 2«Kxis /M/hs; a33 = — R/L;
b3 = 1/L;

a=[010; a2l 0 a23; 0 0 a33];

b = [0; 0; b3]; ¢=[1 0 0]; d = 0;

% Transfer functions
G = ss(a,b,c,d); Ts = 0.01; [B,A,k] = myc2d(G,Ts);
[num,den] = tfdata (G, ’v’);

% Transient specifications
rise = 0.15; epsilon = 0.05;

phi = desired (Ts, rise ,epsilon);

% Controller design

[Re,Sc,Te,gamma] = pp_basic(B,A,k, phi);

% Setting up simulation parameters for basic.mdl

st = 0.0001; % desired change in h, in m.
t_init = 0; % simulation start time
t_final = 0.5; % simulation end time

% Setting up simulation parameters for c_-ss_cl

N_var = 0; xInitial = [0 0 0]; N=1; C= 0; D= 1;

Matlab Code 9.2 Discretization of continuous transfer function. The result is
numerator and denominator in powers of 2~! and the delay term k. For an example
of how to use it, see M 9.1. This code is available at HOME/matlab/myc2d.m

% function [B,A,k] = myc2d (G, Ts)

% Produces numerator and denominator of discrete transfer

% function in powers of z {—-1}

% G is continuous transfer function , it can have time delays

% Ts is the sampling time, all in consistent time units

LHOME stands for http://www.moudgalya.org/dc/ — first see the software installation directions,
given in Appendix A.2.
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function [B,A,k] = myc2d(G,Ts)
H = ¢2d (G, Ts, ’zoh’);

[num,A] = tfdata (H, v’);
nonzero = find (num) ;
first.nz = nonzero(1);

k = first_nz —1 + H.ioDelay;

B = num(first_nz:length (num));

9. Pole Placement Controllers

Matlab Code 9.3 Procedure to split a polynomial into good and bad factors, as
discussed in Sec. 9.2. For an example of the usage, see M 9.1. This code is available

at HOME/matlab/polsplit2.m

% function [goodpoly ,badpoly] =

polsplit2 (fac ,a)

% Splits a scalar polynomial of z"{—-1} into good and bad
% factors .

% Input is a polynomial in increasing degree of z {—-1}
% Optional input is a, where a <= 1.

% Factor that has roots of z"{—1} outside a is called

% good and the rest bad.

% If a is not specified , it will be assumed as 1—-1.0e-—5

function [goodpoly ,badpoly] =
if nargin = 1, a = 1-1.0e—5; end

polsplit2 (fac ,a)

if a>1 error(’good_polynomial_is_unstable’); end

rts = roots(fac);

%

% extract good and bad
badindex = find (abs(rts)>=a);
badpoly = poly(rts(badindex));
goodindex = find (abs(rts)<a);
goodpoly = poly(rts(goodindex));
%

% scale

roots

by equating the largest
[m,index] = max(abs(fac));
goodbad = conv (goodpoly ,badpoly);
factor = fac(index)/goodbad(index);

goodpoly = goodpoly * factor;

terms

Matlab Code 9.4 Calculation of desired closed loop characteristic polynomial, as
discussed in Sec. 7.7. This code is available at HOME/matlab/desired.m

% function

% Based on

% calculates

%

function [phi,dphi]

[phi,dphi] =

transient

closed

loop

desired (Ts, rise , epsilon)
requirements ,
characteristic polynomial

desired (Ts, rise ,epsilon)



9.9. Matlab Code 369

7 Nr = rise/Ts; omega = pi/2/Nr; rho = epsilon "(omega/pi);
s phi = [1 —2+rhoxcos(omega) rho "2]; dphi = length(phi)—1;

Matlab Code 9.5 Design of 2-DOF pole placement controller, as discussed in
Sec. 9.2. For an example of the usage, see M 9.1. This code is available at
HOME/matlab/pp_basic.m

1 % function [Rc,Sc,Tc,gamma] = pp-basic(B,A,k,phi)

2 % calculates pole placement controller
1+ function [Rc,Sc,Tc,gamma] = pp_basic(B,A k, phi)

6 % Setting up and solving Aryabhatta identity
7 [Ag,Ab] = polsplit2(A); dAb = length(Ab) — 1;
s [Bg,Bb] = polsplit2(B); dBb = length(Bb) — 1;
o [zk,dzk] = zpowk(k);

10 [N,dN] = polmul(Bb,dBb,zk ,dzk);

1 dphi = length(phi) — 1;

12 [S1,dS1,R1,dR1] = xdync(N,dN,Ab,dAb, phi,dphi);
13

14 % Determination of control law

15 Rc = conv(Bg,R1); Sc = conv(Ag,S1);

16 Tc = Ag; gamma = sum(phi) /sum(Bb) ;

Matlab Code 9.6 Evaluates z~%. This code is available at HOME/matlab/zpowk.m

1 function [zk,dzk] = zpowk (k)
2 zk = zeros(1,k+1); zk(1,k+1) = 1;
s dzk = k;

Matlab Code 9.7 Simulation of closed loop system with an unstable controller, as
discussed in Example 9.5 on page 335. This code is available at
HOME/place/matlab/unstb.m

1 Ts =1; B=[1 =3]; A= |1
2 [zk,dzk] = zpowk(k); int =

2 -8]; k = 1;
0;

4 % Transient specifications
5 rise = 10; epsilon = 0.1;
¢ phi = desired(Ts,rise ,epsilon);

8 % Controller design

o [Re,Sc,Te,gamma] = pp_basic(B,A,k,phi);

10

11 % simulation parameters for basic_disc .mdl
12 st = 10, % desired change in setpoint

13 t_init = 0; % simulation start time

1w t_final = 1000; % simulation end time

15
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370 9. Pole Placement Controllers

% simulation parameters for stb_disc .mdl

N_var = 0; C=0; D= 1; N = 1;

Matlab Code 9.8 Pole placement controller using internal model principle, as
discussed in Sec. 9.4. It generalizes M 9.5. For an example of the usage, see M 9.9.
This code is available at HOME/matlab/pp_im.m

% function [Rc,Sc,Tc,gamma, phit] = pp-im (B,A,k,phi, Delta)
% Calculates 2—DOF pole placement controller .

function [Rc,Sc,Tc,gamma]l = pp_im (B,A k, phi, Delta)

% Setting up and solving Aryabhatta identity
[Ag,Ab] = polsplit3 (A); dAb = length(Ab) — 1;
[Bg,Bb] = polsplit3(B); dBb = length(Bb) — 1;
[zk,dzk] = zpowk(k);

[N,dN] = polmul (Bb,dBb,zk ,dzk) ;

dDelta = length(Delta)—1;

[D,dD] = polmul(Ab,dAb, Delta ,dDelta) ;

dphi = length (phi)—1;

[S1,dS1,R1,dR1] = xdync(N,dN,D,dD, phi,dphi);

% Determination of control law
Rc = conv(Bg,conv(R1,Delta)); Sc = conv(Ag,S1);
Tc = Ag; gamma = sum(phi) /sum(Bb);

Matlab Code 9.9 Pole placement controller, with internal model of a step, for the
magnetically suspended ball problem, as discussed in Example 9.8 on page 339.
This code is available at HOME/place/matlab/ball im.m After executing this code,
simulation can be carried out using the Simulink block diagram in Fig. A.8 on
page 528. By choosing rise=0.15, delta=0, CTRL-1 of Example 9.3 on page 331 is
realized. By choosing rise=0.1, delta=1, CTRL-3 of Example 9.8 is achieved.

% PP control with internal model for ball problem

% Operating conditions

M= 0.05; L=0.01; R=1; K= 0.0001; g = 9.81;

% Equilibrium conditions

hs = 0.01; is = sqrt (Mxg*hs/K);

% State space matrices

a2l = Kxis "2/M/hs "2; a23 = — 2«Kxis /M/hs; a33 = — R/L;
b3 = 1/L;

a=[010; a2l 0 a23; 0 0 a33];

b = [0; 0; b3]; ¢=[1 0 0]; d = 0;

% Transfer functions

G = ss(a,b,c,d); Ts = 0.01; [B,A,k] = myc2d(G,Ts);
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9.9. Matlab Code 371

% Transient specifications
rise = 0.1; epsilon = 0.05;
phi = desired (Ts, rise ,epsilon);

% Controller design
Delta = [1 —1], % internal model of step used
[Re, Sc,Te,gamma] = pp_im (B,A,k,phi,Delta);

% simulation parameters for c¢_ss_cl.mdl
st = 0.0001; % desired change in h, in m.
t_init = 0; % simulation start time
t_final = 0.5; % simulation end time
xInitial = [0 0 0];
N=1; C=0; D= 1; N_var = 0;

Matlab Code 9.10 Pole placement controller IBM Lotus Domino server, discussed
in Example 9.9 on page 341. This code is available at HOME/place/matlab/ibm_pp.m

% Control of IBM lotus domino server
% Transfer function
B=0.47; A= [1 —0.43]; k = 1;
[zk ,dzk] = zpowk(k);

% Transient specifications
rise = 10; epsilon = 0.01; Ts = 1;
phi = desired (Ts, rise ,epsilon);

% Controller design
Delta = [1 —1], % internal model of step used

[Re, Sc,Te,gamma] = pp_im (B,A,k,phi,Delta);

% Simulation parameters for stb_disc

st = 1; % desired change
t_init = 0; % simulation start time
t_final = 40; % simulation end time

C=0;, D= 1; N_var = 0;

Matlab Code 9.11 Pole placement controller for motor problem, discussed in
Example 9.10 on page 343. This code is available at HOME/place/matlab/motor.m

% Motor control problem
% Transfer function
a=[-10;10]; b=[1; 0];

c=1[0 1]; d = 0;
G = ss(a,b,c,d); Ts = 0.25; [B,A k]

= myc2d(G,Ts) ;

% Transient specifications
rise = 3; epsilon = 0.05;
phi = desired (Ts, rise ,epsilon);
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372 9. Pole Placement Controllers

% Controller design
Delta = 1; % No internal model of step used
[Re, Sc,Te,gamma] = pp_im(B,A,k,phi, Delta);

% simulation parameters for c-ss_cl.mdl

st = 1; % desired change in position
t_init = 0; % simulation start time
t_final = 10; % simulation end time
xInitial = [0 O], % initial conditions

N=1; C=0; D= 1; N_var = 0;

Matlab Code 9.12 Procedure to split a polynomial into good and bad factors, as
discussed in Sec. 9.5. The factors that have roots outside unit circle or with negative
real parts are defined as bad. This code is available at HOME/matlab/polsplit3.m

% function [goodpoly ,badpoly] = polsplit3 (fac ,a)

% Splits a scalar polynomial of z"{—-1} into good and bad
% factors. Input is a polynomial in increasing degree of
% z {—-1}. Optional input is a, where a <= 1.

% Factors that have roots outside a circle of radius a or

% with negative roots will be called bad and the rest

% good. If a is not specified , it will be assumed as 1.
function [goodpoly,badpoly] = polsplit3 (fac,a)
if nargin = 1, a = 1; end

if a>1 error(’good_polynomial_also.is_unstable’); end
rts = roots(fac);

% extract good and bad roots

badindex = find ((abs(rts)>=a—1.0e—5)|(real(rts)<—0.05));
badpoly = poly(rts(badindex));

goodindex = find ((abs(rts)<a—1.0e—5)&(real(rts)>=-0.05));
goodpoly = poly(rts(goodindex));

% scale by equating the largest terms
[m,index] = max(abs(fac));

goodbad = conv(goodpoly ,badpoly);
factor = fac(index)/goodbad(index);
goodpoly = goodpoly x factor;

Matlab Code 9.13 Pole placement controller without intra sample oscillations, as
discussed in Sec. 9.5. For an example of the usage, see M 9.14. This code is available
at HOME/matlab/pp_im2.m

% function [Rc,Sc,Tc,gamma, phit] = pp-im2(B,A,k,phi, Delta ,a)
% 2—DOF PP controller with internal model of Delta and
without

% hidden oscillations
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9.9. Matlab Code

function [Rc,Sc,Tc,gamma, phit] = pp_im2(B,A,k,phi,Delta ,a)

if nargin = 5, a = 1; end
dphi = length (phi)—1;

% Setting up and solving Aryabhatta identity
[Ag,Ab] = polsplit3(A,a); dAb = length(Ab) — 1;
[Bg,Bb] = polsplit3(B,a); dBb = length(Bb) — 1;
[zk ,dzk] = zpowk(k);

[N,dN] = polmul (Bb,dBb,zk ,dzk) ;

dDelta = length(Delta)—1;

[D,dD] = polmul(Ab,dAb, Delta ,dDelta);
[S1,dS1,R1,dR1] = xdync(N,dN,D,dD, phi,dphi);

% Determination of control law
Rc = conv(Bg,conv(R1,Delta)); Sc = conv(Ag,S1);
Tc = Ag; gamma = sum(phi) /sum(Bb) ;

% Total characteristic polynomial

phit = conv(phi,conv(Ag,Bg));

373

Matlab Code 9.14 Controller design for the case study presented in Example 9.12

on page 347. This code is available at HOME/place/matlab/sigurd.m

clear

num = 200;

den = conv ([0.05 1],[0.05 1]);
den = conv([10 1],den);

G = tf(num,den); Ts = 0.025;
[B,A,k] = myc2d(G,Ts);

[zk ,dzk] = zpowk(k); int = 0;

% Transient specifications
a = 0.9; rise = 0.24; epsilon = 0.05;

phi = desired (Ts, rise ,epsilon);

% Controller design

Delta = [1 —1]; % internal model of step is present

[Re,Sc,Te,gamma] = pp-im2(B,A k, phi,Delta ,a);

% margin calculation

Lnum = conv(Sc,conv(B,zk));
Lden = conv(Rc,A);

L = tf(Lnum,Lden,Ts);
[Gm,Pm] = margin(L);

numl = 100; denl = [10 1];
Gd = tf(numl,denl);
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[C,D, k1] = myc2d(Gd,Ts);

[zk ,dzk] = zpowk(k);

C = conv(C,zk);

% simulation parameters g-s_cl2 .mdl
N=1;

st = 1; % desired change in setpoint
stl = 0; % magnitude of disturbance

t_init = 0; % simulation
t_final = 15, % simulation

start time

end time

9. Pole Placement Controllers

Matlab Code 9.15 Evaluation of continuous time controller for the case study
presented in Example 9.13 on page 349. This code is available at

HOME/place/matlab/sigurdhis.m

clear
num = 200;
den = conv ([0.05 1],[0.05 1]);

den = conv([10 1],den);
G = tf(num,den); Ts = 0.005;
[B,A,k] = myc2d(G,Ts);

[zk,dzk] = zpowk(k); int = 0;

% Sigurd 's feedback controller ’
numb = 0.5*%conv ([1 2],[0.05 1]);
denb = conv([1 0],[0.005 1]);

[

Gb = tf(numb, denb) ;
[Sb,Rb,kb] = myc2d(Gb,Ts) ;
[zkb,dzkb] = zpowk(kb);
Sb = conv(Sb,zkb);

s

% Sigurd s feed forward controller

numf = [0.5 1];
denf = conv ([0.65 1]
Gf = tf (numf, denf);
[SE,Rf,kf] = myc2d(
[zkf, dzkf] = zpowk(k
Sf = conv(Sf, zkf);

,[0.03 1]);

Gf,Ts) ;
)7

% Margins

L = series (G,Gb);

[Gm,Pm] = margin(L);

Lnum = conv(Sb,conv(zk,B));
Lden = conv(Rb,A);

L = tf(Loum,Lden,Ts);
[DGm,DPm| = margln( )

% Noise

numl = 100; denl = [10 1];
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% simulation parameters

% entirely

continuous simulation: g_s_

for

% hybrid simulation :

st = 1; % desired change in
stl = 0;

t_.init = 0; % simulation st
t_final = 5; % simulation

g-s_cl6 .mdl

setpoint

art time

end time

cl3 .mdl

375

Matlab Code 9.16 System type with 2-DOF controller. It is used to arrive at the
results of Example 9.14. This code is available at
HOME/place/matlab/type_2D0OF.m

B=1; A=[1 —-1]; k =

1; zk = zpowk(k); Ts = 1;

of

.mdl

step

phi = [1 —0.5];

Delta = 1; % Choice of internal model
[Re,Sc,Te,gamma] = pp-im (B,A k, phi, Delta);
%

% simulation parameters for stb_disc

st = 1; % desired step change

t_init = 0; % simulation start time
t_final = 20; % simulation end time
xInitial = [0 0];

C=0; D= 1; N_var = 0;

open_system (’stb_disc.mdl’)

)

Matlab Code 9.17 Illustrating the benefits of cancellation. It is used to arrive at
the results of Example 9.15. This code is available at
HOME/place/matlab/dof choice.m

% test problem to demonstrate benefits of 2_dof
% Ts = 1; B = [1 0.9]; A = conv ([1 —1],[1 —-0.8]); k =
Ts = 1; k = 1;
B =conv([l 0.9],[1 —-0.8]); A= conv([l —-1],[]1 —0.5]);
%
% closed loop characteristic polynomial
phi = [1 —1 0.5];
Delta = 1; % Choice of internal model of step
control = 1;
if control — 1, % 1—-DOF with no cancellation
[Rc,Sc] = pp-pid (B,A,k,phi, Delta);

Tc = Sc; gamma = 1;
else % 2-DOF
[Re,Sc,Te,gamma] = pp_im(B,Ak,phi, Delta);

end
%

% simulation parameters

[zk , dzk]

zpowk (k) ;

for

stb_disc

. mdl

1;
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20 8t = 1; % desired step change

21 t_init = 0; % simulation start time
22 t_final = 20; % simulation end time
23 xInitial = [0 0];

22 C=0; D= 1; N_var = 0;
25 open_system (’stb_disc.mdl’)

Matlab Code 9.18 Anti windup control (AWC) of IBM Lotus Domino server,
studied in Example 9.16 on page 357. It can be used for the following situations:
with and without saturation, and with and without AWC. This code is available at
HOME/place/matlab/ibm pp_sat.m

1 % Transfer function
: B=0.47; A= [1 —0.43]; k = 1;
s [zk,dzk] = zpowk(k);

5 % Transient specifications
¢ rise = 10; epsilon = 0.01; Ts = 1;
7 phi = desired (Ts,rise ,epsilon);

9 % Controller design

10 delta = [1 —1]; % internal model of step used
1 [Re,Sc,Te,gamma,F] = pp_im2(B,A k, phi, delta);
12

13 % Study of Antiwindup Controller

14

15 key = menu(’Please.choose_one_of_the.following’,

16 "Simulate_without _any._saturation_limits ’,

17 ’Simulate_saturation ,_.but._.do_.not._.use AWC’ ,

18 "Simulate_saturation_with AWC_in_place’,

19 "Simulate_without .any._saturation.limits , _but_with.
AWC?) ;

20

a1 if key = 1

22 U=2; L=-2,P=1; F=Rc; E= 0; PSc = Sc; PTc = Tc;

23 elseif key = 2

24 U=1; L= -1; P=1; F =Rc; E= 0; PSc = Sc; PTc = Tc;

25 else

26 if key:3 % Antiwindup controller and with saturation

27 U = 1; L = —1;

28 elseif key — 4 % Antiwindup controller , but no saturation

29 U= 2; L= -2

30 end

31 P = A;

32 dF = length(F) — 1;
33 PRc = conv(P,Rc); dPRc = length(PRc) — 1;
s [E,dE] = poladd (F,dF,—PRc,dPRc) ;

35 PSc = conv(P,Sc); PTc = conv(P,Tc);

36 end
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% Setting up simulation parameters for stb_disc_sat

t_init = 0; % first step begins

st = 1; % height of first step
t_init2 = 500; % second step begins
st2 = —2; % height of second step
t_final = 1000; % simulation end time
stl = 0; % no disturbance input

C=0;, D=1; N_var = 0;

Matlab Code 9.19 Demonstration of usefulness of negative PID parameters, dis-
cussed in Example 9.17 on page 361. This code is available at
HOME/place/matlab/pid neg.m

% Discretize the continuous plant
num = 1; den = [2 1]; tau = 0.5;
G = tf(num,den);

G.ioDelay = tau;

Ts = 0.5;

[B,A, k] = myc2d(G,Ts);

% Specify transient requirements
epsilon = 0.05; rise = b5;
phi = desired (Ts, rise ,epsilon);

% Design the controller

Delta = [1 —1];

[Rc,Sc] = pp-pid(B,A,k,phi, Delta);

%

% parameters for simulation using g-s_cl
Tc = Sc; gamma = 1; N = 1;

C=0;, D= 1; N_var = 0;

st = 1; t_init = 0; t_final = 20;

Matlab Code 9.20 Solution to Aryabhatta’s identity arising in PID controller
design, namely Eq. 9.37 on page 363. For an example of the usage, see M 9.19. This
code is available at HOME/matlab/pppid.m

function [Rc,Sc] = pp_pid (B,A,k,phi, Delta)

% Setting up and solving Aryabhatta identity
dB = length(B) — 1; dA = length(A) — 1;

[zk ,dzk] = zpowk(k);

[N,dN] = polmul(B,dB,zk,dzk) ;

dDelta = length(Delta)—1;

[D,dD] = polmul(A,dA, Delta ,dDelta);

dphi = length (phi)—1;

[Sc,dSc,R,dR] = xdync(N,dN,D,dD, phi,dphi);
Rc = conv (R, Delta);
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Matlab Code 9.21 DC motor with PID control, tuned through pole placement

9. Pole Placement Controllers

technique, as in Example 9.18 on page 365. This code is available at

HOME/place/matlab/motor_pd.m

% Motor control problem

% Transfer function
a=[-10;10]; b=7[l; 0]; ¢c=|
G = ss(a,b,c,d); Ts = 0.25; [B,Ak
[num,den] = tfdata (G, ’v’);

% Transient specifications
rise = 3; epsilon = 0.05;

phi = desired (Ts, rise ,epsilon);

% Controller design

0 1
] =

J; d = 0;
myc2d (G, Ts) ;

Delta = 1, % No internal model of step used

[Re,Sc] = pp-pid(B,A,k,phi,Delta);

% continuous time controller

[K,taud ,N] = pd(Rc,Sc,Ts);

numb = Kx[1 taud*(14+1/N)]; denb = [1 taud/N];

numf = 1; denf = 1;

% simulation parameters

st = 1, % desired change in position
t_init = 0; % simulation start time
t_final = 20; % simulation end time
stl = 0;

% continuous controller simulation :

numl = 0; denl = 1;

g-s-cl3 .mdl

% discrete controller simulation: g_s_cl2 .mdl

C=0; D=1; N=1; gamma = 1; Tc = Sc;

Matlab Code 9.22 PD control law from polynomial coefficients, as explained in
Sec. 9.8. For an example of the usage, see M 9.21. This code is available at

HOME/place/matlab/pd.m
function [K,taud ,N] = pd(Rc,Sc,Ts)

% Both Rc and Sc have to be degree one polynomials

s0 Sc(1l); sl = Sc(2);

rl = Re(2);

K= (s0+sl)/(14+r1);

N = (s1—s0xrl)/rl/(s0+sl);
taudbyN = —Tsxrl/(14r1);
taud = taudbyN x N;
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9.10 Problems

9.1.

9.2.

9.3.

9.4.

Obtain a 2-DOF pole placement controller for the plant

z+2
G(z) = ———
(2) 224241

so as to have a rise time of 5 samples, i.e., N, = 5, and overshoot of 10%. The
controller should track step changes in the reference signal, even if the plant
parameters change.

The objective of this problem is to design a 2-DOF pole placement controller
for a plant with open loop transfer function given by

s—1
(s=3)(s+2)

(a) Design a 2-DOF pole placement controller that satisfies the following
transient specifications for a unit step input:

G(s) =

i. Rise time should be less than or equal to 2 seconds.
ii. Overshoot should be less than or equal to 10%.
A suggested sampling time is Ts = 0.1.

(b) Propose an appropriate feedback configuration so that the closed loop
system is stable. Simulate the closed loop system using each of Fig. A.1-
A.4 on page 527.

Determine a pole placement controller for the nonminimum phase oscillator with
the following transfer function:

_ —1+2271
1172714 22

27 2u(t)

The controller should satisfy the following requirements:

y(t)

(a) The closed loop characteristic polynomial ¢ (z71) =1 —0.6271.
(b) There should be an integral term, namely 1/(1 — z~1), present in the loop.
It is proposed to control a plant with the following transfer function:

_xB(2) >

G(z) =

Here, A and B are known polynomials in 2! and k is a known positive integer.
Unfortunately, nothing is known about b(z). In view of this, the control designer
assumes b = 1 and, using our procedure, arrives at the following 2-DOF pole
placement controller to achieve offset free tracking of step inputs:

R To(2) rre 1 U, B, Yo
Ro(2) A A(z)}( )
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(a) For what types of b(z~!) is the above mentioned tracking property
maintained?

(b) Is this controller effective in rejecting the disturbance, denoted by V in
Fig. 7.22 on page 271, for example, when b is unknown?

(¢) What assumption is implicit in your answer to the above questions?

9.5. In Example 7.3 on page 257, we have presented a lead controller to meet the
requirements of an antenna control system. Now design 1-DOF and 2-DOF pole
placement controllers to meet the same performance specifications. Complete
the following table for a unit step input:

1-DOF 2-DOF
11—zt (1—2zYH 1—-2' (1-2z12

Initial control effort
Actual rise time
Overshoot

and the following table for a ramp signal of unit slope:

1-DOF 2-DOF
1—2z70 (1—-2"H% 1-27" (1-2z71?

Initial control effort
Steady state error

For the 1-DOF controller, carry out the calculations with and without cancel-
lation of good factors.

[Hint: The 2-DOF controller designed with the following specifications may help
meet the requirements: rise time = 1.8 s, overshoot = 0.25, Ts = 0.2 s. Matlab
code pp-im.m, given in M 9.16, may be useful. For the 1-DOF controller without
cancellation of good factors, Matlab code pp_pid.m, given in M 9.20, may be
useful.]

9.6. Design a pole placement controller (PPC) for the open loop transfer function

21

Gl2) = g9

(a) Design a PPC for the system such that
i. the closed loop poles are at —0.5 + 0.57,
ii. there is no offset to a step input.

(b) Can you implement this PPC with a PID controller? If so, what are the P,
I, D settings? If not, explain why not.



Chapter 10

Special Cases of Pole
Placement Control

Many controllers can be analysed from the pole placement viewpoint. In this
chapter, we present the Smith predictor and internal model controller, popular design
techniques in chemical engineering.

10.1 Smith Predictor

The presence of large delays reduces the achievable control performance. For example,
consider our standard plant model in the mixed notation of Sec. 6.4.1:
B
yn) = =2 utn)

(10.1)

In all real life systems, k will at least be one, because all meaningful systems take a
nonzero amount of time to respond to external stimuli. If there is a transport delay in
implementing the control effort, k& will be larger than one. Such a situation arises also
when the plants are inherently sluggish and they take some time respond to control
efforts. Chemical processes often have this shortcoming. In chemical engineering
terminology, the time to respond to external inputs is known as the dead time. In
all these cases, k could be a large number.

The presence of a large delay k implies that the control action will be delayed by
the same extent. This can be see by writing Eq. 10.1 as

It is clear that the larger the delay, the worse the control performance will be. We will
illustrate this with a discrete time model of a paper machine system, studied by [2].

Example 10.1 The discrete time model of a paper machine is given by

0.63273

y(n) = 1371

(n)

Digital Control ~ Kannan M. Moudgalya
© 2007 John Wiley & Sons, Ltd. ISBN: 978-0-470-03143-8
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Compare the performance of a 2-DOF pole placement controller, with and without
the delay.

To design a 2-DOF pole placement controller, we need to solve Aryabhatta's
identity, given by Eq. 9.24 on page 339, and reproduced here for convenience:

AAR; + 27FB%S| = ¢

Suppose that we desire the closed loop characteristic polynomial to be 1 —0.5z7"
and that we want an internal model of steps in the loop. Because A® = B? =1
for this system, Aryabhatta's identity of Eq. 9.24 on page 339 becomes

(1—2"HR +2738, =1-05z""
The solution is given by

S; =05
Ri=1+4+052"1405272

The controller parameters, obtained using Eq. 9.11b on page 330 and Eq. 9.23 on
page 338, are

S. =0.5(1—0.37)
R.=0.63(1 052" —0.527?)

Because S; is a constant, we also obtain 7T, = S.. As a result, we have the
property of offset free tracking of steps. M 10.1 carries out these calculations.
Fig. 10.1 shows a plot, using thick lines, of the resulting y and u profiles, which
have been obtained using the Simulink code given in Fig. A.1 on page 525.

Let us now examine the performance of the controller if the plant delay is reduced
from the given value of three to the minimum possible value of one. We arrive at
the following Aryabhatta's identity and controller parameters:

(1—2z"HRy +2715 =1-05z""
S1=0.5
Ry =1
So =0.5(1 —0.37)
Ry =0.63(1—271)
vTo = Se
where we have denoted R, S. and T, respectively, by Ry, Sy and Tj, to indicate

the fact that these have been obtained when the delay is reduced to the minimum
possible value.

Once again, these calculations are carried out using M 10.1, simulated using
Fig. A.1 and plotted using thin lines in Fig. 10.1. From this figure, it is easy
to see that the control effort w(n) is identical in both cases. The plant output
y(n) is faster when the delay is reduced. I
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Figure 10.1: Output and input profiles for k = 3 (thick line) and k£ = 1 (thin line), in
Example 10.1. The control effort for both cases is identical. The output is faster for
smaller delay.

Because of the adverse effects of long delays in the plant, we would like to account
for them. If the delay is completely compensated, however, an algebraic loop is created
in the feedback loop, causing difficulties during simulation. This difficulty does not
arise in the presence of noise or plant—-model mismatch. The shortest possible delay
in all real life applications is one. In this section, we propose to remove the effects of
any delay larger than one, through a strategy known as the Smith predictor. In view
of this, we will assume that in the plant model given by Eq. 10.1, &£ > 2. Recall that
the numerator polynomial B(z) has the form

B(2) =bg+ b1zt + -+ bapz P (10.2)
with by # 0. Defining

By(z) = z7'B(2) (10.3)
Eq. 10.1 becomes

G(z) = Z_(k_l)idT(zZ)) (10.4)

We have defined By such that it includes one delay, the minimum we expect in real
applications. Now we look for ways to get rid of the adverse effects of the delay term
2z~ (=1 Towards this end, consider the following equation:

Yyp(n) = z_(k_l)ZdT(;))u(n) + [1 - z(km_l)} BXL(Z)U(n) (10.5)
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r + 1 | By
—e T — —(k-1) 4
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3 %+ 1 — z=(bm=1)
S() -

Figure 10.2: A schematic of Smith predictor

where ky,, Bam and A, can be thought of as estimates of k, By and A, respectively.
When we have good knowledge of the plant, the estimates become exact and Eq. 10.5
becomes

yp(n) = u(n) (10.6)

thereby getting rid of the adverse effects of z=(*~1) in Eq. 10.4, see Problem 10.1.
We can treat this as the equivalent model of the original plant given by Eq. 10.1 and
design a controller. Fig. 10.2 shows a schematic of this idea, where we have proposed
a 2-DOF pole placement controller. We have used the symbols Ry, Sp and Tj in the
place of R., S. and T, respectively, to indicate the fact that this controller is designed
for the delay free plant.

With the addition of the extra path in the control scheme, we feed back g, as
opposed to y. The expression for ¢ is given by

Bam, Bam (1 — z=km=D)y 4 A,
g=Bimy ey, gy, - Bl 20Tt Ay (107
Am, Am,
The control law for this configuration is given by
Sou = ’}/ToT - Rog (108)

Substituting in the above equation the expression for § from Eq. 10.7, and simplifying,
we obtain

Am’yTOT - AmRoy

= 10.9
b A, So + BdmRo(l — Z_(km_l)) ( )
Using Eq. 10.4, the plant model can be written as
B
y= z_(k_l)fu (10.10)

Substituting into this equation the expression for u from Eq. 10.9, and simplifying,
we obtain

b = 2~V By A A Tor (10.11)
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where
der = A(AnSo 4+ BamRo(1 — z~*m=DY)) 4 o= (=D B A R, (10.12)

Suppose that we have good knowledge of the plant. As a result, the model parameters
will be identical to those of the plant. That is, A,, = A, Bgm = By and k,, = k. The
above equation can be simplified as

¢er = A(ASo + ByRo) (10.13)

We see that the denominator of the plant transfer function, A, is a part of the closed
loop characteristic polynomial. As a result, this method can be used only when the
plant G is stable. Also, when the expression for ¢.; is substituted into Eq. 10.12, A
cancels A,, as these are assumed equal. This leaves behind ¢g = ASy+ ByRy, which is
identical to the characteristic polynomial of the system in Fig. 10.2, when the blocks
inside the box are replaced by their equivalent transfer function of B;/A. The name
Smith predictor refers mainly to the configuration inside the box.
We will now illustrate this procedure with an example.

Example 10.2 Apply the procedure of the Smith predictor to the paper
machine problem, presented in Example 10.1.

We once again assume the presence of an internal model of a step. For comparison
purposes, we take the reduced characteristic polynomial ASy + ByRy to be 1 —
0.5z~%. We obtain the following expressions using the procedure outlined in this
section:

By =0.632""
Sp = 0.5(1 —0.37)
Ry =0.63(1—271)

which are identical to the values obtained in Example 10.1 for £ = 1. The control
effort u(n) is also the same as before. As expected, § and y values are identical
to the y values of Example 10.1 corresponding to k = 1 and k = 3, respectively.
M 10.2 is used to design this controller. Fig. 10.3 shows the Simulink code used
to carry out the simulation. I

We need good knowledge of the delay for the Smith predictor to be effective. The
above approach works only for stable plants. Problem 10.2 addresses unstable plants.
Sec. 11.1.3 explains that the prediction error model of Sec. 11.1 plays the role of the
Smith predictor when noise is present.

10.2 Internal Model Control

In this section, we will develop the internal model controller, a popular technique
in the chemical engineering field. The name comes from the fact that the controller
has an explicit model of the plant as its part. In this framework, if the open loop
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Figure 10.3: Simulink block diagram to simulate Smith predictor, used in
Example 10.2. The code is available at HOME/imc/matlab/smith disc.mdl, see
Footnote 1 on page 397.

§

Go(2) " Gpl2)

Figure 10.4: IMC feedback configuration

transfer function is stable and if the controller is stable, the closed loop system can
be shown to be stable. This reduces the effort required in searching for controllers.
This controller, abbreviated as IMC, can be thought of as a special case of the pole
placement controller. Although it is possible to extend this idea for unstable plants,
the IMC has been used mainly for stable plants. We will also focus our attention on
IMC design of stable plants only.

Let the transfer function of the stable plant be denoted by Gp(z). Suppose that
its model is denoted by G(z) or, equivalently, by

y(n) = G(=)u(n) + &) (10.14)

where y(n), u(n) and £(n) are plant output, input and noise, respectively. We assume
that all the delays of the plant are factored in z~*. Note that we use the argument z,
even though the numerator and the denominator could be polynomials in powers of
271, see Footnote 5 on page 100. One popular method to control such stable plants
is given in the block diagram in Fig. 10.4, which implements the well known internal
model control. In this, G is a model of the plant and G is a special type of controller.
Let us consider the problem of regulation or noise rejection with y,, = 0. We see that

E=y—9=Gu+{—Gu=¢ (10.15)
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Figure 10.5: Injection of extra inputs to determine the conditions for internal stability
in the IMC configuration

if G = G,. If G # G, this mismatch gets added to the signal that is fed back. This is
in agreement with our intuition that we need the feedback for stable systems mainly
for noise rejection and plant—model mismatch. If in addition

Go=G,' (10.16)

then the plant output in the noise rejection problem, for which we can take the
reference signal r to be zero, is given by

Gpu = —G,Goé = —¢ (10.17)

which will cancel the noise, resulting in y = 0. Thus, if Gg = G;l, and G = G,
the noise will be rejected completely. This is one advantage of this special type of
feedback connection. The additional advantage will be explained next.

A system is internally stable if and only if the transfer function between any two
points in the feedback loop is stable, see Sec. 7.4.2. To evaluate internal stability, we
construct the feedback diagram with extra inputs, as in Fig. 10.5. We arrive at the
following transfer function matrix, assuming, G = G:

y GGy G (1-GGg)G] [r
u|l = | Gg —GGqg 0 Uy (10.18)
ﬂ GGQ —GQGQ G (D]

The system is internally stable if and only if every entry in the above matrix is stable.
As G is stable, internal stability is equivalent to G¢g being stable. Thus, control design
is reduced to looking for any stable Gg. This is an easier problem compared to the
design of the controller in the standard configuration, G..

From the discussion earlier, we would want Gg = G~!. Combining these two
requirements, we look for a stable G that is an approximate inverse of G. We will
refer to G as the @ form of the IMC.

Indeed, any controller in a standard configuration for a stable plant can also be
represented in this special arrangement, because of the above mentioned appealing
property of the IMC. This is illustrated in Fig. 10.6, which has an extra signal through
G added and subtracted. One can verify that this is equivalent to the standard
configuration. The block diagram in this figure is identical to that in Fig. 10.4 if
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3

Figure 10.6: Implementation of standard controller in IMC configuration by making
transfer function within dashed lines equal to Gg

Y

Figure 10.7: Equivalence of standard control configuration with IMC

the entries within the dashed lines are replaced with Gg; that is, if

G

= 1.1
Ga 1+ GG, (10.19)

Suppose that on the other hand we want the controller in the standard configuration,
starting from Fig. 10.4. It is easy to check that this figure is identical to Fig. 10.7 if
the block within the dashed lines is equal to G; that is,

(10.20)

Thus, knowing one form of the controller, we can easily get the other. As the controller
has a model of the plant explicitly, it is known as the internal model controller.

10.2.1 IMC Design for Stable Plants

Next, we give the procedure to obtain a realizable G that is stable and approximately
an inverse of G.

1. Invert the delay free plant model so that G is realizable. For example, if G =
2"*B/A, then (B/A)~! = A/B is a candidate for Gg,.

2. If the plant is of nonminimum phase, i.e., if B has zeros outside the unit circle,
replace these factors with reciprocal polynomials so that G¢ is stable. For
example, if

" 1—2271

G=zt— (10.21)
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then a candidate for Gg is

A A
z71-2 24271
Notice that the zero of the plant is at 2 and that the pole of Gg is at 1/2 = 0.5.

The reciprocal polynomial of an unstable polynomial, with its zeros strictly
outside the unit circle, is guaranteed to be stable.

(10.22)

3. If the plant zero has negative real part, replace that factor with the steady state
equivalent. For example, if

1+ 0.5z~1

G=1z 1

(10.23)

then a candidate for G is

A A

— = 10.24
1+052-1,_, 1.5 (10.24)

Recall the discussion in Sec. 9.5 why we do not use controllers with negative
poles.

4. The noise and model-mismatch have mainly high frequency components. To
account for these, a low pass filter of the form

A&_ 11—«

Gy = =——
! A 1—az™!

(10.25)

where 1 > a > 0, is added in series.
We will now summarize this procedure. Let the plant transfer function be factored as

_BIB~ B+
A

where BY is the factor of B with roots inside the unit circle and with positive real
parts. B~ is the factor of B with roots that have negative real parts. Note that
these roots can be inside, on, or outside the unit circle. B®™+ refers to that part of
B containing nonminimum zeros of B with positive real parts. Fig. 10.8 explains
this diagrammatically. We will now apply this to the transfer function given in
Eq. 10.21, B+ =1 -2z and B9 = B~ =1.In Eq. 10.23, B~ =14 0.52"" and
BY = B™F = 1. Note that this notation is different from the conventional meaning
of using + and — as superscripts. Such a factorization is not considered for the
denominator polynomial A because we are dealing with stable systems only and
because poles with negative parts are uncommon in sampled systems.

For the stable system factored as in Eq. 10.26, the internal model controller is
given by

= 10.27
Go = GGy

G==z (10.26)

Here
t A

e 10.28
B9B; B (10.28)
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Br m-+

Figure 10.8: Dividing z plane region into good, bad and nonminimum phase parts

where B, is the steady state equivalent of B~

BS_ = B_’stcady state (1029)
and BT is B™™* with reversed coefficients,
+_ +
B:‘lm = B"™ |reversed coefficients (1030)

For example, in Eq. 10.22, By = B™|,_; = 1—}—0.52_1’Z:1 = 1.5 and in Eq. 10.24,
Bt = 2=1 2 The function in M 10.3 carries out the above mentioned split. Using
Eq. 10.28 and Eq. 10.25 in Eq. 10.27, the IMC becomes

B A 11—«
- BIB: BM™t1—az!

Go (10.31)

Note that the steady state value of G is the inverse of that of the model of the plant,
i.e.,

GQ|SS = [GSS]_l (1032)

The function in M 10.4 implements this control design. We will now illustrate this
procedure with examples.

Example 10.3 Design an IMC for the viscosity control problem [34] with the
open loop transfer function

_,0.51 +1.2127!

G=2 T gaT

Comparing with Eq. 10.26, we obtain A = 1 — 0.442~!, B9 = B"™+ = 1,
B~ =0.51 + 121271 It is easy to see that By = 1.72 and B"™* = 1. Using
Eq. 10.27, Eq. 10.28 and the low pass filter as in Eq. 10.25, we obtain

G _1—0.442_1 11—«
T T2 1-—az!
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Figure 10.9: Simulink block diagram for simulating a stable system with IMC, in
Q form. Code is available at HOME/imc/matlab/imc Q_c.mdl, see Footnote 1 on
page 397.

Matlab code M 10.6 implements this control design. The Simulink program in
Fig. 10.9 shows how this system can be simulated. Note that the plant numerator
B, and denominator A, can be made different from the assumed models, B and 4,
and robustness studies can be carried out. I

Next we present an IMC for the van de Vusse reactor, presented in Sec. 2.2.5.

Example 10.4 Design an IMC for the open loop transfer function

Gls) — L1175 £ 31472
%) T 2 1 4.64295 + 5.3821

where the time unit is minutes. Sampling this with Ty = 0.1 minute, we arrive at

—0.07506121(1 — 1.334z 1)
(1—0.7995z~1)(1 — 0.7863z 1)

G(z) =

Comparing with Eq. 10.26, we find that
A=(1-0.79952"1)(1 - 0.7863271)

Bt =1-1.334;71
BY = —0.075061
B =1

We will first evaluate B2™+ as
Brt = ;=1 1334
Using Eq. 10.27, Eq. 10.28 and the low pass filter as in Eq. 10.25, we obtain

(1—0.79952"1)(1 — 0.7863z1)
—0.075061(z—1 — 1.334)

(1—0.7995z"1)(1 — 0.7863z"1) 1—a
0.1001(1 — 0.7496z-1)  1—qz!

Go=

Gy
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Figure 10.10: Output y(n) and input u(n) profiles in the van de Vusse reactor, as
discussed in Example 10.4. Solid lines correspond to a = 0.5 and dotted lines denote

a=0.9.

This is identical to the controller obtained by [3]. The script in M 10.7 implements
this control design. Fig. 10.9, with the delay block deleted, is used to simulate the
efficacy of this controller. Fig. 10.10 presents the output and input profiles for o
values of 0.5 and 0.9. It can be seen that the performance for &« = 0.9 is more
sluggish than that for & = 0.5. While both of them show an inverse response, it is
less for o = 0.9. I

We will illustrate the IMC control technique with another example.
Example 10.5 Design an IMC for the continuous transfer function

1
(10s + 1)(255 + 1)

G(s) =

sampled with T, = 3.
We obtain

0.0157271(1 4 0.8649271)
(1—0.8869z1)(1 — 0.7408z 1)

G(z) =

Comparing with Eq. 10.26, we obtain

A=(1-0.88692"1)(1 —0.7408271)
BY = 0.0157
B™ =1+0.86492"!
B ™t =1
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Figure 10.11: Output y(n) and input u(n) profiles for the problem discussed in
Example 10.5. Solid lines correspond to o = 0.5 and dotted lines denote a« = 0.9.

We will first evaluate B as

B =1.8649
Using Eq. 10.27, Eq. 10.28 and the low pass filter as in Eq. 10.25, we obtain
(1 —-0.8869271)(1 —0.7408271) 1 -«

G =
o) 0.0157 x 1.8649 1—az1

The script in M 10.8 implements this control design. Fig. 10.9, with the delay block
deleted, is used to simulate the efficacy of this controller. Fig. 10.11 presents the
output and input profiles for o values of 0.5 and 0.9. It can be seen that the
performance for a = 0.9 is more sluggish than that for a = 0.5. I

In order to compare with other controllers, we need to express the IMC in
conventional form. The next section addresses this issue.

10.2.2 IMC in Conventional Form for Stable Plants

In the last section, we have seen the benefits of the IMC structure and a way to design
controllers. In this section, we will show how to obtain an equivalent controller in the
conventional form. We can use either Eq. 10.20 or Fig. 10.12, which is an equivalent
of Fig. 10.4 or Fig. 10.7. The IMC equivalent conventional feedback controller is
given by

By A
Q. — Af BIBM™ T BT
. By A BIB™™ TR~

"~ A; BsBM™t B A
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3
T
A By u y
GQ - BgBS—B;m‘Hr A7f Gp
B_qB—Bnm+
G — #
N

Figure 10.12: IMC closed loop configuration. It can be used to derive conventional
control configuration

Simplifying, we arrive at

Ge= Bg(AfB?“B;B—f/;fBHMB—z—k) : Ji_cc (10:33)
The controller is in the form
R.(2)u=Te(2)r — Sc(2)y (10.34)
where
Te(2) = S.(2) (10.35)

If the filter is chosen as in Eq. 10.25, using Eq. 10.32 and Eq. 10.20, we see that
R.(1)=0 (10.36)

implying integral control. The function in M 10.9 is an augmented version of M 10.4:

it determines G, given Gg. We now illustrate this approach with a few examples.
Example 10.6 Design an IMC for the first order system G(s) = 1/(s+1) when
sampled with T, = 1 s and express it in the conventional form.

The discrete time transfer function is given by

0.6321z7¢
Gz)= ———————
() = 1036705 1
The @ form of the IMC is given by
1—0.367927!
Gog=—-——"—
@ 0.6321

Suppose that the filter is chosen to be 1. Using Eq. 10.20, we obtain the controller
in the conventional form as

o _ 1-03679:71 [ 0632171 1-0.3679:71]"
©T 06321 1-0.3679-~1 0.6321
1-0.36792""

T 06321(1—21)
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Example 10.7 Determine the IMC equivalent conventional controller for the
system presented in Example 10.3.

Using Eq. 10.33, we find that
R.=172(1 —az ") — 271 —a)(0.51 +1.21z71)
=1.72-[1.72a + (1 — a)0.51]z7 ' = 1.21(1 — a)2 2
=172 - (0.51 + 1.21a)z~ " — 1.21(1 — @)z 2
=[1.72+1.21(1 —a)z (1 — 271
S.=BiA=(1-a)(l—044z7")

The controller is given by Eq. 10.34. It has one tuning factor, «, the filter time
constant. It is easy to check that for all o, R.(1) = 0. I

Example 10.8 Determine the IMC equivalent conventional controller for the
system presented in Example 10.4.

Using Eq. 10.33, we find that
R. = —0.075061[(1 — az™)(=1.334 + 271 — (1 — a)(1 — 1.3342 1)z~
= —0.075061(—1.334 + 2.334az " 4 (1.334 — 2.3340)2?)
=0.1001(1 — 1.75az" — (1 — 1.75a) 2~ 2)
=0.1001(1 — 27 H[1 4 (1 — 1.75a) 27}

It is easy to check that R.(1) = O for all a.. If we assume a filter constant o = 0.5,
this simplifies to

R.=0.1001(1 — 27 1)(1 4 0.8752%) = 0.1001 — 0.08762 " — 0.01252 2
The corresponding expression for S, is
S, = (1 —a)A(l —0.7995271)(1 — 0.786321)
=0.5—0.79292"" +0.31432 2

A program to compute the coefficients is given in M 10.10.

Example 10.9 Determine the IMC equivalent conventional controller for the
system presented in Example 10.5.

Using Eq. 10.33, we find that
R.=0.0157[(1 — az71)1.8649 — (1 — a)(1 4+ 0.86492~1)271]

With a = 0.5, this simplifies to Rc = 0.0293 — 0.0225z~! — 0.00682~2. The
corresponding expression for S, is S, = 0.5 — 0.81392~! + 0.3285272. It is easy
to check that R.(1) = 0. I
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10.2.3 PID Tuning Through IMC

In Sec. 9.8, we have presented a method to tune PID controllers using the pole
placement approach. We will now use the IMC to obtain PID tuning parameters.
Looking at the examples in Sec. 10.2.2, we see that the IMC generated controllers
have the property of S.(z) = R.(z) and the degree of R.(z) = dR. = 2, where the
controller is given by Eq. 10.34,

R.(z)u =Te(2)r — Sc(2)y (10.37)

We see that the PID controllers presented in Sec. 8.3.5 and 8.3.6 are not suitable
because, they have degree of R, as 1. On the other hand, the PID controller presented
in Sec. 8.3.7 is possibly suitable because it has dR, = 2, see Eq. 8.55 on page 321. This
PID controller, however, has to be modified so that S, = T,, which is the required
form for the IMC. This can be carried out by subjecting r also to the same treatment
as y. Thus, the controller given by Eq. 8.53 becomes

z—1

1TSZ+1 =T Td
Uz =K |1+ —— . R(z)-Y 10.38
=K 1 25 | () - V() (10.38)

where we have used the trapezoidal rule for integration. Simplifying, we obtain

(1—2"H(1 —agz"HU(2)

=K {(1 — 2z H(1 —agz™h) + 2T—S(1 + 271 —agz™) + Nag(1 — 271)?

x (R(z) =Y (2)) (10.39)
This is in the standard controller form as given by Eq. 10.37 with
Re(z)=(1—2"Y(1 —aqz™")

T
SC(Z) =K |:(1 + o +Nad)

T
+ (—(ad +1)+ 2—(1 —aq) — 2Nad) 271 (10.40)
Ti
T,
+ <ad — —aq + Nad> 2_2]
27’1'

Te(z) = Se(2)

Comparing this with the IMC parameters given by Eq. 10.33, one can determine the
PID parameters. We will illustrate this approach with an example.

Example 10.10 Determine the tuning parameters so that the resulting PID

controller is equivalent to the IMC derived in Example 10.8.

Comparing R.(z) in Eq. 10.40 with that in the example under discussion, we find

that

ag=1.75a—1

Equating S.(z) of Example 10.8 with the form in Eq. 10.40, we obtain three
equations, which can be solved for three unknowns, K, 7, and N. From the
expression for ag, one can determine 7. .
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In this section, we have given a brief overview of tuning PID parameters through the
IMC, a model based controller. We will return to this topic in Sec. 11.3.3.

10.3 Matlab Code

Matlab Code 10.1 Effect of delay in control performance. Implements the steps
discussed in Example 10.1 on page 381. This code is available at
HOME/imc/matlab/delay.m!

Ts = 1; B= 0.63; A= [1 —0.37];

k = input (’Enter_the_delay_as_an_integer:.’);
if k<=0, k = 1; end
[zk ,dzk] = zpowk(k);

% Desired transfer function
phi = [1 —0.5];

delta = 1; % internal model of step introduced

% Controller design
[Re,Sc,Te,gamma] = pp-im (B,A k,phi,delta);

% simulation parameters for stb_disc .mdl

st = 1.0; % desired change in setpoint
t_init = 0, % simulation start time
t_final = 20, % simulation end time

% simulation parameters for stb_disc .mdl

N_.var = 0; C=0; D= 1; N= 1;

Matlab Code 10.2 Smith predictor for paper machine control, presented in Exam-
ple 10.2 on page 385. This code is available at HOME/imc/matlab/smith.m

Ts = 1; B=0.63; A= [1 -0.37]; k = 3;
Bd = conv(B,[0 1]);

kd = k — 1:

[zkd ,dzkd] = zpowk(kd);

[mzkd,dmzkd] = poladd (1,0, —zkd,dzkd)

% Desired transfer function

phi = [1 —-0.5]; delta = 1;

% Controller design

[Re, Sc,Te,gamma] = pp_im(B,A,1,phi,delta);

% simulation parameters for smith_-disc.mdl

st = 10, % desired change in setpoint

LHOME stands for http://www.moudgalya.org/dc/ — first see the software installation directions,
given in Appendix A.2.
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398 10. Special Cases of Pole Placement Control

t_init = O, % simulation start time
t_final = 20; % simulation end time

% simulation parameters for smith_disc .mdl

N.var = 0; C= 0; D= 1; N = 1;

Matlab Code 10.3 Splitting a polynomial B(z) into

available at HOME/imc/matlab/imcsplit.m

B9, B~

returned

% Splits a polynomial B into good, nonminimum with
% real & with negative real parts. All are
% polynomial form . Gain is returmned in Kp

function [Kp,k,Bg,Bnmp,Bm] = imcsplit (B, polynomial)

k = 0;
Kp = 1;
1f(polynom1a1)
rts = roots(B);
Kp = sum(B) /sum(poly(rts));
else
rts = B;
end

Bg = 1; Bomp = 1; Bm = 1;
for i = 1:length(rts),

rt = rts(i);

if rt = 0,
k = k+1;

elseif (abs(rt)<l & real(rt)>=0)
Bg = conv(Bg,[1 —rt]);

elseif (abs(rt)>=1 & real(rt)>=0)
Bnmp = conv (Bnmp,[1 —rt]);

else
Bm = conv(Bm,[1 —rt]);

end

end

and delay

Matlab Code 10.4 Design of internal model controller, G, discussed in Sec. 10.2.1.

An example of the usage is given in M 10.6. This code is available at

HOME/imc/matlab/imc_stablel.m

% Designs Discrete Internal Model Controller

% for transfer function z"{—-k}B(z"{—-1})/A(z

% Numerator and Denominator of IMC HQ are
% Controller is also given in R,S form

%

{-1h

outputs

function [k ,HiN,HiD] = imc_stablel (B,A,k,alpha)

[Kp,d,Bg,Bnmp,Bm] = imesplit (B,logical (1));

and B"™T, as
discussed in Sec. 10.2.1. An example of the usage is given in M 10.4. This code is
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Bg = Kp * Bg;
Bompr = flip (Bnmp) ;
Bms = sum(Bm) ;

HIiN = A;
HiD = Bms * conv(Bg,Bnmpr) ;
k = k+d;

Matlab Code 10.5 Flipping a vector. This code is available at
HOME/matlab/flip.m

function b = flip (a)
b = a(length(a):—1:1);

Matlab Code 10.6 IMC design for viscosity control problem, as discussed in
Example 10.3 on page 390. This code is available at HOME/imc/matlab/visc_imcl.m

B=[0.51 1.21];
A= [1 —0.44];
k =1;
alpha = 0.5;

[k,GiIN,GiD] = imc_stablel (B,A,k,alpha);
[zk ,dzk] = zpowk(k);

Bp = B; Ap = A;

Ts = 0.1; t0 = 0; tf = 20; Nvar = 0.01;

Matlab Code 10.7 IMC design for the control of van de Vusse reactor, as discussed
in Example 10.4. This code is available at HOME/imc/matlab/vande_imcl.m

num = [—1.117 3.1472]; den = [1 4.6429 5.3821];
G = tf (num,den);

Ts = 0.1;

[B,A, k] = myc2d(G,Ts);

alpha = 0.9;

[k,GIN,GiD] = imc_stablel (B,A,k,alpha);

[zk ,dzk] = zpowk(k);

Bp = B; Ap = A

t0 = 0; tf = 10; st = 1; Nvar = 0;

% simulink executed with delay block deleted

Matlab Code 10.8 IMC design for Lewin’s example, as discussed in Example 10.5
on page 392. This code is available at HOME/imc/matlab/lewin imcl.m

num = 1; den = [250 35 1]; Ts = 3;

G = tf(num,den);

[B,A,k] = myc2d(G,Ts);

alpha = 0.9;

[k,GiIN,GiD] = imc_stablel (B,A,k,alpha);
[zk ,dzk] = zpowk(k);
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Bp = B; Ap = A;

t0 = 0; tf = 100; st = 1; Nvar = 0;

% simulink executed with delay block deleted

Matlab Code 10.9 Design of conventional controller Gp which is an equivalent of
internal model controller, G, as discussed in Sec. 10.2.2. This code is available at
HOME/imc/matlab/imc_stable.m

% Designs Discrete Internal Model Controller

% for transfer function z"{—-k}B(z"{—-1})/A(z"{—-1})

% Numerator and Denominator of IMC HQ are outputs

% Controller is also given in R,S form

%

function [k,HiN,HiD ,R,S,mu] = imc._stable (B,A k,alpha)

[Kp,d,Bg,Bnmp,Bm] = imesplit (B,logical (1));
Bg = Kp * Bg;

Bnmpr = flip (Bomp) ;

Bms = sum(Bm) ;

HIN = A;
HiD = Bms * conv(Bg,Bnmpr) ;
k = k+d;

[zk,dzk] = zpowk(k);

Bf = (1—alpha);

Af = [1 —alpha];

S = conv(Bf,A);

R1 = conv(Af, conv(Bnmpr,Bms) ) ;

R2 = conv(zk,conv(Bf,conv(Bnmp,Bm))) ;

[R,dR] = poladd(R1,length(R1)—1,—R2,length (R2)-1);
R = conv(Bg,R);

Matlab Code 10.10 Design of conventional controller Gp for van de Vusse reactor
problem, as discussed in Example 10.7 on page 395. This code is available at
HOME/imc/matlab/vande_imc.m

mm = [~1.117 3.1472]; den = [1 4.6429 5.3821];
G = tf(num,den);

Ts = 0.1;

[B,A,k] = myc2d(G,Ts);

alpha = 0.5;

[k,HiN,HiD,R,S] = imc_stable (B,A k,alpha);

[zk ,dzk] = zpowk(k);

Bp = B; Ap = A;
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10.4 Problems

10.1. Consider the control of a process with a large inbuilt time delay (also known as
dead time). Control using a delayed signal, as shown in the first figure below,
is undesirable. Ideally we would like to have the configuration as in the middle
figure. But we cannot poke into the process to obtain the measurement. An
alternative is to go for the bottom configuration, if the time delay n is known.
Show that the middle and bottom figures are equivalent. This is known as the
Smith predictor. Assume that G(z) includes one delay.

Process

Controller T
R(z | i
Ge(2) . G(2) "
Process
Controller T
R(z | |
( Gu(5) = G e
Process
Controller T
R(z | i
Ge(z) J ‘ G(z) z" ‘
f (1-27")G(2)

10.2. The approach presented in Sec. 10.1 works only for stable plants. In this problem,
we will present a general method for Smith predictors [31]. For the system model
presented in Sec. 10.1, the Smith predictor is given by the following equations:

Ro(z)u(n) = yTo(2)r(n) — So(2)g§(n + dn) (10.41)
¢p(2)h(n + dn) = F(2)y(n) + Ba(2)E(z)u(n) (10.42)

where Sp and Ry are the solutions of
A(2)Ro(2) + Ba(2)S0(2) = do() (10.43)
and F(z) and F(z) are the solutions of
A(2)E(2) + 279F(2) = ¢p(2) (10.44)

withd =k — 1.
[Hint: Eliminate g from Eq. 10.41- 10.42 and obtain the following:

(¢pRo + BSoE)u(n) = vToppr(n) — SoFy(n) (10.45)
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Substitute this expression for u into y = z~¢Bu/A, simplify, and obtain

(n) = Z_dBd¢p7T0
y A((pro + SOBdE) + Z_dBdSOF

(10.46)

Using Eq. 10.43-10.44, show that the denominator of Eq. 10.46 can be written
as ¢ppo. ¢p can be thought of as the characteristic polynomial of the predictor.
¢o is the characteristic polynomial when d = 0.]

10.3. Design an IMC, G, for the open loop transfer function given in Eq. 8.58 on
page 322 with the value of the filter constant unspecified.
(a) What is the conventional controller G. that is equivalent to the above Gg?

(b) If you have to implement the above G, with a PID controller, what are the
P, I, D settings?



Chapter 11

Minimum Variance Control

Minimum variance control is concerned with the design of controllers so as to minimize
the variance of the error in plant output. This controller does not worry about
the control effort required to achieve the result. Minimum variance control is used
as a benchmark, against which the performance of other controllers is compared.
The output of minimum variance controllers could be unbounded. The generalized
minimum variance control technique is one way to overcome this problem. In this
chapter, we present these two families of controllers. We begin with prediction error
models, which help design these controllers in the presence of noise.

11.1 5-Step Ahead Prediction Error Model

If only white noise enters the system as a disturbance, nothing can be done since
white noise cannot be modelled. If, on the other hand, white noise enters through a
filter, we should try to estimate it so as to take corrective action. Prediction error
models are required for this purpose.

We have seen one step ahead prediction error models in Sec. 6.6. For control
purposes, however, the one step ahead prediction error model is not sufficient. We
look for a j step ahead prediction error model. Once we can predict how the plant
will behave j steps into the future, we can design a controller that will help improve
the performance of the plant over a time horizon.

In this section, we present prediction error models for systems described by noise
models, such as ARMAX and ARIMAX.

11.1.1 Control Objective for ARMAX Systems
Let u(t) be the input to and y(¢) be the output from a process that needs to be

controlled. Let £(t) be a white noise signal that affects the output. Consider an
ARMAX model, described by Eq. 6.150 on page 204, reproduced here for convenience:

A(2)y(n) = 27 *B(2)u(n) + C(2)&(n) (11.1)

Digital Control ~ Kannan M. Moudgalya
© 2007 John Wiley & Sons, Ltd. ISBN: 978-0-470-03143-8
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Here, A, B and C are polynomials, defined in Eq. 6.130—6.132 on page 199, reproduced
once again:

Az)=14az7 + - +agaz"

B(z) =by+biz '+ -+ bapz~ 9P (11.2)
Clz)=14cz7 +- 4 cqez79¢
where we have used the mixed notation of Sec. 6.4.1. The effect of delay is completely
factored in k so that the leading term of B is a nonzero constant. Also note that the

polynomials A and C' are monic, because their leading term is one. Recall that dA,
dB and dC are the corresponding polynomials. The above equation can be written as

y(n) = %iu(n o j§§ £(n) (11.3)
or
B(z) C(2)

y(n+k) =

A(Z)u(n)—l— A(Z)ﬁ(n—l—k) (11.4)
As this process has a delay of k samples, any change in u will affect y only after &k
time instants. As a result, we cannot hope to modify the plant output at any time
earlier than n 4 k. In contrast, as there is no delay between them, the noise signal
&(n) starts affecting y(n) immediately. The best we can do is to predict the output at
n+j,j > k, so as to take corrective action. In the minimum variance and generalized
minimum variance controller, to be discussed in this chapter, we choose j to be equal
to k. In the generalized predictive controller, to be discussed in the next chapter, we
choose j > k.

Suppose that we want to determine the input wu(n) that makes y(n + k)
approximately zero. In Eq. 11.4, because of the presence of terms containing powers
of =1, the noise element ¢ could have past and future terms. If we can split these two
effects, it is easy to determine the condition to minimize y(t + k). We demonstrate
this in the next section.

11.1.2 Prediction Error Model Through Noise Splitting

If we can split the noise term in Eq. 11.4 into past and future terms, we can zero the
latter and obtain the best prediction error model. This model can then be used to
determine the control law. If C/A =1 in Eq. 11.4, the best prediction error model of
y(n + k) estimated at the current time n is

B
g(n+kn) = Zu(n) (11.5)
as the future noise terms are white with their best estimate being zero. The |n in §
says that we have used all available information until now. What do we do if C' is not
equal to A? We will show that we can easily handle this case by splitting C'/A into
E; and Fj as follows:

I
C gD (11.6)
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where
Ej=ejotejz 4+ 4ejj1270Y

(11.7)
Fj=fio+ finz"" + -+ fraaz” @447

We show in Sec. 11.1.4 how to arrive at Eq. 11.6. For the time being, we would only
like to point out that the degree of E; is j — 1. Moreover, every term in F; will be
multiplied by 277, because of the presence of the latter in Eq. 11.6. We multiply
Eq. 11.6 by A to obtain

C=E;A+z'F (11.8)
Multiplying Eq. 11.3 by 27 E; A we obtain
2B, Ay(n) = 2/ E; Bu(n — k) + 2/ E,C¢(n)

where the dependence on z is omitted for convenience. Substituting for E;A from
Eq. 11.8 we obtain

2(C — 277 F))y(n) = 2 E; Bu(n — k) + 22 B;C&(n)

From this, we obtain 2/Cy(n) = Fyy(n) + 2/ E;Bu(n — k) + 2/ E;C&(n). Dividing by
C, we obtain

E;Bu(n+j — k) + Fy(n)
C

Recall that the objective of the prediction error model is to estimate the output y at
a future time n+ j. The last term in the above equation has the noise terms at future
time instants only, as the degree of E is j — 1, see Eq. 11.7. As we cannot estimate the
future noise, which is supposed to be random, the best estimate of the output for the
model in Eq. 11.9 is an identical one without the noise term. That is, the estimate of
y(n+ j) is §(n + jln), given by

E;Bu(n+j — k) + Fy(n)

y(n+j) = + E;é(n + ) (11.9)

y ln) = 11.10
g(n =+ jln) o (11.10)
We define a new variable G; as follows:
Eq. 11.10 becomes
Cy(n+ jln) = Gju(n+j — k) + Fy(n) (11.12)

As this model can be used to predict the relationship between u(n) and y(n + j) so
as to reduce the effect of noise, it is known as the prediction error model. Comparing
Eq. 11.9 and Eq. 11.10, we obtain

y(n+3j) = g(n+jln) +y(n + jn) (11.13)
where §(n + j|n) is the error in this prediction and it is given by

g(n+ jln) = E;§(n + j) (11.14)
When the context is clear, we will write §(n + j|n) simply as §(n + 7).
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l §
¢
A
r e U B .
. - TR Y
- G, z 1 a{é—r
Fy
C
E.B
¢ y* = j(n + kin)

Figure 11.1: An interpretation of the prediction error model

11.1.3 Interpretation of the Prediction Error Model

In Sec. 10.1, we have shown that the Smith predictor can help overcome the adverse
effects of time delays in the plant. Unfortunately, however, the Smith predictor does
not work when noise is present. We will demonstrate in this section that the prediction
error model plays the role of Smith predictor when noise is present [18]. For this
purpose, we make use of the k step ahead prediction error model, with which we will
derive two popular control strategies in the latter part of this chapter.

We will study the prediction error model of the ARMAX model in detail in this
section. First, let us recall the ARMAX model of Eq. 11.1 and reproduce it:

y=2*E 4 Ce (11.15)

If we substitute k in place of j in Eq. 11.10, we obtain the following k step ahead
prediction error model:
Fy

£y B
22 u(n) + y(n)

A schematic of this model is given in Fig. 11.1. We denote the predicted output as y*
in this figure. We have
_ ExB Fy,

C u-‘rgy

90+ kjn) =

*

We now substitute for y using Eq. 11.15 and simplify. We obtain

. EB F [ B C

v="7¢ 7@ [2 At s

BB BF. _F, B B B
= u+z Acu—i—Aﬁ—O(Ek—i-z A)u+A§

We now make use of Eq. 11.8, with k in place of j, to obtain

*

_BC | F., B
Y=o

Ey
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Comparing this with Eq. 11.15, we see that the first term appears without k, while

the C'/A term has been replaced by Fy/A. Let us now try to understand what this
means. Substituting for C'/A using Eq. 11.6 in Eq. 11.15, we obtain

B
y=z"""u+E+ —z_kg

A
The prediction error model is obtained by zeroing future noise terms. We obtain
B B
G— k2, Sk — Lk

Thus, y* is the k step ahead predictor of y. In other words, the predictor y* =
7(n + k|n) takes care of the task that cannot be handled by the Smith predictor.

An important technique that we have used to arrive at the prediction error model
is the splitting of C'/A into past and future contributions, using Eq. 11.6. In the next
section, we present a few methods to carry out this calculation.

11.1.4 Splitting Noise into Past and Future Terms

We have arrived at the prediction error model using the relation given in Eq. 11.6.
In this section, we show how E; and F}; can be calculated, given j. We begin with an
example.

Example 11.1 Divide the noise term arising out of

C(z) =1+0.5z"1

A(z)=(14+022"H(1-082"1) =1-0.62""~0.162"2
into F; and Fj, as in Eq. 11.6, for j = 2.

We carry out the following long division:

1411271

1-0.6271-0.162"2 | 1 +0.5z71
1 —0.6271 —0.16272

+1.127'  +0.16272
+1.1z7Y  —0.6622 —0.176z3

+0.82272 +0.176273

Thus we obtain
Ey=1+1.1z""1

11.16
F»=0.8240.176z"! ( )

In other words

0.8240.1762~!
1-0.62"1—-0.162"2

1+0.52z71
1-0.62"1—-0.162"2

=(1+11z7Y) 272
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From the above example, it is easy to see the following relations for the degrees of I
and F:
dEj =j5-1

. (11.17)
dF; = max (dC — j,dA — 1)

We can also compute F; and F} recursively. First we illustrate this concept with
the problem considered in the above example.

Example 11.2 Recursively compute E; and Fj for the system discussed in
Example 11.1.

Rewrite the division results obtained in Example 11.1 as follows:

1405zt
1-0.6z"1—-0.162"2

0.5271 — (=0.6271 - 0.16272)1

-1
+ 1-062-1—0.162-2
s 11271 +0.16272
1-062"1—-0.162"2
0.16272 — (—0.6271 — 0.16272)1.1271
=1+1.1z7"1
tlie oA 1—0.62-1—0.162-2
0.822=2 4 0.17623
O P S UL

1—-0.6271—0.162"2

0.176272 — (—0.6271 — 0.16272)0.822 2
1—0.62"1—0.162—2

0.668273 + 0.13122 74

1—0.62=1—0.162—2

=1+112z"1 408272+

=14112"140.822"2+

We observe the following:
Fh=C
Ei=1

The leading coefficients of both C' and A are both equal to one:

Fiz7' =052 — (06271 = 0.16272) = (1.1 + 0.162" 1)z !

Fy is equal to all of Fy, except its leading term. In the above calculations, for
Fy=C=1+0.52""1, we obtain Fy = 0.5z~1. Similarly, A is all of A, except its
leading term. With A = 1—0.6271—0.162"2, we obtain A = —0.162"'—0.16272.
.0 denotes the leading term of Fp, which is one. We proceed with the above
type of calculations:

FEy=1+ 11271 = FEy + Fl)QZ_l
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Notice that F} ¢ is the leading term of F}, which is 1.1. We obtain

Fpz72=0.162"2 — (—0.627" — 0.16272) 1.1z~ = (0.82 + 0.1762~ 1)z 2
=F, - AF
B3 =1+112"140822"2=Ey + Fh27 2
Fy273 =0.17627% — (=0.627" — 0.1627%)0.82
= (0.668 +0.1312z7 1)z~
=T, - Al

M 11.2 demonstrates how to implement these calculations in Matlab.

The above procedure to compute E; and Fj through recursive means can be
summarized by the following algorithm:

Fh=C

Ei=1

for all j < k do
Fj=Fj1 = AFj_102707Y
Ej+1 = Ej —+ Fj_’()Z_j

end for

F,=Fj_1 — AFj_1,92~ kD

where the bar denotes the variable with the constant term removed and ,0 denotes
the constant term of the variable.

We can also find E; and Fj by solving Aryabhatta’s identity, given in Eq. 11.8. In
the next example, we demonstrate how to obtain E; and F} for the problem discussed
in Eq. 11.1 with the use of the code xdync.m described by Moudgalya [39], which is
a Matlab implementation of the algorithm described by Chang and Pearson [8].

Example 11.3 Solve the problem discussed in Example 11.1 with the use of
the Matlab code xdync.m.

C=1+05"1 dC=1
A=1-062"1-162"2 dA=2

We invoke the commands in M 11.3 to arrive at, as before,

Ey=1+11z""1
Fy =0.8240.1762"1

In the previous sections, we have seen how to obtain the j-step ahead prediction
error model for the system presented in Eq. 11.1. In some industries, noise enters the
system through an integral term. We consider such models in the next two sections.
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11.1.5 ARIX Prediction Error Model

To simplify the controller design procedure, we often use simple noise models. It turns
out that models of the following form

A(2)y(n) = 27 *B(2)u(n) + %f(n) (11.18)

are often adequate to describe chemical processes, where the noise occasionally comes
in the form of random steps. Here, A is the backward shift operator

A(z)=1—z"1 (11.19)

and A and B are as defined in Eq. 11.2. Comparing this with Sec. 6.6.5, we refer to
it as autoregressive integrated exogeneous (ARIX) input model. As &(n) stands for
a random signal, {/A denotes random steps. As before, we would like to obtain an
estimate of the plant output at ¢t + j, j > k. We multiply Eq. 11.18 by A to arrive at

AA(2)y(n) = 2 *B(2) Au(n) + £(n) (11.20)

In the previous section, we separated the coefficient of ¢ (namely, C) divided by that
of y (namely, A) into E; and F;. We do the same in this section, i.e., divide 1 by AA.
Let

1 - . —j FJ(Z)
Aap) - B +E RAG

(11.21)

As before, Ej is of degree j — 1 while the degree of Fj is one less than that of AA.
That is,

dF; = dA (11.22)

Because C' = 1, the degree condition of Fj, given in Eq. 11.17, is simplified to the
above. Cross multiplying Eq. 11.21, we obtain

1=E;AA+277F; (11.23)

We use this relation to obtain the prediction error model. Multiplying Eq. 11.20
by 27 E;, we obtain

2 EjAAy(n) = 27 E;BAu(n — k) + 2 E;£(n) (11.24)
Substituting for £;AA from Eq. 11.23,
# (1= 27 Fy)y(n) = B;BAu(n + j — k) + E;€(n + j) (11.25)
Simplifying this we arrive at

y(n+j) = GjAu(n + j — k) + Fiy(n) + E;{(n + j) (11.26)
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where G; is as defined in Eq. 11.11. As the degree of E; is j — 1, E;{(n+ j) has only
terms of the form &(n + i), ¢ > 0, i.e., only the future noise values. As a result, we
arrive at the following optimal prediction error model:

g(n+j)=GjAu(n+j—k)+ Fjy(n) (11.27)
The prediction error is once again given by Eq. 11.14. We will now generalize the
model studied in this section.

11.1.6 ARIMAX Prediction Error Model

The noise model of the previous section included only random steps. We generalize
the treatment in this section. Consider a system with the model

C(2)
AEn) (11.28)

A(2)y(n) = = *B(=)u(n) +

where as before, u is the input, y is the output, £ is white noise and A is the backward
difference operator 1 — z 1. If we follow the approach of the previous section, because
of the presence of C, the last term in Eq. 11.26 will have past and future terms,
making the prediction error model not so obvious as in Eq. 11.27. As a result, we
proceed as follows. First we solve the following Aryabhatta’s identity for E; and Fj:

C=FE;AA+z277F; (11.29)
The degrees of E; and Fj are

dE; =j—1

11.30
dF; =dAA—1=dA (11.30)

which is the same as in Eq. 11.22. Substituting for C' from Eq. 11.29 in Eq. 11.28 and
multiplying by 27, we obtain

Ay(n+3) = Bu(n+ j — k) + B;A¢(n + ) + €(n) (11.31)

From Eq. 11.28, we see that

1 1
<€) = (Ay(n) — Bu(n — 1) (11.32)

Substituting this in Eq. 11.31, we obtain

; A
Ay(n+j)=Bu(n+j—k) — %u(n —k)+ %y(n) + EjAS(n + j)

which can be simplified as

Ay(n+j) = [1 - z_j%} Bu(n+j—k)+ FJ—CAy(n) +E;Al(n+j)  (11.33)
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In view of Eq. 11.29, this becomes

y(n+3j)= Eé,B Au(n+j—k)+ %y(n) + Ei&(n+j) (11.34)

As dE; = j — 1, the noise term has only future values. As a result, the prediction
error model of y(n + j) is the above equation without the noise term:

Ciy(n+j) = E;BAu(n+j — k) + Fyy(n) (11.35)

Recall that in Sec. 11.1.1, we motivated the need to study prediction error models so
as to design controllers. We now return to the task of designing controllers.

11.2 Minimum Variance Controller

As mentioned earlier, the minimum variance controller tries to minimize the variance
of the error in plant output. This controller is used as a benchmark, against which
other controllers are compared. We will design a minimum variance control law for
different types of disturbance.

11.2.1 Minimum Variance Controller for ARMAX Systems

The objective of the minimum variance controller is to minimize the variance of the
output of the system presented in Eq. 11.1. As discussed in the previous section, n+k
is the earliest time at which the current control action will have any effect on y. So
we would like to minimize the following performance index by suitably choosing u(n):

J=¢&[y*(n+k)] (11.36)

Substituting for y(n + k) from Eq. 11.9, noting that £(n + k) is independent of u(n)
and y(n), we obtain

(Gku(n) + Fky(n))Q

En+k)])=¢ &

+& [(Eki(n+k))2 (11.37)

The second term on the right-hand side does not depend on u(n) and hence its value
cannot be changed. The first term, on the other hand, can be modified by u(n). Indeed,
by a proper choice of u(n), it can be made zero as our objective is to minimize the
variance:

Gru(n) + Fry(n) =0 (11.38)

which is equivalent to g(n 4+ k|n) = 0 from Eq. 11.10. That is, the smallest possible
value for the variance of the output is achieved by making the output of the prediction
model at n 4+ k to be zero; we cannot minimize the index any further. Solving this
equation for u, we obtain

u(n) = ——=-y(n) (11.39)
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or, using Eq. 11.11,

u(n) =

_ Ej j)(;)_(z) y(n) (11.40)

where Fy and Ej are the solutions of Aryabhatta’s identity,

C=EyA+27FF (11.41)
obtained by substituting 7 = k in Eq. 11.8. The law in Eq. 11.40 is known as the
minimum variance control law. As g(n + k|t) = 0, from Eq. 11.9, we obtain the
following:

y(n+k) = Exé(n+ k) (11.42)
EPn+k)] =6 [(Ekg(n + k))Q] (11.43)

Using the form of Ej defined in Eq. 11.7, we obtain

E [y n+ k)] = & [(erot(n+k) + -+ erporéln+ 1))
As £ is white, recalling its properties from Sec. 6.3.2, we obtain

E [P (n+k)] = & [(ero(n+ k) + - + (erp—1£(n +1))7]

As the variance of £ is Ug, we obtain

& [yQ(TL + kﬂ — Ug [ei,O 4+t ei,k—l] (11.44)

The expression given by Eq. 11.44 is the smallest variance of y and it cannot be
reduced any further. As a result, the control law that helps achieve this, namely
Eq. 11.40, is known as the minimum variance control law.

Example 11.4 We now discuss an example presented by MacGregor [34]. We
will refer to this as MacGregor's first control problem. Find the minimum variance
control for the system

1—-a

uln —1)+ _ (n)

y(n) 1—cz™1

T 1-az !
where a = 0.5, ¢ = 0.9 and £(n) is white noise.

Substituting these values, the model becomes

0.5 1
=—— -+ — 11.45
y) = g5 = D+ 75 gt ) (11.45)
If this plant is operated in open loop, it is equivalent to keeping u at a constant
value. The variation in y is due to £ only. In Example 11.5, we will explain how to

carry out these calculations. The same example shows how the Matlab function
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covar can be used for this purpose. The output variance 05 is found to be 5.26,
for £(n) of unit variance.

We may use M 11.4 to design the minimum variance controller for this problem.
The above equation for y is in the form of Eq. 11.3 on page 404 with
A=(1-052"H1-092"Y)=1-142"1+045272
B=0.5(1-0.9z"1%
C=(1-05271
k=1

Recall that in minimum variance control we zero the predicted output at n + k.
That is, we choose j as k. Thus Eq. 11.8 becomes for j =k =1,

1-052" ' =F(1—-142"" 4045273 +27'Fy
Solving this equation, we obtain the following result:
E1=1
Fy =0.9-045z""
Gi1=FEB=0.5(1-0.9z"1)
The control law is given by

0.9 —0.452"1 2— 71

“0s(1 =09,V =09 —y(n) (11.46)

u(n) = 1-0092

As Ei, = 1, using Eq. 11.44, we find the variance of the error to be o2. Closing
of the loop is equivalent to substituting the above expression for u, in terms of y,
into Eq. 11.45 and getting an expression for y in terms of £. It is easy to see that
we arrive at the expression y(n) = £(n). As a result, we find the variance of y also
to be one in the closed loop.

If we substitute the expression for y(n) in terms of £(n) into the control law, we
will obtain u(n) also as a function £(n). In this example, because y(n) = &(n),
Eq. 11.46 becomes

21
—o0.-1t™

Observe that this is the relation between the control input and white noise in the
closed loop. Using the procedure to be explained in Sec. 11.2.2, the variance of u
can also be calculated, see Problem 11.2 to obtain a value of 5.97. In other words,
in order to bring the variance of y from 5.26 to 1, the variance of the input has to
go up from 0 to 5.97.

u(n) = —0.9

M 11.4 implements the calculations indicated above. It calls M 11.5, which
designs the controller, and M 11.6 to determine the closed loop transfer functions.
The last code calls M 11.7 to cancel common terms and to determine the
covariances. .

Comparison of the variance is one way to compare different control design techniques.
In view of this, it is important to discuss how to calculate the variance. We take up
this topic in the next section.
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11.2.2 Expression for Sum of Squares

In this section, we will present a method to calculate the variance of the filtered white
noise process, of the form

where £(n) is white noise. Recall from the mixed notation of Sec. 6.4.1 that this stands
for

v(n) = h(n) *&(n)

where h(n) is the inverse Z-transform of H(z). Using Eq. 6.86 and Eq. 6.87 on
page 183, we obtain

Tuo(2) = H(z)H(z™Y)

for a white noise process of variance 1. Let us invert this expression. Using Eq. 4.37
on page 91, we obtain

1

You (1) = %

?{ H(2)H(z"1z"dz

c

When we let n = 0 in this equation, we obtain the expression for variance that we
are looking for. For n = 0, we obtain the expression for o2 = 7,,(0) as

1 dz
2 _ L 1,02
oL = 5] CH(z)H(z ) . (11.47)

Example 11.5 Find the variance of v(n), where v is given as the filtered white
noise:

1

v(n) = g9

§(n)

The transfer function H(z) is given by
1 z

H(z) = -
(2= 1001~ 700

Hence, by replacing all the occurrences of z in H(z) with 27!, we obtain H(z7!):

Z_l

H) = = 0.9

We are now ready to make use of Eq. 11.47. We obtain

1 z 271 1
2
= ~d
= 9n5 I (z—o.9> <z—1 —0.9) P

- ! R N O (G
275 Jo (2-0.9)(1-0.92) " 27j Joz—0.9
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where f(z) = 1/(1—0.92), which does not have a pole inside the unit circle. Now
using the Cauchy residue theorem, given by Eq. 4.38 on page 91, we obtain

) 1 1

= = =52632
v 1-09z2|,_,, 1-081

a

M 11.8 shows how to carry out this calculation in Matlab.

If the transfer function is a complicated one, evaluation of the integral in Eq. 11.47
could be cumbersome. Matlab function covar, used in the above example, implements
it using efficient techniques.

11.2.3 Control Law for Nonminimum Phase Systems

The control law given by Eq. 11.40 will produce unbounded values in u when the
plant is nonminimum phase, i.e., when B(z) has zeros outside the unit circle. This
will result in the saturation of control signals and damage to equipment. The solution
to this problem is involved and will be presented in Sec. 13.3. Here we just state
the solution. Let the numerator polynomial of B be decomposed into good and bad
factors,

B(z) = BY(2)B(z) (11.48)

and let B%(z) be the reciprocal polynomial, as discussed in Sec. 10.2.1. Let R, and S,
be the solutions of Aryabhatta’s identity:

A(2)Re(2) + 27%B(2)S.(2) = C(2)BI(2) Bb(2). (11.49)

The control law is given by

y(n) (11.50)

M 11.9 implements this controller. We illustrate this with an example, taken from [2].

Example 11.6 Design the minimum variance control law for a system described
by an ARMAX model with

=(1-zH1-07z71

Splitting B into good and bad factors, we obtain

B =1
B =09+ 27"
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We obtain the reciprocal polynomial as

Bl =1+0927"
Substituting in Eq. 11.49, we obtain the polynomial equation
(1—-2"H1-072"HRe+ 27109+ 271)S. = (1+0.9271)(1 - 0.7271)
Solving this Aryabhatta’s identity, we obtain

R.=1+42z2""
S.=1-0.7z""1

The control law is given by

1—-0.7271

u(n) = - 14271

y(n)

M 11.10 implements this example. The varlances cr and o2 are glven respectively,
by yvar and uvar in this code. We obtain cr = 1 0526 and o2 = 14. 4737 The
minimum variance control law of Eq. 11.39, mstead would have given cry = 1 with
an infinite 2. Through the new procedure, the control variance has been made

finite, at the expense of only 5% increase in the output variance. I

It is easy to see that the control law given in Eq. 11.49-11.50 reduces to that given
in Eq. 11.40-11.41 when the plant is minimum phase. When the plant is minimum
phase, we obtain B9 = B and B? = BY = 1. As a result, Eq. 11.49 becomes

AR, +27%BS.=CB (11.51)

where we have dropped the dependence on z for convenience. As the second and the
third terms have B, the first term should also be divisible by it. Since A and B do
not have a common factor, R, should be divisible by B. In view of this, we obtain

R.=R:B (11.52)
Substituting this in Eq. 11.51, and cancelling the common factor B, we arrive at

AR, +z7kS, =C (11.53)

Comparing this with Eq. 11.41, we identify Ry with Ey and S, with Fj. It is now
straightforward to see that the control law given in Eq. 11.50 reduces to that in
Eq. 11.40, because R. = R1 B.

The reader is warned, however, not to use Eq. 11.51 when the plant is minimum
phase. The reason for this is illustrated in the next example.

Example 11.7 Examine the feasibility of using the polynomial equation given
in Eq. 11.49 to solve the problem of Example 11.4.
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As explained above, because this plant is minimum phase, we explore solving
Eq. 11.51. We obtain

(1—1.42"'+0452")R. + 271(0.5 - 0.452"1)S,. =

(1—-0.52"1)(0.5 —0.45271)

This problem is solved through M 11.4, with a call to mv_nm of M 11.9, as opposed
to calling mv. We obtain the solution as R. = 0.5 and S, = 0. Of course, in this
simple problem, the solution is obvious. Because this is equivalent to running the
system in open loop, this solution is unacceptable and it is different from the one
obtained in Example 11.4. I

When does the difficulty experienced in the above example occur? Is this a chance
occurrence? To answer this, consider the output error model, a schematic of which
is given in Fig. 6.15 on page 208. Recall that because white noise £(n) directly adds
to the output w, it is called the output error model. Suppose that we represent this
model by the following equation:

. B
y(n) = =~ Zu(n) + ()
Multiplying throughout by A, we obtain
Ay(n) = 2~"Bu(n) + A&(n)

Comparing this equation with the standard ARMAX model used in this section,
namely with Eq. 11.1 on page 403, we see that

In view of this fact, Eq. 11.53 becomes

AR, +27FS. = A

This equation always has the trivial solution R; = 1, S, = 0, which says that no
control action is required, as obtained in the above example. Thus, the difficulty
explained in the above example always occurs in output error models.

11.2.4 Minimum Variance Controller for ARIMAX Systems

We next derive the minimum variance control for the ARIX model given in Eq. 11.18.
By requiring that the prediction model output vanish at k&, we obtain from Eq. 11.27

GrAu(n) = —Fpy(n) (11.54)

or the required control effort as

Au(n) = ——=-y(n) (11.55)
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where G}, = Ey B, as given by Eq. 11.11. Because A = 1 — 27!, we obtain
u(n) =un—-1) — =—y(n) (11.56)

As the predicted model output given by Eq. 11.27 is made zero, the plant output is

y(n+k)=E(n+k) (11.57)

from Eq. 11.26. This is identical to Eq. 11.42 and hence we obtain once again the
variance expression as in Eq. 11.44.

For ARMAX models, using Eq. 11.35 and using the condition §(n + k|n), the
control law becomes

Ey
—EkBy(n)

which is identical to Eq. 11.55 as G, = EB. So we obtain the same control expression
as in Eq. 11.56. From Eq. 11.34, we see once again that the output satisfies Eq. 11.57
and hence the variance is given by Eq. 11.44.

If the system is nonminimum phase, i.e., B(z) has its zeros outside the unit circle,
we have a situation similar to the one in Sec. 11.2.3. The control law is now given by

Au(n) = (11.58)

Se(z)
Au(n) = — n 11.59
() =~ v (11.59)
where Ry and S, are the solutions of Aryabhatta’s identity,
A(2)ARy(2) + 27 %B(2)S.(2) = C(2)BI(2) Bb(2) (11.60)

where A = 1 — z~!. Note that we now have an extra A in the above equations,
as compared to Eq. 11.49-11.50. The derivation of this control law is presented in
Sec. 13.3. M 11.9 shows how to calculate this controller. We illustrate this approach
with an example.

Example 11.8 Design the minimum variance control law for the viscosity
control problem, presented by [34]:

051+ 1.2127"

y(n) = T2 1)+ 1)

1 _
We see that
A=1-0.44z""1
B=051+121z""
C=1-044"1

k=1
We obtain
B9 =0.51

BY=1+2.3725:""
Bl =2.3725+ 271
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Because this system is nonminimum phase, we solve Aryabhatta's identity, given
by Eq. 11.60:

(1—-044z7H(1 - 2" HRy +2710.51 +1.2127 1S, =

0.51(1 — 0.44271)(2.3725 + 27 1)

The solution is obtained as

Ry =121+121z"1
S, =1-—0.442""1

with the controller given by Eq. 11.59. M 11.11 carries out the above mentioned
calculations. It is easy to check that this controller stabilizes the closed loop. The
transfer function between y and &, stored in Ny/Dy of this code, and that between
u and &, stored in Nu/Du, are obtained as

14271
V) = T o1t
0.8264 — 0.36362~1
v = ot S

We obtain the variance, stored in yvar and uvar of this code, as 05 =1.4070 and
02 = 1.2994, respectively. If we had used the control law of Eq. 11.40 instead, we

would have ended up with 05 = 1, with infinite variance in u. I

11.3 Generalized Minimum Variance Controller

Unbounded control effort can result from minimum variance control. It is possible to
solve this problem by minimizing a weighted sum of the setpoint error and the control
effort. A rigorous solution to this problem yields LQG controller, to be discussed in
detail Chapter 13, and briefly in Chapter 14. In this section, we present an easier, but
approximate solution method to this problem and derive the generalized minimum
variance controller (GMVC).

11.3.1 GMVC for ARMAX Model

When the system is nonminimum, the control law of Eq. 11.40 or Eq. 11.58 gives
rise to unbounded signals leading to saturation and damage to equipment. One way
to solve this problem has been outlined in Sec. 11.2.3. Nevertheless, owing to plant
uncertainties, it is not always possible to do this. In any case, keeping the control
effort minimum is not the objective of the minimum variance control law. A practical
approach is to constrain u by minimizing the following objective function:

J =& [y*(n+ k) + pu?(n)] (11.61)
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with p > 0, instead of the performance index in Eq. 11.36. To simplify the discussion,
we present only the regulation or disturbance rejection problem in this section. A way
to accommodate the tracking problems is presented in Sec. 11.3.3. Substituting from
Eq. 11.9 for j = k, we obtain

J=&

<Gku(”) + Fry(n)
C

2
+ Epé(n+ k:)) - puz(n)] (11.62)
As &(n + k) is not correlated with u(n) and y(n), we obtain

J=&

<Gku(”) + Fry(n)
C

2
> + (Ex&(n+ k)f + puz(n)‘| (11.63)

An approximate method to solve this problem is to differentiate the argument of the
expectation operator with respect to u(n) and to equate it to zero. This approach
is shown to be an approximation by MacGregor [34]. Nevertheless, as this method
has given rise to several useful controllers, we present this approximate method here.
Differentiating the argument of & by u(n) and equating to zero, we obtain

2Gku(”) + Fry(n)

e ap +2pu(n) =0 (11.64)
where
ap = constant term of %((ZZ)) (11.65)
Simplifying, we obtain
F
u(n) = oF(2) (n) (11.66)

T aGr(z) + pC(2) Y

where G(z) = E)(2)B(z). Notice that by choosing p to be large, one can move the
poles away from the zeros of Gx. We can see that when p = 0, the above equation
reduces to the minimum variance control law given by Eq. 11.39. See M 11.12 for the
implementation of GMVC design.

Example 11.9 We now continue with MacGregor's problem presented in
Example 11.4. We would like to find the generalized minimum variance control
law with p = 1. We have
C=1-05z"
Fy =09-0452""
G1=0.5(1-09z71
k=1

From Eq. 11.65,

0.5(1 —0.9271)

= constant value of — =0.5
a0 nstant valu 05,
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From Eq. 11.66, we obtain

B 0.5(0.9 — 0.452~1)
0.5 % 0.5(1—0.92"1) + (1 —0.5z—1)

u(n) = y(n)

Simplifying, we obtain the expression

0.45 — 0.2252~ ~0.36(1—0.5271)

un) = =195 Tomas 1 Y = T —osse1 YW

Refer to M 11.13 to find out how to do these calculations in Matlab.

11.3.2 GMVC for ARIMAX Model

As mentioned earlier, integrated noise models are common in process industries. We
will derive the GMVC for ARIMAX model, described by Eq. 11.28, also known as
the integrated coloured noise model. Then by substituting C' = 1, we can obtain the
expression for the ARIX model.

For the plant model in Eq. 11.28, we would like to minimize a combination of the
input and output variances. As the noise is assumed to be in the form of random
steps, we cannot hope to control the absolute value of the control effort, but control
only changes in it. That is, the objective function that we want to minimize becomes

J =& [y*(n+ k) + p(Au(n))?] (11.67)

We proceed as before. Substituting for y(n + k) from Eq. 11.34 on page 412, and
because of the fact that the future noise is not correlated with the current input and
output of the system, we obtain

)\’
J=8& ) + (Exé(n + k))* + pAu?(n) (11.68)

GrAu(n) + Fry
C

We now differentiate this expression with respect to Au and equate it with zero to
arrive at

5 GrAu(n) + Fry(n)

e ap + 2pAu(n) =0 (11.69)

Simplifying, we obtain the following expression for control effort:

aoFy,

Auln) ===

(n) (11.70)

It is interesting to note that the right-hand side of the above equation and that of
Eq. 11.66 are identical. We demonstrate this approach with the following example.
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Example 11.10 Design the generalized minimum variance control law for the
viscosity control problem presented in Example 11.8,

0.51 412121 1
= — —1
y(n) = =gt - D+ =)

by minimizing the objective function given in Eq. 11.67 with p = 1.
We have
A=1-044z""
B=051+121z""
C=1-0442""
Eq. 11.29 is next solved for E; and Fi:
E =1
Fi=1-044z""

Because Gj has been defined as E;B in Eq. 11.11 on page 405, G; = B. Using
Eq. 11.65, we see that

G
ag = constant value of — = 0.51

C
Using Eq. 11.70, we obtain

0.51(1 — 0.44271)

Au(n) = —
wn) = OB T 12171 + (1= 04451

y(n)

which is simplified as

0.51 —0.22442~1 0.4047(1 — 0.44271)

“Tasotroarre 7 YW T T i oqas. 1 Y™

Au(n) =

see M 11.14. Note that even though the noise term is assumed to have random
steps, the output will have finite variance so long as the closed loop is stable. This
can be seen by substituting the expression for Au(n) in Eq. 11.34. In the code
discussed above, Ny/Dy gives the transfer function between y and £, while Nu/Du
gives the transfer function between u and &, in the closed loop. We obtain

- 1+0.140521 e

n) = n

4 1—0.65302—1 + 0.34922—2
0.4047 — 0.178127!

u(n) £(n)

T 1-0.65302-1 + 0.34922—2

Once the closed loop transfer functions are obtained, we can determine the
variances. The variances of y and u, as given by yvar and uvar, respectively,
are given by o7 = 1.719 and o7 = 0.187. Comparing these values with those
of Example 11.8, we see that the variance of u is now made smaller, but at the

expense of the variance of y. I
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11.3.3 PID Tuning Through GMVC

In Sec. 9.8, we have seen the procedure to tune PID controllers using pole placement
controllers. In Sec. 10.2.3, we have used the IMC for the same purpose. In this section,
we will use the GMVC for the same purpose. This method was proposed by [60]. We
will assume that the plant to be controlled can be described by the usual ARIX model,
namely

Ay(n) = Bu(n — k) + %e(n) (11.71)

For such models, an index of the form given in Eq. 11.67 has to be minimized. We
propose to minimize the index

J=E&[{P(2)y(n+k)+ Q(z)Au(n) — P(1)r(n)}] (11.72)

The method to choose P and @ will be explained shortly. We require P and @ to be
of the following form:

P(z) =po+p1z" +p2z? (11.73)
Q) =q+aqz"+ - +gnaz " (11.74)

It is customary in the GMVC to minimize the instantaneous value of J given in
Eq. 11.72. This is obtained by letting the argument, after the use of the prediction
model, go to zero, i.e.,

P(z)y(n+ k) + Q(z)Au(n) — P(1)r(n) =0 (11.75)

Using the relation

P(2) = poAA(2)E(2) + 2 FF(2) (11.76)
where

E)=14ez7 ' 4+ Fep12 7! (11.77)

F(z)=fo+ fiz"" + f227° (11.78)

Eq. 11.75 becomes

F(2)y(n) + poAA()E(=)y(n + k) + Q()Au(n) — P(1)r(n) = 0 (11.79)
The prediction model for the ARIMAX model is

AAj(n+ k) = ABu(n) (11.80)
Using this, Eq. 11.79 becomes

F(2)y(n) + (pE(2)B(2) + Q()Au(n) — P(1)r(n) = 0 (11.81)
We obtain the control law as

PM)r(n) — Fy(n)

Au(n) = poEB+Q

(11.82)
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Substituting this in Eq. 11.71, we obtain

PM)r(n) — Fy(n)

AAy(n)=z"%B
y(n) =z WwEB 10 +e(n)
poEB 4+ Q _ poEB +Q
S Ay (n) = P(1)r(n) — Fy(n) + 5 e(n)
Simple manipulation gives

(PoAAE + 2~ F)B + QAA
2~ kB 4

(n) = P(1)r(n) + e(n)

2 %B
Now using Eq. 11.76 and with the desired closed loop transfer function ¢.; split as

¢ = PB+ QAA (11.83)
we obtain the following closed loop expression:

Z—k
) = =2 ) 4

polB + Qe
¢cl

(n) (11.84)
¢cl
If the coefficient of Au(n) were a constant in Eq. 11.81, we could divide the entire
equation by this coefficient and arrive at an equation similar to Eq. 8.51 on page 319.
In general, however, this will not be the case. If we approximate this coefficient by its
steady state value, then the GMVC relation is satisfied at least in the steady state.
In view of this, we let

v=poE(1)B(1)+ Q(1) (11.85)
so that Eq. 11.81 can be written approximately as

F(z)

y(n) + Au(n) — P—r(n) =0 (11.86)

Comparing this equation with the PID control law given by Eq. 8.51 on page 319, we
arrive at the relation

L(z) = (11.87a)

From the definition of L given in Eq. 8.50 and that of F' in Eq. 11.78, we obtain

Ts Td o fO
K(l—k;—ki) == (11.87b)
27'd f1
K(1 =1 11.
< + Ts) ” (11.87c)
K f2 (11.87d)

T, v
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Solving these equations, we obtain the PID parameters,

K= —%(fl +2f2) (11.88a)
o h+2f

= +f2Ts (11.88b)
]

= +2f2Ts (11.88c¢)

We now summarize these steps:

1.

o.
6.

Determine the desired closed loop characteristic polynomial, perhaps through
the approach presented in Sec. 7.7.

Solve Aryabhatta’s identity given in Eq. 11.83 for P and Q.

Solve Aryabhatta’s identity given in Eq. 11.76 for E and F, with F' as defined
in Eq. 11.78.

Define v as in Eq. 11.85.
The PID parameters are given by Eq. 11.88.
Implement the controller as in Eq. 8.48 on page 319.

We will illustrate this approach with an example, considered by [37].

Example 11.11 Consider the unstable system given by Eq. 11.71, with

A=1-1.952"140.9352:"2 (11.89)
B =-0.015 (11.90)
k=1 (11.91)
Assume the sampling time to be Ty = 1 s. Design a PID controller with its

parameters tuned by the GMVC, such that the rise time to a step input is 15 s
and overshoot is ¢ = 0.1 [21].

The solution to this problem is implemented in M 11.15. Using the procedure
outlined in Sec. 7.7, we find the characteristic polynomial to be

b =1—1.8421271 4+ 0.8577272

M 11.17 calculates the GMVC equivalent PID parameters. We obtain

K. = —-10.4869
7 = 10.0802
T4 = 5.9439

L = —73.8606 + 135.15362"1 — 62.3333, 2

Simulation is carried out using the Simulink program in Fig. 11.2. A unit step
change in the setpoint begins at 50 s and ends at 150 s. A disturbance in the form
of a step of height 0.1 appears at 300 s and ends at 400 s. The resulting output
(y) and the control effort (u) are plotted in Fig. 11.3. It is clear that the controller

helps track the setpoint change and to reject the disturbance.
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™ -

Step4 Scopel
1 1 1
ysp Delta u u Step5
L1(2) 1 »| B zk(2) 1 ™
I 1 1=z T I 1 e A(2)
Step Feedforward Integrator Plant Delay Delay1 y
Step1 L@ <
1
Feedback

Figure 11.2: Simulink block diagram to demonstrate the efficacy of GMVC
tuned PID control law on example presented by [37]. The code is available at
HOME/pid/matlab/GMVC pid.mdl, see Footnote 1 on the next page. Inputs for the
simulation are established by first executing the script in M 11.15.

-2

Time offset: 0 Time offset: 0

Figure 11.3: Plant output (left) and control effort (right) with GMVC tuned PID
controller, as discussed in Example 11.11. The controller is designed for rise time =
15 s and overshoot = 0.1. It helps track the unit step change in the setpoint from 50
to 150 s and reject a step disturbance of magnitude 0.1 from 300 s to 400 s.

We observe in the above example that the disturbance produces a large change
of 0.4 units in the output. This is essentially because the control does not act fast
enough. We can achieve this by requiring the rise time and overshoot to be less. This
is discussed in the next example.

Example 11.12 Control the system discussed in Example 11.11 such that the
rise time to a step input is 5 s and overshoot is € = 0.05.
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100 200 300 400 500

Time offset: 0 Time offset: 0

Figure 11.4: Plant output (left) and control effort (right) for a more aggressive
controller than that in Fig. 11.3. Now rise time = 5 s and overshoot = 0.05. While
the plant output is better, the control action is more aggressive.

We rerun M 11.15 with N=5, epsilon=0.05 in Line 6. We obtain

T=1-—1.40972""'+0.54932"2

K. = -31.048
7 =3.3371
Ta = 2.0076

L =—102.6852 4+ 155.71462~" — 62.33332 2

When this controller is simulated with the Simulink code in Fig. 11.2, we obtain
the profiles as in Fig. 11.4. It is easy to see that the performance of the output is
now better than that in Fig. 11.3. On the other hand, the control effort is more
aggressive. I

11.4 Matlab Code

Matlab Code 11.1 Recursive computation of E; and F}, as discussed in Sec. 11.1.4.
An example of usage is in M 11.2. This code is available at
HOME/minv/matlab/recursion.m!

% function [Fj,dFj,Ej,dEj] = recursion (A,dA,C,dC,j)
%
function [Fj,dFj,Ej,dEj] = recursion(A,dA,C,dC,j)

THOME stands for http://www.moudgalya.org/dc/ — first see the software installation directions,
given in Appendix A.2.
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Fo = C; dFo = dC;

Eo = 1; dEo = 0;
Az =A(2:dA+1); dAz = dA-1;
zi = 1; dzi = 0;
for i = 1:j-1
if (dFo = 0)
Fnl = 0;
else
Fnl = Fo(2:(dFo+1));
end
dFnl = max(dFo—1,0);
Fn2 = —Fo(1)*xA_z; dFn2 = dA-1;
[Fn,dFn] = poladd(Fnl,dFnl,Fn2,dFn2);
zi = conv(zi,[0,1]); dzi = dzi + 1;
En2 = Fn(1)*zi; dEn2 = dzi;
[En,dEn| = poladd(Eo,dEo,En2,dEn2) ;
Eo = En; Fo = Fn;
dEo = dEn; dFo = dFn;
end
if (dFo = 0)
Fnl = 0;
else
Fnl = Fo(2:(dFo+1));
end

dFnl = max(dFo—1,0);

Fn2 = —Fo(1)*xA_z; dFn2 = dA-1;
[Fn,dFn] = poladd(Fnl,dFnl,Fn2,dFn2);
Fj = Fn; dFj = dFn;

Ej = Eo; dEj = dEo;

Matlab Code 11.2 Recursive computation of E; and F} for the system presented
in Example 11.2 on page 408. This code is available at
HOME/minv/matlab/recursion exl.m

= [1 0.5]; dC = 1;

= [1 —0.6 —0.16]; dA = 2;

j =2

[Fj,dFj,Ej,dEj] = recursion(A,dA,C,dC,j)

> Q

Matlab Code 11.3 Solution of Aryabhatta’s identity Eq. 11.8, as discussed in
Example 11.3 on page 409. This code is available at HOME/minv/matlab/pm_10.m

C=1[1 0.5]; dC = 1;

A=[1 —06 —0.16]; dA = 2; j = 2;

zj = zeros(1,j+1); zj(j+1) = 1;
[Fj,dFj,Ej,dEj] = xdync(zj,j,A,dA,C,dC)

Matlab Code 11.4 MacGregor’s first control problem, discussed in Example 11.4
on page 413. This code is available at HOME/minv/matlab/mv.macl.m
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% MacGregor s first control problem

%

A=1]1 —-14 0.45]; dA =2; C=[1 —-0.5]; dC = 1;
B=0.5%[1 —0.9]; dB=1; k = 1; int = 0;
[Sc,dSc,Re,dRe] = mv(A,dA,B,dB,C,dC,k,int)
[Nu,dNu,Du,dDu,Ny,dNy,Dy,dDy, yvar ,uvar| =

cl (A,dA,B,dB,C,dC,k,Sc,dSc,Re,dRe, int ) ;

% Simulation parameters for stb_disc.mdl
Tc = Sc; gamma = 1; [zk,dzk] = zpowk(k);
D= 1; N.var = 0.1; Ts = 1; st = 0;
t_init = 0; t_final = 1000;

open_system (’stb_disc .mdl’)

Matlab Code 11.5 Minimum variance control law design, given by Eq. 11.40 on
page 413. This code is available at HOME/minv/matlab/mv.m

% function [Sc,dSc,Rc,dRc] = mv(A,dA,B,dB,C,dC ,k,int)
% implements the minimum variance controller

% if int >=1, integrated mnoise is assumed; otherwise ,
% it is not integrated mnoise

%

function [Sc,dSc,Rc,dRc] = mv(A,dA,B,dB,C,dC,k, int)

zk = zeros(1,k+1); zk(k+1) = 1;

if int>=1, [A,dA] = polmul([1 -1],1,A,dA); end
[Fk,dFk,Ek,dEk] = xdync(zk,k,A,dA,C,dC):
[Gk,dGk] = polmul (Ek,dEk,B,dB);

Sc = Fk; dSc = dFk; Rc = Gk; dRc = dGk;

Matlab Code 11.6 Calculation of closed loop transfer functions. For an example of
the usage, see M 11.4. This code is available at HOME/matlab/cl.m

% function [Nu,dNu,Du,dDu,Ny,dNy,Dy,dDy,yvar ,uvar]| =

% cl (A,dA,B,dB,C,dC,k,Sc,dSc ,Rc,dRc, int)

% int >=1 means integrated noise and control law:
% delta u = — (Sc/Rc)y

% Evaluates the closed loop transfer function and
% variances of input and output

%

function [Nu,dNu,Du,dDu,Ny,dNy,Dy,dDy,yvar , uvar] =
cl(A,dA,B,dB,C,dC,k,Sc,dSc,Rc,dRe, int)

[zk ,dzk] = zpowk(k);

[BSc,dBSc] = polmul(B,dB,Sc,dSc);

[zBSc,dzBSc] = polmul(zk,dzk,BSc,dBSc);

[RcA,dRcA] = polmul (Re,dRc,A,dA);

if int >=1, [RcA,dRcA] = polmul(RcA,dRcA,[1 -1],1); end

[D,dD] = poladd(RcA,dRcA,zBSc,dzBSc) ;

[Ny,dNy] = polmul (C,dC,Rc,dRc) ;
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[Nu,dNu] = polmul(C,dC,Sc,dSc);
[Nu,dNu,Du,dDu,uvar] = tfvar (Nu,dNu,D,dD);
[Ny,dNy,Dy,dDy,yvar] = tfvar (Ny,dNy,D,dD);

431

Matlab Code 11.7 Cancellation of common factors and determination of covari-

ance. For an example of the usage, see M 11.6. This code is available at
HOME/matlab/tfvar.m

% function [N,dN,D,dD,yvar] = tfvar (N,dN,D,dD)
% N and D polynomials in z"{—-1} form; discrete case
%

function [N,dN,D,dD,yvar] = tfvar (N,dN,D,dD)
[N,dN,D,dD] = 12r (N,dN,D,dD);

N = N/D(1); D = D/D(1);

LN = length(N); LD = length(D);

D1 = D;

if LD<LN, D1 = [D zeros(1,LN-LD)]; dD1 = dD+LN-LD; end
H = tf(N,D1,1);

yvar = covar(H,1);

Matlab Code 11.8 Computing sum of squares, as presented in Example 11.5 on

page 415. This code is available at HOME/Z-trans/matlab/sumsq.m

Y = t£([1 0],[1 —0.9],-1);
covar(Y,1)

Matlab Code 11.9 Minimum variance control for nonminimum phase systems,
given by Eq. 11.50 on page 416 and Eq. 11.59 on page 419. This code is available

at HOME/minv/matlab/mv_nm.m

% function [Sc,dSc,Rc,dRc] = mv.nm(A,dA,B,dB,C,dC,k, int)
% implements the minimum variance controller

% if int >=1, integrated mnoise is assumed; otherwise ,

% it is not integrated mnoise

%

function [Sc,dSc,Rc¢,dRc] = mvanm(A,dA,B,dB,C,dC,k,int)
if int>=1, [A,dA] = polmul([1 -1],1,A,dA); end

[zk ,dzk] = zpowk(k);

[Bzk,dBzk] = polmul (B,dB, zk, dzk) ;

[Bg,Bb] = polsplit3(B); Bbr = flip (Bb);

RHS = conv(C,conv(Bg,Bbr)); dRHS = length (RHS) —1;
[Sc,dSc,Re,dRe] = xdync(Bzk,dBzk,A,dA,RHS,dRHS) ;

Matlab Code 11.10 Minimum variance control for nonminimum phase example of

Example 11.6 on page 416. This code is available at HOME/minv/matlab/ast_12p9.m

A = conv ([l —-1],[1 —-0.7]); dA = 2;
B=[0.9 1]; dB=1; k = 1;
C=1[1 -0.7]; dC = 1; int = 0;
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[Sc,dSc,Re,dRe¢] = mvonm(A,dA,B,dB,C,dC k, int)
[Nu,dNu,Du,dDu,Ny,dNy,Dy,dDy, yvar ,uvar| =
cl (A,dA,B,dB,C,dC,k,Sc,dSc,Re,dRe, int ) ;

Matlab Code 11.11 Minimum variance control of viscosity control problem, as
presented in Example 11.8 on page 419. This code is available at
HOME/minv/matlab/mv_visc.m

% Viscosity control problem of MacGregor

%

A=1]1 -0.44]; dA=1; B= [0.51 1.21]; dB = 1;
C=[1 -0.44]; dC 1; k = 1; int = 1;
[Sc,dSc,R1,dR1] = mv.nm(A,dA,B,dB,C,dC,k,int)
[Nu,dNu,Du,dDu,Ny,dNy,Dy,dDy, yvar ,uvar| = .
cl(A,dA,B,dB,C,dC,k,Sc,dSc,R1,dR1, int ) ;

Matlab Code 11.12 Generalized minimum variance controller design, as given by
Eq. 11.66 on page 421 and Eq. 11.70 on page 422. This code is available at
HOME/minv/matlab/gmv.m

% function [Sc,dSc,R,dR] = gmv(A,dA,B,dB,C,dC,k,rho ,int)
% implements the generalized minimum variance controller
% if int >=1, integrated mnoise is assumed; otherwise ,

% it is not integrated mnoise

%

function [Sc,dSc,R,dR] = gmv(A,dA,B,dB,C,dC,k,rho,int)
zk = zeros(1,k+1); zk(k+1) = 1;

if int>=1, [A,dA] = polmul([1 -1],1,A,dA); end
[Fk,dFk,Ek,dEk] = xdync(zk,k,A,dA,C,dC);

[Gk,dGk] = polmul (Ek,dEk,B,dB) ;

alpha0 = Gk(1)/C(1);

Sc = alpha0 * Fk; dSc = dFk;

[R,dR] = poladd(alpha0*Gk,dGk, rho*C,dC) ;

Matlab Code 11.13 GMVC design of MacGregor’s first example, as discussed in
Example 11.9 on page 421. This code is available at HOME/minv/matlab/gmv_macl.m

% MacGregor ’s first control problem by gmv

%

A=1]1 —-1.4 0.45]; dA=2; C=[1 -0.5]; dC = 1;

B=0.5%x[1 —-0.9]; dB=1; k = 1; int = 0;

rho = 1;

[Sc,dSc,Re,dRe] = gmv(A,dA,B,dB,C,dC,k,rho,int)

[Nu,dNu,Du,dDu,Ny,dNy, Dy, dDy yvar, uvar} = .
(A dA,B,dB,C,dC,k,Sc,dSc,Re,dRe 1nt)

Matlab Code 11.14 GMVC design of viscosity problem, as discussed in Exam-
ple 11.10 on page 423. This code is available at HOME/minv/matlab/gmv_visc.m
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% MacGregor s Viscosity control problem by gmv

%

A=1[1 -0.44]; dA=1; B= [0.51 1.21]; dB = 1;

C=[1 —-0.44]; dC = 1; k 1; int = 1;

rho = 1;

[Sc,dSc,R1,dR1] = gmv(A,dA,B,dB,C,dC,k,rho,int)

[Nu,dNu,Du,dDu,Ny,dNy,Dy,dDy, yvar ,uvar] = ...
cl(A,dA,B,dB,C,dC,k,Sc,dSc,R1,dR1, int ) ;

Matlab Code 11.15 PID tuning through GMVC law, as discussed in Exam-
ple 11.11. This code is available at HOME/pid/matlab/miller.m

% GMVC PID tuning of example given by Miller et al.
% Model

A=[1 —1.95 0.935]; B= —0.015; k = 1; Ts = 1;

%

% Transient specifications

N = 15; epsilon = 0.1; Ts = 1;

T = desired (Ts,N, epsilon);

%

% Controller Design

10

11

12

[Kc

L1 = filtval (L,1);

,tau_i,tau.d ,L] = gmvc_pid(A,B,k,T,Ts);

N o a s

zk = zpowk (k) ;

Matlab Code 11.16 Value of polynomial p(x), evaluated at «. This code is available
at HOME/matlab/filtval.m

% finds the value of a polynomial in powers of z {—-1}

% function Y = filtval (P,z)
function Y = filtval (P,z)

N = length(P)
(P,z)/z"N;

Y = polyval

Matlab Code 11.17 PID tuning through GMVC law, as discussed in Sec. 11.3.3.
This code is available at HOME/pid/matlab/gmvc_pid.m

% function [Kc, tau-i ,tau-d ,L] = gmvc-pid (A,B,k,T,Ts)
% Determines p,i,d tuning parameters using GMVC
% Plant model: Integrated white noise

% A, B in discrete time form

function [Kc,tau_i,tau.d,L] = gmvec_pid(A,B,k,T,Ts)

dA = length(A)—1; dB = length(B) —1;

dT = length (T) —1;

if dA > 2,
echo(’degree_of_A_cannot_be_more_than.2")
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exit
elseif dB > 1,
echo(’degree.of_B.cannot._be_.more_than.1’)
exit
elseif dT > 2,
echo(’degree_of _T_cannot_be_more_than.2’)
exit
end
delta = [1 —1]; ddelta = 1;
[Adelta ,dAdelta] = polmul(A,dA, delta ,ddelta);
(Q,dQ,P,dP] = ...
xdync (Adelta ,dAdelta ,B,dB,T,dT) ;
PAdelta = P(1)+Adelta;
[zk,dzk] = zpowk(k);
[E,degE ,F,degF] = ...
xdync (PAdelta,dAdelta ,zk ,dzk ,P,dP);
nu = P(1)«E(1)*B(1);
Ke = —1/nux(F(2)+2%F(3)
tau_-i = —(F(2)+2«F(3))/
tau.d = —F(3) /(F(2)+2«F
L(1) = 14Ts/tau_i+tau-d
L(2) —(1+2xtau_d/Ts);
L(3) = tau.d/Ts;
L = Kc % L;

)HF(2)+F(3) ) +Ts;

)
(F(1
(3))#Ts;
JTs;
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11.5 Problems

11.1. This problem is concerned with the design of the minimum variance controller
(MVCQ).

(a) For the open loop transfer function in Eq. 8.58 with integrated white noise,
i.e., for the following transfer function,

(1—-0.92"Yy(t) = 2 tu(t) + %f(t) (11.92)

design an MVC that will express Au(t) as a function of y(t).
(b) If you have to implement this MVC with a PID controller, what are the P,
I, D settings?

11.2. Determine the variance of u(n), if it is related to white noise £(n) through the
following transfer function:

_1.8-0.9z7"

un) = T g1 ¢

[Hint: Using the method of Sec. 11.2.2, obtain the variance as

z—09 1-0.9z

1 (1.82’—0.9 1.8—0.92) @
z

2mj Jo
which can be shown to be equal to the sum of the residue at z = 0.9, which is

4.17, and the residue at z = 0, which can also be shown to be equal to 1.8.]

11.3. Determine the variance of u(n), if it is related to white noise £(n) through the
following transfer function:

1
(1-0.92"1)(1—0.82"1)

§(n)

u(n) =



Chapter 12

Model Predictive Control

Model predictive control (MPC') refers to a class of control techniques that are popular
in the chemical, petroleum and similar industries that are characterized by slow and
large dimensional systems. This approach involves model identification from plant
data, designing a sequence of control moves by minimizing a sum of squares between
the desired and estimated trajectories of the plant output and implementing the first
control move. The MPC approach allows one explicitly state the constraints on the
control effort.

Depending on the modelling strategy used to describe the plants under question,
one arrives at different MPC strategies. The literature on MPC is vast and hence
we can only present a glimpse of it in this book. In this chapter, we give a brief
introduction to the design of generalized predictive control and dynamic matrix
control. We will let GPC' and DMC' denote the generalized predictive control and
dynamic matrix control strategies, respectively, as well as the resulting controllers.
While the GPC makes use of the j-step ahead prediction error model described in
Sec. 11.1, the DMC makes use of step response models. We will begin the discussion
with GPC.

12.1 Generalized Predictive Control

Generalized predictive control was first proposed by Clarke et al. [11] as an effective
methodology to control industrial plants. This is based on minimizing a weighted sum
of the setpoint error and the control effort. It also allows plant models to be updated
frequently. We will describe the GPC design procedure in this section.

12.1.1 GPC for ARIX Model

In this section, we will develop a controller for plants with models in the form of
Eq. 11.18 on page 410, which is reproduced here for convenience:

A@)y(n) = = *B(e)u(n) + £ &) (12.1)

Digital Control ~ Kannan M. Moudgalya
© 2007 John Wiley & Sons, Ltd. ISBN: 978-0-470-03143-8
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We would like the plant output to follow a desired trajectory w. As the plant has a
delay of k, the earliest time when the current input u(n) can influence the output is
t + k. As a result, we would like the plant output to follow a reference trajectory w
from ¢ 4+ k onwards. Thus we are interested in minimizing the index

[Gn+k)—r(n+ B> +gn+k+1) —r(n+E+ D> +--- (12.2)

where ¢ refers to an estimate of y. But as this should not result in large control, we
would like to constrain u also. As the noise is assumed to have steps, we may not be
able to constrain the absolute value of u(n), but only changes in it. Thus, we would
like to add to the above index the terms

p(Au(n))? + p(Au(n +1))% 4 --- (12.3)

where p > 0. As we would expect the plant output to become constant and close to
the setpoint after IV intervals, we would like to have terms up to ¢ + k + N only in
Eq. 12.2. As the output will be close to the setpoint, the input will become constant
or Au will become zero. Thus we need to have terms of Au only up tot + k+ N
in Eq. 12.3. It is possible to have a different number of terms in these indexes, but
here we follow the simplified approach of [7]. The performance index that we wish to
minimize becomes

Jopc = [(n+ k) —r(n+k)>+---
+[g(n+k+N)—r(n+k+N)J?
+ p[Au(n)]® + -+ + p[Au(n + N)]? (12.4)

We now derive expressions for each of the terms in the above equation. The predictive
model for this plant is given by Eq. 11.27, which is reproduced here convenience:

g(n+j)=GjAu(n+j—k)+ Fjy(n) (12.5)
with G given by Eq. 11.11, which is reproduced below:
Gj = E;(2)B(2) (12.6)

E; and F; are obtained by solving Aryabhatta’s identity, given by Eq. 11.23 on
page 410, reproduced next:

1=E;AA+277F; (12.7)

We next derive expressions for the terms in Eq. 12.4 so as to express the performance
index in terms of past values of y and w and future values of u. The first term in
Eq. 12.5 can be written as

GjAu(n+j—k)=gjoAun+j—k)+---
+ gj.aq;Au(n +j — k — dGj)
— g0l +j k) +--
+ gj,deAu(n —k+1—-dB) (12.8)
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since
dG; =dE; +dB=j—-1+4+dB (12.9)

In Eq. 12.8, gj0, ... are coefficients of the polynomial G;(z). Substituting for j = k
to k+ N in Eq. 12.8, and stacking them one below the other, we obtain the first term
of Eq. 12.5 as

k.0 0 0 Au(n)
Jk+1,1 Jk+1,0 e 0 Au(n+1)
Gk+N,N Gk+N.N—1 -+ Gk+No| [Au(n+N)
9k,1 "' 9k, dG), Au(n—1)
Ik+1,2 0 Gk+1,dGrga Au(n —2)
Gk+N.N+1 *°  Gk+N,dGrsn| [Au(n —k+1—dB)

It is easy to see that the second term of Eq. 12.5 gives rise to

Jro o fraa y(n)
Jev10 0 fri1,d4 y(n —1)
fk—l—'N.,O o franaal (y(n _ dA)

Combining these two terms, Eq. 12.5 becomes

§ = Gu+ Hiupy + Hay_, (12.10)
where
g(n+k) Au(n)
g == ) u = 3
jin+k+ N Au(n+ N
L ) uln+ V) (12.11)
Au(n —1) y(n)
Uolg = : v Yo = :
|Au(n —k+1—dB) y(n —dA)

The definition of G, F; and F5 should be clear from the above derivation. Repeated
solutions of Aryabhatta’s identity given by Eq. 12.7, for different values of j, are
implied in the above derivation. F; and G; can also be computed recursively, as
explained in Sec. 11.1.4. We will refer to this as the GPC model.

Example 12.1 Derive the GPC model for the system described by [7]
1
(1—0.82"Yy(n) = (0.4 +0.627 1)z tu(n) + Z{(n)

for N = 3.
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The model has unit delay, i.e., Kk = 1. In Eq. 12.4, we have to obtain expressions
for j(n+1) to §(n+4). M 12.1 solves Aryabhatta's identity given by Eq. 12.7 for
E; and F}; computes G; through Eq. 12.6 and stacks them all up to compute G,
H, and Hs matrices of Eq. 12.10:

We obtain the following:

Fy = 1.8000 — 0.8000z "

Fy = 2.4400 — 1.4400z "

F3 = 2.9520 — 1.95202 !

Fy =3.3616 — 2.36162!

By =1

Fy=1+1.82""

E3=1+182"1+244,72
Ey=1+182""+24427% 429520273
G1=0.4+060z""

Gy = 0.4+ 1.3227! 4+ 1.080022
Gs=0.4+1.322"1 420560272 + 1.46402 3
Gy =04+1.322"" 420560272 + 2.64482 73 4+ 1.77122~*

Stacking these up, we arrive at the following GG, H; and Hy matrices:

[0.4000 0 0 0
G = 1.3200 0.4000 0 0
2.0560 1.3200 0.4000 0
[2.6448 2.0560 1.3200 0.4000
[1.8000 —0.8000 0.6000
Hy — 2.4400 —1.4400 H = 1.0800
2.9520 —1.9520]" 1.4640
13.3616 —2.3616 1.7712

It is easy to verify these results using M 12.1. .

Note that we are interested in minimizing errors of the form Eq. 12.2. Subtracting
r(n+7), k <j <k+ N, from both sides of every equation of Eq. 12.10, we obtain
terms of the form g(n+ k) —r(n+k), g(n+k+1)—r(n+k+1), .... Stacking these
as before, Eq. 12.10 becomes

§—r=Gu+ Hyugg +Hay , —1 (12.12)

where 1 is a trajectory of reference signals:

[r(n+k) - rn+k+N)]" (12.13)

r

To minimize sums of squares of components of § — r, we could solve § —r = 0 or

Gu=r—Hay ,—Hiugqg (12.14)
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in a least squares sense. The solution to this problem is
u=Kir — Kilby  , — KiHiugq (12.15)
where
K= (G'e)"'a” (12.16)

To minimize the control effort as well, we could augment Eq. 12.14 with pu = 0 to
arrive at

[Z] u= [ﬁ - Hzg"lg - Hl%ld} (12.17)
The least squares solution to this problem is
u=Kr—KHyy  — KHiu,q (12.18)
where
K= (G"G+p*1)~'G" (12.19)

M 12.2 carries out these calculations. We only implement the first row of the above
control law. From the definition of u4 in Eq. 12.11, we can see that this corresponds
to Au(n).

Example 12.2 Derive the GPC law for Example 12.1.

After executing the Matlab commands given in Example 12.1, calculations
indicated by Eq. 12.18 are carried out. M 12.3 has a complete listing of the basic
GPC algorithm:

We obtain
[0.1334  0.2864  0.1496 —0.0022
K- | 01538 —0.1968 0.1134  0.1496
= [-0.0285 —0.2155 —0.1968 0.2864
| 0.0004 —0.0285 —0.1538 0.1334
[1.3732  —0.8060 0.6045
0.0807 —0.1683 0.1262
KH>=1_01953 0.0400 |* BH1=1_00307
| —0.0744  0.0259 —0.0194

When these are substituted in Eq. 12.18, the first row is obtained as

A(z)u(n) = 0.1334r(n + 1) + 0.2864r(n + 2) + 0.14967(n + 3)
—0.0022r(n + 4)
— 1.3732y(n) + 0.8060y(n — 1) — 0.6045Au(n — 1)
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which can be expressed in the standard 2-DOF control configuration:

where

T.(2) = 0.1334 4 0.2864z " + 0.14967(n + 3)2~2 — 0.00222 3
S.(z) = 1.3732 — 0.806027%, R;(2) =1+ 0.604527"

It is easy to see that the entries of T, and S, are identical to those of the first
rows of K and K Hs, respectively. But for a leading term of 1, the entry of R; is
identical to that of K H;. By executing M 12.3, one can verify these results.

Until now, we have assumed that the error signal and the control effort are
weighted over the same length of time, see Eq. 12.4, in which both terms are weighted
over N + 1 intervals. In general, however, the control effort is usually weighted over
a shorter interval. This implies © becoming a constant sooner than k + N intervals
in Eq. 12.4. This is equivalent to Au becoming zero sooner than k + N intervals. We
generalize this situation by requiring that we minimize the error from n + k + Nj to
n+ k + Na, Ny > Ni, and the control effort from n to n + N,,. That is, we now wish
to minimize

Japc = [Q(n+k+N1)—r(n+k+N1)]2+...
+[§(n+k+ No) —r(n+k+ No)J?
+ p[Au(n)]® + - - + p[Au(n + Ny)J? (12.20)

As a result of this, § and u of Eq. 12.11 become

g(n+k+ Ny) Au(n)
gn+k+ N1 +1) Au(n +1)
j= , - . (12.21)

In general, because N, < Na — N, the G matrix of Eq. 12.10 will not be square,
but tall. Instead of repeating the derivation, we will now illustrate this approach by
controlling the system discussed in Example 12.1 and Example 12.2 with different
parameters.

Example 12.3 Design the GPC law for the system
1
(1—-0.82"Yy(n) = (0.4 +0.627 1)z u(n) + Zf(n)

with Ny =0, Ny =3, N, =2 and p =0.8.
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M 12.4 and M 12.5 are used for this purpose. We obtain

[0.4000 0 0
o — |1:3200 0.4000 0
= 12.0560 1.3200 0.4000
26448 2.0560 1.3200
[1.8000 —0.8000 0.6000
2.4400 —1.4400 1.0800
Ha= 199500 —1.0520|" ™= |1.4640
3.3616 —2.3616 1.7712

Compare this with the results of Example 12.1. Because u is weighted over one less
interval, the vector u is of length one less than that in Examples 12.1 and 12.2.
Correspondingly, the number of columns of G is now one less. Using the procedure
of Example 12.2, we obtain the following results:

[ 0.1334 02864  0.1497 —0.0023
K =1-0.1538 —0.1986 0.1037  0.1580
|—0.0284 —-0.2189 —0.2154 0.3025
[ 1.3733  —0.8060 0.6045
KHy, = 00760 —-0.1667|, KH; = | 0.1250
|—0.2043  0.0440 —0.0330

T, =0.1334 + 0.28642 "' 4+ 0.1497272 — 0.00232 3

S. =1.3733 — 0.8060z~%, Ry =1+0.60452""
I

How does one tune this controller? The tuning parameters are Ny, Na, N, and p.

e One typically chooses N7 to be zero. N5 is chosen approximately as the settling
time, divided by the sampling time. Large values of N5, of the order of about
100 are quite common in the chemical industry. The control action becomes
aggressive as Ny is made smaller, the reason being that the actual output should
reach the reference trajectory in a short time.

e N, is generally taken to be about one-half to one-third of Ny — Nj for plants
that have large time constants, a common example being chemical processes.
The control action tends to become aggressive for large N,,, the reason being that
the effect of aggressive control action in one move is compensated by subsequent
moves. With a large number of control moves, it is possible to make large control
moves and to compensate their effects subsequently. Thus, if the control action
has to be less aggressive, we have to choose a smaller N,,.

e The control weighting parameter p is to be chosen large or small, depending
on whether we want less aggressive or more aggressive control action. This
parameter becomes especially useful in multi-input systems, where we may want
to apply different weightings to different control efforts.

The performance of the GPC is improved by the introduction of a better noise
model C', which is often tuned. In the next section, we show how to design the GPC
for this case.
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We conclude this section with a brief discussion on how to handle the constraints
in the control effort w. In this case, we could minimize the sum of squares of residuals
indicated by Eq. 12.12, subject to the constraints. These problems do not have explicit
solutions and hence one may have to invoke methods such as sequential quadratic
programming.

12.1.2 ARIMAX Model

The noise model of the previous section included only random steps. We generalize
this in this section. Consider a system with the model

Ay(n) = = B(yun) + S em) (12.22)

where as before, u is the input, y is the output, £ is white noise and A is the
backward difference operator 1 — z~1. As mentioned earlier, C(z) is often used as
a tuning parameter. As before, we would like this plant output to follow a reference
trajectory w. We once again propose to achieve this by minimizing the performance
index Eq. 12.4. The predictive model for this case is given by Eq. 11.35 and it is
reproduced here for convenience:

Cy(n+j) = EjBAu(n+j — k) + Fy(n) (12.23)

with F; and Fj obtained by solving Aryabhatta’s identity of Eq. 11.29, which is also
reproduced below:

C=FE;AA+277F; (12.24)

This predictive model has an expression for C, although we would like §. In addition,
unlike before, now C§(n + j) could contain past values of output as well. As a result,
we split these by solving the following Aryabhatta’s identity for M; and IV;:

1=CM;+z7N; (12.25)
We see that
dM; =j—1
i=J (12.26)
dN; =dC — 1

Multiplying Eq. 12.23 by M; and substituting for C'M; from Eq. 12.25, we obtain
(1 =27 Nj)j(n +j) = MyE; BAu(n + j — k) + M; Fjy(n) (12.27)
Simplifying, we obtain
§(n+ J) = MyE;BAu(n + j — k) + M, Fyy(n) + Nyj(n) (12.28)

The last term does not contain future values, and as a result, we can use y(n) in the
place of g(n) to arrive at

g(n+j) = M;E;BAu(n + j — k) + (M; Fj + N;)y(n) (12.29)
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We define
Gj(z) = M;(2)E;(2)B(z)
Pj(2) = Mj(2)F;(2) + N;(2) (12.30)
to arrive at
§(n+4) = Gdu(n +j — k) + Pyy(n) (12.31)

which is in the same form as Eq. 12.5. From Eq. 12.30, Eq. 12.26 and Eq. 11.30, we
see that

dG;=j—14j—-1+dB=2j—2+dB

12.32
dP; =max(j —1+dA,dC —1) ( )

As in the previous section, substituting for j = k to kK + N and stacking them one
below the other, the first term of Eq. 12.31 becomes

G0 Au(n)
Grt11 Grtp Au(n+1)
Gi+nNN  Grinn-1 - Grino] [Au(n+N)
Gr1 < Grag, Au(n — 1)
Grt1,2 e Gri1,dGhin Au(n —2)
_|_
Gr+N,N+1 e Gr4 NGy | [Au(n — M)
where
M =2k+ N —-2+dB (12.33)
The second term of Eq. 12.31 becomes
Pyo -+ Prap, y(n)
Priio o Pryiap, y(n —1)
Pryno o Prynap,n] W —dPeyn)
We arrive at Eq. 12.10, reproduced here for convenience:
§=Gu+ Hiugg + Hay, (12.34)
where the definitions of § and u are the same as in Eq. 12.11, but now
Au(n —1) y(n)
Uold = : v Yg = : (12.35)

Au(n — M) y(n—(iPk+N)
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where M is given by Eq. 12.33. The definition of the G, H; and H, matrices should
be clear from the derivation. As before, the control law minimizing the performance
index Eq. 12.4 is obtained by minimizing the residuals defined by Eq. 12.12. The
solution is given by Eq. 12.18 and Eq. 12.19, reproduced here for convenience:

u=Kr—KHay , — KHu,q

12.36
K = (GTG—szI)_lGT ( )

M 12.6 helps carry out these calculations.

Example 12.4 Solve the viscosity control problem, discussed in Example 11.10
on page 423, by the GPC method, with N =2 and p = 1.

The listing in M 12.7 solves this problem. We obtain

F; = 1.0000 — 0.4400z~!

Ei=1
M, =1
N; = 0.4400

G1 = 0.5100 + 1.2100z!
P, = 1.4400 — 0.4400z~!
F, = 1.0000 — 0.4400z~!

FEy=1+ 27t
M, = 1.0000 + 0.4400z !
Ny = 0.1936

Go = 0.5100 + 1.944427 4 1.96682"2 + 0.53242 3
Py =1.1936 — 0.193622

F3=1—0.4400271

Ey=1+2"14272
Ms =1+ 0.4400z"" + 0.19362 2

N3 = 0.0852

Gz = 0.5100 + 1.94442~ " 4+ 2.5755272 + 2.29982 3

+0.865427* +0.234327°
Py =1.0852 — 0.08522 73

The stacked variables are

[0.5100 0 0 1.2100 0 0
G = [1.9444 0.5100 0 , Hi= 119668 0.5324 0
[2.5755 1.9444 0.5100 2.2998 0.8654 0.2343
[1.4400 —0.4400 0 0
Hy = |1.1936 0 —0.1936 0
[ 1.0852 0 0 —0.0852




12.1. Generalized Predictive Control 447

The variables that define the control law of Eq. 12.36 are given by

[ 0.1129 0.2989  0.0543
K =1-0.1316 —0.2286 0.2989
|—0.0141 -0.1316 0.1129

[ 0.5783  —0.0497 —0.0579 —0.0046
KHy = |-0.1381 0.0579  0.0443 —0.0255
|—0.0549  0.0062 0.0255  —0.0096

[ 0.8494  0.2061 0.0127
KH; = 00784 0.1369 0.0700
|—0.0163 0.0276 0.0264

When these are substituted in Eq. 12.36, the first row is obtained as

Au(n) = 0.1129r(n) + 0.2989r(n + 1) + 0.05437(n + 2)
—0.5783y(n) + 0.0497y(n — 1) 4+ 0.0579y(n — 2) + 0.0046y(n — 3)
— 0.8494Au(n — 1) — 0.2061Au(n — 2) — 0.0127Au(n — 3)

which can be expressed in the standard 2-DOF control configuration:
Ri(2)A(z)u(n) = Te(2)r(n) — Se(2)y(n)
where

T.(2) = 0.1129 4+ 0.29892"" + 0.05432 2
S.(2) = 0.5783 — 0.04972" — 0.05792 "2 — 0.00462 >
Ri(z) =1+ 0.8494z"" +0.2061z2 + 0.0127z
It is easy to see that the entries of T, and S, are identical to those of the first

rows of K and K Hs, respectively. But for a leading term of 1, the entry of R is
identical to that of K Hy. By executing M 12.7, one can verify these results.

As explained in Example 12.3, it is easy to accommodate the case of weighting u
and y over different time intervals, in order to minimize the index of Eq. 12.20.
For example, if N, is made smaller by 2, the number of columns of G will also
come down by 2. M 12.8 and M 12.9 may be used for this purpose. For N; = 0,
Ny =0, N, =0 and p = 1, we obtain G as a column vector, with H; and Ho
unchanged. That is:
G=[051 1.9444 2.5755)"
T. = 0.0437 4 0.16662 " + 0.22062 >
S. =0.5011 — 0.0192z" — 0.0322z72 — 0.01882 "

Ry =1+0.88782"1+0.27962"2 + 0.05172 3

Because the method described in this section generalizes the result of Sec. 12.1.1, it
is possible to use the algorithm of the current section for both. In other words, it is
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possible to solve the problem in Example 12.2 using M 12.6. All that one has to do is
to comment Lines 4-5 and uncomment Lines 6—7 in M 12.3.

GPC has been very successful in a lot of applications in industry. Naturally, there
have been several modifications and enhancements to it. We will look at one such
modification in the next section.

12.2 Steady State Weighted Generalized Predictive
Control (v-GPC)

Practical experience suggests that it takes a large number of terms for the GPC to
work well. This results in a lot of computations. It has been found [37] that from the
inclusion of steady state weighting, the number of terms required in the controller can
be reduced. We will present one such approach in this section.

12.2.1 Model Derivation

Consider the model
A(z)y(n) = B(z)u(n — 1) + %ﬁ(n) (12.37)

We divide C by AA and obtain a quotient £; and the reminder Fj as per the following
relation:

C =FEjAA + 277 F; (12.38)

The degrees of E; and F}; are j — 1 and dA, respectively. Multiplying Eq. 12.37 by
E;z7 A and substituting for E; AA from Eq. 12.38, we obtain

(C—27F))y(n+ j) = EjBAu(n + j — 1) + Fjy(n) + E;C&(n + 7) (12.39)

Dividing E; B by C we obtain a quotient G; and the reminder H; as per the following
relation:

E;B=G,;C+z7H, (12.40)

Using this, Eq. 12.39 becomes
_ _.H; . F; .
yin+j)=(G+= JF Au(n+j— 1)+6y(n)+Ej§(n+j) (12.41)

Defining filtered variables

u

— = = 12.42
o W=G ( )

uf =

we arrive at the following relation:

y(n+j) = GijAu(n + j = 1) + HjAug(n = 1) Fyys(n) + EjE(n+35)  (12.43)
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As the last term has only future noise, we obtain the following prediction model:
gn+7)=GjAu(n+j— 1)+ HjAus(n — 1)Fys(n) (12.44)
Since G is a polynomial of degree j — 1, it can be written as
Gj=go+ gz '+ +gi_1z79T j>nu (12.45)

where nu is the number of control moves to be used. Substituting the above expression
for G; in Eq. 12.44, we obtain

J(n+7j) = gj—18u(n) + gj—2Au(n+ 1) + - + gj—nuAu(n + nu — 1)
+ gj—nu—lAu(n + nu) +oee goAU(TL +] - 1)
—|—HjAuf(n— 1) —I—ijf(n) (1246)
As only nu control moves are used, u becomes constant from (n+nu). In view of this,
the second line in the above equation becomes zero. Allowing j to vary from Nj to

Ny and stacking the resulting equations one below another, we obtain the following
vector equation:

gn+N1) 1 [ovi-1 gni—2 o+ g0 O 0 - 0
g(n+ N1 +1) gNy  gni-1 0 g1 go O - 0
gn+nu) | = [gnu-1 Guu-2 - go |u
]J(TL—FH’UJ—F 1) Inu Inu—1 e g1
g(n+ Na) | LIN2—1  gN,—2 - 9Nz —nu |
Hpy, Fn,
Hy, 11 Fn, 11
C o Aupn =D+ | | wr(n) (12.47)
Hpy, Fn,
where
Au(n)
Au(n +1)
u = ) (12.48)
Au(n +nu—1)
We arrive at the following vector relation:
y = Gu+ HiAug(n —1) + Hyyp(n) = Gu + f (12.49)
By taking limits as t — co, we obtain
Q(S|n) 9s H; F,
g(sln+1) gs s H F
: =" i u + Aurn—=1)+ | . | yr(n)
y(8|n+nu_1) gs o Gs Hs Fs

(12.50)
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Thus, we arrive at the following vector equation:
re = Gou+ HyAup(n — 1) + Hagy(n) = Gou+ f, (12.51)

12.2.2 Optimization of Objective Function

As in GPC, we would like to arrive at the control action by minimizing an objective
function. We now have an additional term that takes into account steady state
weighting:

No
T =Y v+ ) —win+5)

j=Ni
+D ADAun+ 5 =D+ D (sl +5—1) —w(s))? (12.52)
j=1 j=1

This can be written as

J=1ly—r"Tyly — ] +u" Au+ [ys — 7] Tlys — 73] (12.53)

Substituting for y and Yy respectively, from Eq. 12.49 and Eq. 12.51,

J=[Gu+ (f—r)"Ty[Gu+ (f —r)] +u" Au

+[Gaut (f, = r )" T[Gau+ (f, —1)]
Expanding and including only terms with w,

J=2"G'Ty(f — 1) + v G'T,Gu + v’ Au

+2u"GIT(f — 1) +u"GITGu (12.54)

We would like to choose an optimal u that will minimize J. In view of this, we
differentiate J with respect to u and equate to zero:
oJ

i 2G™Ty (f —1) +2G T, Gu+ 20u+ 2GIT(f —rs) + 2GITGu =0

Solving this for u, we obtain

u=[G"TyG+ A+ GTG) ' G'Ty(r — )+ GIT(rs — [ )] (12.55)

Here, GTT,G and GITGy are both matrices of dimension nu x nu. The dynamic
matrix G contains all the step response coeflicients arranged in a lower triangular
structure. The term GTTGj is of full rank and helps ensure the existence of the
inverse in the above equation, even if GTT,G is ill conditioned due to large time
delays or too short an output prediction horizon.

When T is set to zero, Eq. 12.55 reduces to the basic GPC law. As a result, this
control law is referred to as GPC with v weighting. As in the GPC law, we write the
first equation of Eq. 12.55:

Au(n) = h(r — f) + hs(rs — fs) (12.56)
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where

h = first row of [G'T,G + A+ GITG,)*'G'T,

12.57
he =Y _first row of [G'T,G + A+ GITG,7'GIT ( )
where h, is the sum of elements of the first row of the indicated matrix. Note that

r — f is a vector, while rs — fs is a scalar. Substituting the expressions for h and h,
from Eq. 12.57 and for r and f in Eq. 12.49 into Eq. 12.56, we obtain

=> h; <rj - % - z—l—HjCA“) + hs(rs — fs) (12.58)
Simplifying, we obtain
_1> hiH; Fiy
(1 + 2 1% Au(n) = hirj+ho(rs = fo) = > h‘j% (12.59)

Substituting for fs; now,

(1 + 2_172 }8H3> Au(n) = Z hjr; + hgrs
—hs( -1q, &-ﬁ-ﬂ ) L Y 12.60)
Simplifying this further, we obtain
(¢ (D hsHy +hoH, ) ) Autn) = C (3 by + hrs)
— (Yo Fihi + o)y (12.61)

If r is a step, r; = rs = r, and the above equation simplifies to

(C—l—z_l(ZhH—i-hH)) (Zh +h)
- (Z Fihj + Fshs) y(n) (12.62)

which is in the standard controller form, given by Eq. 9.5 on page 329, reproduced
here for convenience:

R.(z)u(n) = Te(2)r(n) — Se(2)y(n) (12.63)

where we have chosen the coefficient of T, to be 1. Comparing coefficients, we obtain

Re(z) = (C 4271 (s, +ht1,) ) A
=C (Y hi+hs) (12.64)
S.(z) = (Z Fihj + Fshs)
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with the order of the polynomials being

dR. = max (dB,dC)
dT, = dC (12.65)
dS. =dA

We will use this approach to tune PID controllers in the next section.

12.2.3 Predictive PID, Tuned with v-GPC

In this section, we will present a method [37] to tune the PID controller using the
~v-GPC for a special kind of plant. Defining

KT,
K=
Ti
o Kn (12.66)
D = T.

Eq. 8.49 becomes
Au(n) = Krr(n) — (K + Kr + Kp) — (K +2Kp)z~ ' + Kpz~?Jy(n)  (12.67)

When C = 1, A is a second degree polynomial and B is of zero degree. From Eq. 12.65,
we arrive at the following degree relations:

dR =0
AT =0 (12.68)
ds =2

With these, Eq. 12.63 becomes
Au(n) = ror(n) — [so — s127 1 + s2272|y(n) (12.69)

Comparing the coefficients of the polynomial on the right-hand side with those in
Eq. 12.67, we arrive at the following relations:

K[ =T0
KDZSQ (1270)
K:—81—282280—T‘0—82

where the last equation follows from the condition of no steady state offset, namely
S(1) =T(1), see Eq. 8.23 on page 311. This controller is known as the predictive PID
controller. We will illustrate this approach with the example presented by [37].

Example 12.5 Control the system discussed in Example 11.11 with N; = 1,
Ny =5, nu=2, A=0.02, v=0.05 v, =1 [21].
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We have A =1—1.952"14+0.935272, B = —0.015. As this procedure assumes a
delay of one sample time, the condition of &k = 1 is already taken care of. Solving
Eq. 12.38 for j =1 to 5, we obtain

Ey=1

Fy =295 —2.885271 4+ 0.935272

Fy=1+2952"1

Fy = 58175 —7.57572 1 4+ 2.75822 2

B3 =1+2952"" 458175272

F3 = 9.5859 — 14.02522 1 + 5.4394~ 2

E;=1+2952"1-2 458175272 4+ 9.58592 3

F, = 14.2531 — 22.21592" 1 4 8.96282 2

Fs=142.952"1-2+4 58175272 +9.58592 3 4+ 14.25312 4

Fy = 19.8307 — 32.15742~ 1 + 13.32662 2

Solving Eq. 12.40 for j = 1 to 5, we obtain

G = —0.015

Gy = —0.015 — 0.0442271

Gz = —0.015 — 0.0442z~! — 0.0873272

Gy = —0.015—0.04422"" — 0.087327% — 0.143823

Gs = —0.015 — 0.0442271 — 0.0873272 — 0.14382 73 — 0.213824

We also have H; = 0, Vj. Thus, we obtain the matrix G of Eq. 12.49 as

—0.015 0
—0.0442 —0.015
G = |—0.0873 —0.0442

—0.1438 —0.0873
—0.2138 —0.1438

We also obtain

c)

s = m = —66.6667
_B(1)
9= 7m) !

F, = e, A= —66.6667+ 130z~ — 62.3333272
HA=g,C—e,B=0

As a result, H; = 0. Thus, G, of Eq. 12.51 becomes

10
=i ]
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We also obtain h and h, of Eq. 12.56 as
h = [—0.1486 —0.2937 —0.4376 —0.5828 —O.7311]T
hs = 0.5084

Using Eq. 12.64, we obtain R. =1, T, = —1.6854, S, = —63.0387+111.3382"1—
49.9848z72. Using Eq. 12.70, we obtain K = —11.3685, K1 = —1.6854, Kp =
—49.9842. These are in agreement with the findings of [37]. M 12.10 sets up this
problem, while M 12.11 solves it. I

12.3 Dynamic Matrix Control

In this section, we will present dynamic matrix control (DMC'), another technique
of MPC. model predictive control. While in the previous section we have required
parametric models, in this section, we will work with a step response model, which is
a nonparametric model. Although DMC does not have extensive noise models, it is
simple and easily extendible to multivariable systems. In view of these reasons, DMC
is popular in the chemical industry. In this section, we will present a brief introduction
to DMC.

We start with the step response model given by Eq. 3.38 on page 53. We further
add a bias term, b, to account for the difference between the model prediction and the
actual output. Suppose that we start applying control effort u from time instant k
onwards. At the time instant k + 1, we obtain

gk +1) =y (k+ 1) + s(1)Au(k) + b(k)

where we have used the superposition principle, given by Eq. 3.10 on page 39. Note
that we have taken s(0) = 1. Similarly, at future time instants, we obtain

9k +2) =y (k+ 2) + s(2)Au(k) + s(1)Au(k + 1) + b(k + 2)

+s(1)Au(k + Ny) + b(k + Ny, + 1)

where N,, determines the control horizon, i.e., we apply the control effort up to k+ N,
and keep it afterwards. In other words, Au(k + m) = 0, for all m > N,. Thus, we
obtain

Gk + Ny +2) = yo(k + Ny +2) + s(Ny + 2)Au(k) + - - -
+ 5(2)Au(k + Ny) + b(k + Ny + 2)

9k + N).= Yz(k+ N) + s(N)Au(k) + s(N —1)Au(k +1) + -
+ s(N — Ny)Au(k + N,,) +b(k + N)
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where N is the prediction horizon. As mentioned earlier, the prediction horizon is
as large as at least one settling time. Usually, N > N, by a factor of two to three.
Stacking all of the above equations one below another, we obtain

Yk+1) =y (k+1)+su(k) +b(k+1)

where
[g(k+1) yu(k +1)
j(k (K
gk +1) = ot : ? oy (k+1) = ek +2)
[k + ) Yok + )
[ s(1) 0 T
5(2) s(1) 0
s=1| s(N,) s(N,—1) s(N,—2) 0 ,
s(N, +1) $(Nu) $(N, — 1) 5(2)
L s(V) s(N—1) s(N=2) --- s(N-N,]
Au(k) b(k+1)
Au(k +1) b(k +2)
u(k) = : . bk+1)= .
| Au(k +N) bk + N)

The variable s has N rows and N, + 1 columns, N > N,, and u has N, + 1

rows. It is called the system’s dynamic matriz, consisting of the collective effect
of unmodelled disturbances. The argument k indicates the origin. The subscript x
indicates prediction in the absence of further control action. The objective is to
determine u(k), which consists of N,,+ 1 control moves over time, k, k+1,...,k+ Ny,
to move the system to the desired trajectory, given by

r(k+1)=[rtk+1) r(k+2) - r(k+N)]"
Thus we get
y (k+1)+su(k) +bk+1)=r(k+1)
By rearranging the terms, we require
su(k) = [r(k+1) =y, (k+1) = b(k +1)| =0
Defining the terms within the square brackets as e(k + 1), we want
su(k)—e(k+1)=0

The second term is the predicted deviation of plant output from the desired setpoint
in the absence of further control action. We calculate u using the above equation,
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which has N equations in N, + 1 unknowns, with N being two to three times N,. As
a result, we cannot get an exact solution. The least squares solution to this problem
is given by

u(k) = (s"s)'sTe(k +1)

In order that excessive control action is not applied, the following method of control
action calculation is done:

u(k) = [s7s + p*T) " sTe(k +1)

But for the bias term, the tuning procedure is similar to that of GPC, see the
discussion after Example 12.3 on page 442. We determine the current bias and
assume that it is constant for the rest of the control moves. In other words, we let
b(k+1)=y(k)—g(k), i=1,2,...,N, where y is the measured value of output.

12.4 Matlab Code

Matlab Code 12.1 Model derivation for GPC design in Example 12.1 on page 439.
This code is available at HOME/mpc/matlab/gpc_ex11.m!

% Camacho and Bordon ’'s GPC example; model formation

%

A=[1 -0.8]; dA=1; B=[0.4 0.6]; dB=1; N=3; k=1;

D=[1 -1]; dD=1; AD=conv (A,D); dAD=dA+1; Nu=N+1;

zj = 1; dzj = 0; G = zeros(Nu);

Hl = zeros(Nu,k—1+dB); H2 = zeros (Nu,dA+1);

for j = 1:Nu,
zj = conv(zj,[0,1]); dzj = dzj + 1;
[Fj,dFj,Ej,dEj] = xdync(zj,dzj,AD,dAD,1,0) ;
[Gj,dGj] = polmul(B,dB,Ej,dEj);
G(j,1:dGj) = flip (Gj(1:dGj));
H1(j,1:k—1+dB) = Gj(dGj+1:dGj+k—1+dB) ;
H2(j,1:dA+1) = Fj;

end

G, H1, H2

Matlab Code 12.2 Calculates the GPC law given by Eq. 12.19 on page 441. A sam-
ple usage is given in M 12.3. This code is available at HOME/mpc/matlab/gpc.bas.m

function [K,KH1,KH2,Tc¢,dTc,Sc,dSc,R1,dR1] =
gpc_bas (A,dA,B,dB,N,k,rho)

D=[1 -1]; dD=1; AD=conv (A,D); dAD=dA+1; Nu=N+1;
zj = 1; dzj = 0; G = zeros(Nu);

Hl = zeros(Nu,k—1+dB); H2 = zeros (Nu,dA+1);

for j = 1:Nu,

THOME stands for http://www.moudgalya.org/dc/ — first see the software installation directions,
given in Appendix A.2.
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zj = conv(zj,[0,1]); dzj = dzj + 1;
[Fj,dFj,Ej,dEj] = xdync(zj,dzj,AD,dAD,1,0);
[Gj,dGj] = polmul(B,dB,Ej,dEj);

G(j,1:dGj) = flip (Gj(1:dGj));
H1(j,1:k=14dB) = Gj(dGj+1:dGj+k—1+dB) ;
H2(j,1:dA+1) = Fj;

end

K = inv (G’ *Gtrhoxeye(Nu) ) *G’;

% Note :

inverse mneed not be

KHl = K % Hl; KH2 = K x H2;

R1
Sc

calculated

[1 KHI(1,:)]; dRl = length(R1)—1;
KH2(1,:); dSc = length(Sc)—1;

Tc = K(1,:); dTc = length(Tc) —1;

457

Matlab Code 12.3 GPC design for the problem discussed in Example 12.2 on page
441. This code is available at HOME/mpc/matlab/gpc.ex12.m

% Camacho and Bordon

%

A=[1 -0.8]; dA=1; B=[0.4 0.6]; dB=1; N=3; k=1; rho=0.8;

)

s GPC example; Control law

[K,KH1,KH2, Tc,dTec, Sc,dSc,R1,dR1] =
gpc-bas(A,dA,B,dB,N,k,rho)

% C=1;

dC=0;

[K,KH1,KH2,Tc,dTc,Sc,dSc ,R1,dR1] =

% gpc-col (A,dA,B,dB,C,dC,N,k,rho)

Matlab Code 12.4 GPC design for the problem discussed in Example 12.3. This
code is available at HOME/mpc/matlab/gpcwt.m

A=[1 -0.8]; dA=1; B=[0.4 0.6]; dB=1;
rho = 0.8; k = 1;

N1l = 0; N2 = 3; Nu = 2;
[K,KH1,KH2,Tc,dTc,Sc,dSc,R1,dR1] =

gpc_N(A,dA,B,dB,k,N1,N2,Nu, rho)

Matlab Code 12.5 Calculates the GPC law given by Eq. 12.36 on page 446. A
sample usage is given in M 12.4. This code is available at HOME/mpc/matlab/gpc N.m

function [K,KH1,KH2,Tc,dTc,Sc,dSc,R1,dR1] =

gpc_-N(A,dA,B,dB,k,N1,N2,Nu, rho)

D=[1 -1]; dD=1; AD=conv(A,D); dAD=dA+1;

zj) = 1;

dzj = 0;

for i = 1:Nl+k-1

zZj
end

conv(zj,[0,1]); dz]

G = zeros (N2-N1+1,Nu+1);
Hl = zeros(N2-N1+1,k—-1+dB); H2
for j = k+N1:k+N2

7]

conv(zj,[0,1]); dz]

dzj + 1;

= zeros (N2-N1+1,dA+1);

dzj + 1;
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[Fj,dFj,Ej,dEj] = xdync(zj,dzj,AD,dAD,1,0);
[Gj,dGj] = polmul(B,dB,Ej,dEj);
if (j—k >= Nu)
G(j—(k+N1-1) ,1:Nu+1) = flip (Gj(j—k—Nu+1:j—k+1));
else
G(j—(k+N1-1) ,1:j-k+1) = flip (Gj(1:j—k+1));
end
H1(j—(k+N1-1) ,1:k=1+dB) = Gj(j—k+2:j+dB);
H2(j —(k+N1-1) ,1:dA+1) = Fj;
end
K = inv (G’ *G+rhoxeye (Nu+1))«G’;
% Note: inverse need not be calculated
KH1 = K % Hl; KH2 = K * H2;
R1 [1 KH1(1,:)]; dR1 = length(R1)—1;
Sc = KH2(1,:); dSc = length(Sc)—1;
Tc = K(1,:); dTc = length(Tc) —1;

Matlab Code 12.6 Calculates the GPC law given by Eq. 12.36 on page 446. A sam-
ple usage is given in M 12.7. This code is available at HOME/mpc/matlab/gpc_col.m

function [K,KH1,KH2,Tc¢,dTc,Sc,dSc,R1,dR1] =

gpc_col(A,dA,B,dB,C,dC,N,k,rho)
D=[1 —-1]; dD = 0; AD=conv(A,D); dAD=dA+1; zj=1; dzj=0;
Nu = N+1; G=zeros (Nu); Hl=zeros (Nu,2*k+N-2+dB) ;
H2 = zeros (Nu, kHN+dA) ;
for j = 1:Nu,
zj = conv(zj,[0,1]); dzj = dzj + 1;
[Fj,dFj,Ej,dEj] = ...
xdync (zj ,dzj ,AD,dAD,C,dC) ;
[Nj,dNj,Mj,dMj] = ...
xdync (zj ,dzj ,C,dC,1,0);
[Gj,dGj] = polmul(Mj,dMj,Ej,dEj);
[Gj,dGj] = polmul(Gj,dGj,B,dB);
[Pj,dPj] = polmul (Mj,dMj,Fj,dFj);
[Pj,dPj] = poladd(Nj,dNj,Pj,dPj);
i Fj Bj ,Mj,Nj,Gj,Pj
G(j,1:)) = flip (Gj(1:));
H1(j,1:dGj—j+1) = Gj(j+1:dGj+1);
H2(j,1:dPj+1) = Pj;
end
K = inv (G *Gtrhoxeye(Nu) ) xG’
% Note: inverse need not be calculated

KHl = K % Hl; KH2 = K % H2;

Rl = [1 KHI(1,:)]; dRl = length(R1)—1;
Sc = KH2(1,:); dSc = length(Sc)—1;
Tc = K(1,:); dTc = length(Tc) —1;
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Matlab Code 12.7 GPC design for viscosity control in Example 12.4 on page 446.
This code is available at HOME/mpc/matlab/gpc_ex2.m

% GPC control of viscosity problem

%

A=[1 -0.44]; dA=1; B=[0.51 1.21]; dB=1; N=2; k=1;
C =1 —-0.44]; dC = 1; rho = 1;

[K,KH1,KH2,Tc,dTc,Sc,dSc,R1,dR1] =
gpc-col(A,dA,B,dB,C,dC,Nk, rho)

Matlab Code 12.8 GPC design for the problem discussed in Example 12.3. This
code is available at HOME/mpc/matlab/gpcwtc.m

A=[1 -0.8]; dA=1; B=[0.4 0.6]; dB=1;
rho = 0.8; k = 1;

N1l = 0; N2 = 3; Nu = 2;
[K,KH1,KH2,Tc,dTc,Sc,dSc,R1,dR1] =
gpc_N(A,dA,B,dB,k,N1,N2,Nu, rho)

Matlab Code 12.9 Calculates the GPC law for different prediction and control
horizons. A sample usage is given in M 12.8. This code is available at
HOME/mpc/matlab/gpcNc.m

function [K,KH1,KH2,Tc,dTc,Sc,dSc,R1,dR1] =
gpc-Nc(A,dA,B,dB,C,dC,k,N1,N2,Nu, rho)
D=[1 -1]; dD=1; AD=conv(A,D); dAD=dA+1;
zj = 1; dzj = 0;
for i = 1:Nl+k-1
zj = conv(zj,[0,1]); dzj = dzj + 1;
end
M = 2%k4N2-2+dB; P = max(k+N2+dA—-1,dC-1)
G = zeros (N2-N1+1,Nu+1); Hl = zeros(N2-N1+1M);
H2 = zeros(N2-N1+1,P+1);
for j = k+N1:k+N2
zj = conv(zj,[0,1]); dzj = dzj + 1;
[Fj,dFj,Ej,dEj] = xdync(zj,dzj,AD,dAD,C,dC);
Nj,dNj,Mj,dMj] = xdync(zj,dzj,C,dC,1,0);

[

[Gj,dGj] = polmul (Mj,dMj,Ej,dEj);
[Gj,dGj] = polmul (Gj,dGj,B,dB);
[Pj,dPj] = polmul (Mj,dMj,Fj,dFj);
[Pj,dPj] = poladd(Nj,dNj,Pj,dPj);

if (j—k >= Nu)
G(j—(k4+N1=1) ,1:Nu+1) = flip (Gj(j—k—Nu+1:j—k+1));
else
G(j—(k+N1-1) ,1:j-k+1) = flip (Gj(1:j—k+1));
end
HI(j—(k+N1—1) ,1: j+k—2+dB) = Gj(j—k+2:2%j+dB—1);
dPj = max(j—1+dA,dC—-1);
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26 H2(j—(k+N1-1) ,1:dPj+1) = Pj;

27 end

s K = inv (G’ «G+rhoxeye (Nu+1))*G’;

20 % Note: inverse need not be calculated
5o KHI = K « Hl; KH2 = K % H2;

s RI1 [1 KHI(1,:)]; dR1l = length(R1)—1;
22 Sc = KH2(1,:); dSc = length(Sc)—1;

;s Te = K(1,:); dTe = length(Tc)—1;

Matlab Code 12.10 PID controller, tuned with GPC, as discussed in Example 12.5
on page 452. This code is available at HOME/pid/matlab/gpc_pid_test.m

clear

A=1]1 —-1.95 0.935];
B=-0.015;

C=1;

degA =2;

degB=0;

degC=0;

N1=1;

N2=5;

10 Nu:2;

1 gamma=0.05;

12 gamma.y=1;

13 lambda=0.02;

u  [Kp,Ki,Kd] = .

15 gpe_pid (A, degA B, degB,C,degC,N1,N2,Nu,lambda ,gamma, gamma_y)

o oA W N e

© W

Matlab Code 12.11 Predictive PID, tuned with GPC, as explained in Sec. 12.2.3.
This code is available at HOME/pid/matlab/gpc_pid.m

function [Kp,Ki,Kd] =

1 .

» gpc_pid (A,dA,B,dB,C,dC,N1,N2,Nu, lambda ,gamma, gamma._y )
s Adelta=conv(A,[1 —-1]); G=]];

+ for i=N1:N2

5 zi=zpowk (1) ;

6 [E,dE,F,dF]=xdync(Adelta ,dA+1,zi,i,C,dC);

7 [Gtilda ,dGtilda ,Gbar,dGbar] =

8 xdync (C,dC, zi , i ,E«B,dE4+dB) ;

9 for j = 1:i, Gtildal (j)=Gtilda(i+1—j); end
10 if i<=Nu-1

1 G=I[G;[ Gtildal ,zeros (1,Nu—i)]];

12 else

13 G=I[G; Gtildal (1:Nu) ];

14 end

15 end

¢ es=sum(C) /sum(A); gs=sum(B)/sum(A); F_s=esxA; G_s=][];
17 for i=1:Nu
18 row=gsxones (1,i); row=[row,zeros (Nu-i)];

[
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G_s=[G_s;row];
end
lambda_mat=lambda x(diag(ones (1,Nu)));
gamma_mat=gammax (diag (ones (1,Nu)));
gamma_y_mat=gamma_y * (diag (ones (1 ,N2-N1+4+1)) ) ;
matl=inv (G’ * gamma_y_mat*G+lambda_mat+G_s '« gamma_mat*G_s ) ;
% Note: inverse need not be calculated
mat2=matl* (G’ * gamma_y_mat) ;
mat2_s=matl*(G_s’*gamma_mat)
h_s=sum(mat2_s(1,:)); h=mat2
T=C; R=Cx(sum(h(:))+h_s); S=
for i=N1:N2
zi=zpowk (1) ;
[E,dE,F,dF]=xdync(Adelta ,dA+1,zi ,i,C,dC);
[Gtilda ,dGtilda ,Gbar,dGbar]=...
xdync (C,dC, zi , i ,E«xB,dE+dB) ;
S=S+Fxh (i) ;
end
S=S+F_sxh_s;
if length(A)==
Kp=S(1)-R-S(3); Ki=R; Kd=S(3);
else
Kp=S(1)-R; Ki=R; Kd=0;
end

(1,:);
0;
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12.5 Problems

12.1. Derive the GPC model (i.e., Eq. 12.10 on page 439) for the system described
by

(1—-0.92"Yy(t) = 2 tu(t) + %ﬁ(t)

for the two sets of conditions given below. (Here, y(t), u(t) and £(t) are,
respectively, output, input and white noise, and A =1 — 271

(a) Using predictive models for y(t+1) and y(t+2) (i.e., Ny, = 1) and varying
Au(t) and Au(t + 1) (i.e., N, =1).

(b) Same as above, but now N,, = 0, i.e., only Au(t) is varied.
[Hint: Long division may be useful.]

12.2. For the system defined by Eq. 11.92, design a GPC using predictive models for
g(t+1) and y(t+2) (i.e., N, = 1) by varying only Au(t) and making u(t+j) =
constant for j > 1 (i.e., N, = 0). Assume p = 1 for the control weighting
parameter.

(a) Comment on implementing this controller with a PID controller.

(b) If N, = 0 in part (a), what is the resulting controller known as? Note —
you don’t have to design this controller.

(c) If A is replaced by 1 in the system model, how would you proceed to design
the controller required in part (a)? You don’t have to design the controller,
it is enough if you point out the differences. Is it possible implement this
controller through PID knobs?



Chapter 13

Linear Quadratic Gaussian
Control!

In this chapter, we present the important design technique of linear quadratic
Gaussian (LQG) control. In this method, one minimizes the expectation of the
weighted sum of regulation error and control effort. This is the correct method,
compared to the approximate approach used in GMVC design in Sec. 11.3 [34].

It is through the LQG technique that one can design the important minimum
variance controller for nonminimum phase systems, see Sec. 13.3. The LQG controller
may be used as a standard, against which other controllers can be compared, using
the performance curve, to be presented in Sec. 13.4. The reason is that as the control
weighting is reduced to zero, the performance of an LQG controller becomes that of the
minimum variance controller, while satisfying closed loop stability. In contrast, closed
loop systems with GMVC and GPC of Sec. 12.1 become unstable for nonminimum
phase systems when the control effort goes to zero.

Unlike the notation referred to in Footnote 5 on page 100, in the whole of this
chapter we will use the argument of 2~ to indicate polynomials in powers of z~! and
the argument z to indicate polynomials in powers of z. The reason is that we need to
use both of these polynomials simultaneously.

We begin this chapter with a study of spectral factorization, one use of which has
been identified in Sec. 6.4.4. Using this approach, we will design the LQG controller.

13.1 Spectral Factorization

In this section, we will briefly discuss the topic of spectral factorization, by which we
can split a given polynomial into two factors, one with all zeros inside the unit circle
and the other with all zeros outside. Although good numerical methods are required
for spectral factorization, we will not discuss them. We will restrict our attention to
a qualitative discussion of spectral factorization only.

1This chapter may be skipped in a first reading.

Digital Control ~ Kannan M. Moudgalya
© 2007 John Wiley & Sons, Ltd. ISBN: 978-0-470-03143-8
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We start our discussion by explaining the concept of self-reciprocal polynomials.
To understand this concept, let us consider a polynomial in 2! of the following form:

A Y =ao+arz" 4 +apz" (13.1)
and the polynomial with reversed coeflicients:
Az =apz "+ arz" T 4 ta, (13.2)

We can derive a relation between A,(27!) and A(z) in powers of z. We can write
Eq. 132 as A.(27!) = 27" (ap+a12* +- - -+ anz™). Thus we obtain the useful property

A (27 = 27" A(2) (13.3)
A polynomial ¢(z71) is self-reciprocal if
sz =¢(z™hH (13.4)
It is easy to see that A(z71)A,.(z71) is self-reciprocal. From
A(z"NA(z7Y) = (a0 + -+ anz ") (a0z ™" + - + an) (13.5)

we obtain the coefficients of powers of 27! as

29 agay,

-1
z 1 agtp—1 +aian

Now we change the order of multiplication:
Ar(z AT = (apz ™+ +an)(ao + -+ apz™")

and obtain the coefficients of powers of 2727, z72"+1 as
272" agay

27 Goan—1 + aran

One can see that the coefficient of 2% equals the coefficient of 2=2"%%. Thus, A(271)x
A, (z71) is of the form

—2n+1

n

—2 —n—1 - —n+1 -1
apz” "+ anz +-tan_1z +anz " tan—12""T 4 a1z o

which is a self-reciprocal polynomial. Note that the coefficients are symmetric about
27" where n is the degree of A(z71).
Now suppose that B(z~1) is another polynomial with degree dB given by

dB=dA—-k=n—-k, n>0 (13.6)
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By the above logic, B(27!)B,(27!) will be a self-reciprocal polynomial with coef-
ficients symmetric about z~"**. It follows that z~*B(z~1)B,(2~!) will be a self-
reciprocal polynomial with coefficients symmetric about z~". It is easy to see that
pA(z"HA(z™Y + 27*B(27 1) B,.(271) is self-reciprocal, where p > 0 is an arbitrary
scalar.

Example 13.1 Carry out the above indicated calculations for the polynomials

Az =ap+tarz" 4 a2 n=2

Bz =by+bzt, k=2-1=1

It is easy to see that in

A(z_l)Ar(z_l) = apas + (apa; + (11@2)2_1 + (a(z) + a% + a%)z‘2

+ (apa1 + araz)z % + agagz™*
the coefficients are symmetric about z~2. For B,
B(z"Y)B,(27") = boby + (b3 + b3)z"! + boby1272
the coefficients are symmetric about z~1. In
27 B(z7YB(27Y) = bobr 2t + (b3 4+ 03) 272 4 boby 273

the coefficients are symmetric about z72. As the coefficients are symmetric,
pA(z7 A (27 + 27 B(27 1) B,.(271) is self-reciprocal. I

The zeros of a self-reciprocal polynomial have an interesting property. Let ¢(z71) be
a self-reciprocal polynomial of degree 2n in z~!. Using Eq. 13.3, we obtain

Gr(2z7h) = 272%(2) (13.7)
As ¢(z71) is self-reciprocal, using Eq. 13.4,

s(z7h) = 272%(2) (13.8)
Thus if ¢(271) can be factored as

) = (T m ) (7 — ) (13.9)
¢(2) can be factored as

s(2) =(z—¢1)--- (2 —s2n) (13.10)

Using Eq. 13.8,

s =2z —q) (2 — sn) (13.11)
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From Eq. 13.9 and Eq. 13.11, we obtain the useful property that if ¢; is a zero of
s(271), 1/ also is a zero. It is also clear that if ¢; is inside the unit circle, 1/g; is
outside the unit circle. It follows from the above discussion that such a factorization
exists for the self-reciprocal polynomial ¢:

sz = pA(z"HA (=) + 27 Bz B (27 (13.12)
We illustrate this in the next example.
Example 13.2 For
Az =09-1.92"1 272
B(z7')=0.08 4 0.127"

carry out the above indicated factorization for p = 1.
We have

A(z7HA (27 =09 -3612"1 +542:72 - 361272 +0.927*
27 'B(z7YB,(27') = 0.00827" +0.0164272 4+ 0.0082 3
sH=A"HA(z"H 4+ 2 B(z"HB,.(z7)
=0.09 —0.36127" +0.542272 — 0.3612% + 0.092~*

5=
5=

¢(271) has the following zeros:

: 1.4668 + 0.9031;
: 1.4668 — 0.9031;
£ 0.4944 + 0.3044;
£ 0.4944 — 0.3044

= W N

Observe the following:

1. The third zero is the reciprocal of the second and the fourth zero is the
reciprocal of the first.

2. The first two zeros are outside the unit circle, while the last two are inside
the unit circle.

3. As the coefficients of ¢ are real, the zeros occur in conjugate pairs, in case
any of the zeros is a complex number. Accordingly, there are two pairs of

complex conjugate pairs.
]

If ¢ is self-reciprocal with no zeros on the unit circle, it will have half the number
of zeros inside and an equal number outside the unit circle. Let the product of the
factors with zeros inside the unit circle be 8 and that of the rest §,. To make this
factorization unique, let 8 be monic, i.e., the constant in the polynomial 3 is one.
Thus, we arrive at the relation

¢ = pAA, + 2 "BB, =38, (13.13)

where 7 is the scale factor. This is known as spectral factorization. We now illustrate
this approach through an example.
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Example 13.3 Determine the spectral factorization for the system presented
in Example 11.4 on page 413.

We have

A=(1-052"11-092"1)=1-1.42"1+045272
B=0.5(1-0.9z"1%
p=1

We obtain
¢=045—2.255"1+3.6152"2 —2.255273 + 0.45,4

This polynomial has roots 2.618, 1.1111, 0.9 and 0.382. As the last two are inside
the unit circle, they make the polynomial 3. With the condition that 3 is monic,
we obtain

f=1-12822"1+0.343822
By reversing the coefficients, we obtain
B, = 0.3438 — 1.282z 1 + 272
The roots of 3 are 0.9 and 0.382. Using Eq. 13.13, we obtain

r = 1.309

The commands in M 13.1 show how to do these calculations in Matlab.

In this section, we have achieved spectral factorization through the brute force
method of factoring a polynomial into its zeros. Unfortunately, this is not a
numerically reliable method, especially for complicated problems. Although there exist
reliable methods, they are beyond the scope of this book.

Spectral factorization will play an important role in controller design, the topic of
the next section.

13.2 Controller Design

We will now present a transfer function approach to design the LQG controller [54, 26].
Consider a system of the form

C(z™h

AGy(n) = B uln— k) +

&(n) (13.14)

which is in the same form as Eq. 11.1 but for the presence of F' in the denominator
of the noise term. As before, £(n) is the noise, u(n) the input to and y(n) the output
from the system. The reason for including F(2~!) now is that we allow F' to have
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zeros on the unit circle, so that step disturbances can be handled. Thus F(z~!) can
have zeros inside or on the unit circle.
We would like to design a controller u(n) that minimizes the performance index

J=& [(V(z_l)y(n))2 +p (W(z_l)F(z_l)u(n))Q} (13.15)

This is different from the performance index given in Eq. 11.61 on page 420 in that
it has polynomial matrices V(z71), W(z~!) and F(z7!), as well. These are included
to provide flexibility and to make the problem solvable:

1. Suppose that we wish only the rate at which u(n) changes to be minimized. We
can then choose W(z~1) to be 1 — 271,

2. Suppose that the disturbance has steps in it, say F = 1 — z~!. Then it can be
controlled only if u(n) also is allowed to drift. In this case, we cannot constrain
the absolute value of u(n). The best we can do is to reduce the variations in
u(n). The factor F(271) is included precisely for this reason. Thus in this case,
the user is not completely free to choose the weighting matrices. This reasoning
is the same as the one used to include A in Eq. 11.67 on page 422.

Thus in general, V and W are provided for the flexibility of the problem while F' is
included to make the problem solvable.
We rewrite Eq. 13.15 in the following form without the z~! argument:

J =& (Vyn))® + p& (WFu(n))’ (13.16)

We will use the variational method to minimize this objective function. Suppose that
there is a controller of the form

u(n) = —=———=y(n) (13.17)

that minimizes the above performance index. The variational approach is to look for
a controller of the form

Se(z7h)
which is a variant of Eq. 13.17. We will try to find R., S. and T in such a way that
the increase in performance index is zero.
Let us close the loop with this controller. That is, substitute for u(n) from Eq. 13.18

into Eq. 13.14 and simplify. Dropping the argument in z~!, we obtain
K Se C
Ay(n) = =FB |~ ZEy(n) + TE) | + H) (13.19)
This can be simplified as
C B C
y(n) = Tieen) 4 e () (13.20)



13.2. Controller Design 469

where
a=R.A+27"BS, (13.21)

Thus we see that o makes up the characteristic polynomial. Hence we would like to
have its zeros inside the unit circle. We write y(n) as

y(n) = yo(n) + dy(n) (13.22)
where
CR,
n) = &(n
ol FQB;) (13.23)
oy(n) = Z"“TCTé“(n)

Note that the variational term 0y has the variation causing variable, namely T
Substituting Eq. 13.22 and Eq. 13.23 in Eq. 13.18, we obtain

Se [CR. _. BR,
u(n) = =7 | Fo€n) + 27 =—=T¢(n)| + T¢(n) (13.24)
This can be simplified as
u(n) = uo(n) + du(n) (13.25)
where
CS.
up(n) = —F—af( )
R.A (13.26)
du(n) = ; TE(n)

Let us now write Eq. 13.16 without arguments in z~! and after substituting for y(n)
and u(n) from Eq. 13.22 and Eq. 13.25:

T =& (V(yo+6y)* + p& (WF(ug + 6u))?
=& (V5 + 2y06y + 6y*)) + p& (W F?(uf + 2uodu + Su®)) (13.27)

This can be split as
J=Jo+2J1+ Js (13.28)

where

Jo=EVyo)? + p& (W Fug)?
J1=EWVyo)(Vy) + p&(W Fug)(W Féu) (13.29)
Jo = E(Vy)? + p& (W Fou)?
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As Jy and Js are sums of squares, they cannot be made zero. On the other hand, as
it has cross terms, J; can be made zero. Thus the condition for minimizing Eq. 13.16
can be expressed as

Ji = EVyo)(Vy) + p& (W Fug)(WFsu) = 0 (13.30)

Substituting for yg, dyo and ug, dug from Eq. 13.23 and Eq. 13.26, we obtain

6 (Fpatetn) (=2 ere(m)

WFCS, WFR.A B
This can be written as
k
?{ VCR. 2°V.B.R.x T pWFCSc W.Fi R A T % —0 (13.32)
Fa Qg Fa Qg z

where the starred variables are functions of z, for example V, = Vi (z), while the
unstarred variables are functions of z7!, for example S. = S.(z7!). The above
equation becomes

]{ *VCR.V,B, — pWFCS.W,F, A,

R..Tydz=0 13.33
zF oo * ( )

Note that as mentioned earlier, o, a part of the characteristic polynomial, will have
zeros inside the unit circle. Thus if zFa divides z*VCR.V, B, — pWFCSW,F,A,,
there will be no residue term within the unit circle, and hence the above integral will
vanish. Thus we arrive at the equivalent condition

2*VCR.V.B, — pWFCS.W,F,A, = zFaX, (13.34)
where X, is an unknown polynomial. Substituting for « from Eq. 13.21, we obtain

2*VCR.V.B, — pWFCS.W,F,A, = zF(R.A+ 2 *BS,)X, (13.35)
Arranging R, and S, terms separately, we obtain

R.(z*CVV,B, — 2zAFX,) = ({#WW.,F,A,C + 2 *1BX,)FS. (13.36)

As R. and S, are coprime, each of the two sides in the above equation should be equal
to R.S.K.,, where K, is a polynomial in z, z~!. Thus we obtain

(pWW,F,A,C + 2 "'BX,)F = K.R, (13.37)
2*CVV,B, — 2zAFX, = K.,.S, (13.38)

Multiplying Eq. 13.37 by A and Eq. 13.38 by 2% B and adding, we obtain

C(pAWFF,W,A, + BVV.B,) = K.« (13.39)
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Next, we obtain spectral factorization of the left-hand side of the above equation:

8B, = pAWFF,W,A, + BVV,B, (13.40)

where 7 is a positive scalar and 3(2~1!) is a stable monic polynomial. When p > 0,
stability of § is assured if BV and AFW have no common factors with zeros on the
unit circle. If p = 0, BV should have no zeros on the unit circle. Using this equation,
Eq. 13.39 becomes

Crfp, = K, (13.41)
As « is required to be stable and monic, we let

a=Cp (13.42)
K, =rp, (13.43)

In Eq. 13.37, F must be a factor of K,R. = rf.R.. Since (3, has no zeros on the unit
circle, F' must be a factor of R.. Thus, we set

R.=RF (13.44)

Substituting for K, from Eq. 13.43 and for R, from Eq. 13.44 into Eq. 13.37 and
Eq. 13.38, we obtain

pWW,F,A.C + 2 "BX, = r, R, (13.45a)
2*CVV,.B, — 2AFX, = r3.5. (13.45b)

We need to solve Eq. 13.40 and Eq. 13.45 for the unknowns Rj;, S. and X.
Unfortunately, these relations involve polynomials in powers of z as well as 271, So
we first convert them into polynomials in powers of z~!. Using Eq. 13.3, we can write
Eq. 13.40 as

2136, = pAFW, F, A, z3AT4F+dW o pyy B dV+dB
Generally, dA + dF +dW > dV + dB and, as a result, we will assume that
df =dA+dF +dW (13.46)
Multiplying throughout by 2z~ we obtain
8By = pAFWW, F, A, + BVV, Bz~ 4/ +dVHdB (13.47)

All the variables in the above relation are polynomials in powers of 2~ . In Eq. 13.45,
the degrees of polynomials are as follows:

dX =dg+k—-1 (13.48)
Using Eq. 13.3 and Eq. 13.46, Eq. 13.45a becomes

depWWTFTATC + 2 FIBX, BTk — 5 R 248
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Simplifying and rearranging,
rB.R1 — BX, = pWW,F,A.C (13.49)
Similarly, Eq. 13.45b becomes
FCVV,. B2V B — 2 AF X, 23Ptk-1 = TBTSCZM
Simplifying and rearranging,

76,52~ % + AFX, = CVV, B,z4VB-0 (13.50)
Eq. 13.49 and Eq. 13.50 can be written in the following form:

(R Sc] [rg rﬁr(i_k] +X,[-B AF]

= [pWW,F,A,C 2VB-4PCVV,.B,] (13.51)

where [Rl SC] and X, are unknowns. This equation is in the form of the well
known Aryabhatta’s identity of Eq. 7.119 on page 290. Using the method discussed in
Sec. 7.8.3, we can solve this equation for [Rl Sc} and X, although we need only the
former for controller design. Using Eq. 13.17 and Eq. 13.44, we obtain the controller
as

— SC
R F

M 13.4 implements this controller.

u =

(13.52)

Example 13.4 Let us now design an LQG controller for the system presented
in Example 11.4 on page 413. We have

A=(1-052"11-092")=1-142""4045272
B=05(1-0.9271
C=(1-05z"1
k=1, p=1
V=W=F=1

As V, W, F are 1, the spectral factorization is identical to the one obtained in

Example 13.3. So we find

PWW;FrApC = 0.45 — 1.6252 7 +1.7273 — 0.527*
z"'OVV;By = —0.45271 +0.72527% — 0.252°
rBr =0.45 — 1.6781271 4+ 1.3092 2

Substituting these in Eq. 13.51 and solving, we obtain

Ri(z7') =1-0.64392""
Se(2z71) = 0.5239 — 0.26192 7!
Xs(271) =0.7619 — 0.68572 "
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Using Eq. 13.52, we obtain the controller to be

S.  0.5239(1—0.52"1)
R FY T T T 120643921

U= —

M 13.5 implements this example. I

The solution procedure for LQG control remains the same whether the system to
be controlled is minimum phase or nonminimum phase. We illustrate this with an
example.

Example 13.5 We now design an LQG controller for the viscosity problem [34]
presented in Example 11.10 on page 423. Note that in the current notation, p is a
scalar and, as a result, we use the following values:

p=1

F=1-z1'=A

We also have

A=1-044z"1
B=(051+1212"(1-271)
C=1-044z"1
k=1
M 13.6 carries out the control design. We obtain the following results:

AFW =1— 144271 +0.44272
AFWW;FrAp = 0.44 — 2.07362 " + 3.26722 % — 2.07362° + 0.442~*
BVVyBy = 0.6171 4+ 1.724227 + 0.61712 2
rBB; = 0.44 — 14565271 +4.99142~% — 1.45652 > + 0.4424
This polynomial has roots 1.5095 + 2.84435 and 0.1456 +0.2743;5. As the last two
are inside the unit circle, they make the polynomial 3. We obtain
r = 4.5622
f=1-0.2912z""140.09645z 2
pWW;F;ApC = 0.44 — 1.63362 7" + 1.63362% — 0.442°
2 'CVVBy = 121271 — 0.022427% — 0.22442 73
rB; = 0.44 — 1.3284z~ " + 4.56222 2

Substituting these in Eq. 13.51 and solving, we obtain

Ri(z7Y) =140.4701z7"!
Se(271) = 0.4682 — 0.2060z !
Xs(271) =2.1359 + 1.0042~*
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The first two are obtained in R, and S, respectively, in M 13.6. Note that the
variable X is not required for controller design. We obtain the controller to be

Se Se
U=—— —

rR.Y T "R FY

Because F = A =1 — z~1, we obtain

©0.4682(1 — 0.440027Y)
1+ 0470121

Au =

After closing the loop, we obtain the following relations:

- 1+ 0470121 e

n) = n

4 1—0.29122—1 + 0.096422
0.4682 — 0.20602

u(n) &(n)

T 120291221 +0.09642—2

which are stored in Ny/Dy and Nu/Du, respectively, in M 13.6. The variance of y
and u, calculated and stored in yvar and uvar, respectively, are

o2 =1.5970
o2 =0.2285

It is instructive to compare these results with those of the minimum variance
controller, obtained in Example 11.8 on page 419. For a small increase (about
10%) in the variance of y, the variance of u has come down greatly, by about
85%.

It is also instructive to compare these results with those of the generalized minimum
variance controller, obtained in Example 11.10 on page 423, for the same value
of p. The LQG controller results in a smaller output variance, for a larger variance

in the input. I

In the above example, we have made a comparison of the variance values obtained
with different controllers. We will develop this line further in Sec. 13.3.

The LQG control design technique that we developed in this section can easily
accommodate polynomial weighting in the sum minimized. We now demonstrate this
with an example taken from [54].

Example 13.6 Design the LQG feedback control for the following system:
(1 -0.92"Yy(n) = (0.1 +0.082 u(n — 2) +&(n)
with

V=1 W=1-z71
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Thus we would like to weight the differential input. We have

A=1-0.9z""1

B=0.1+0.08z""
k=2

C=F=1
p=0.1

Invoking M 13.8, we obtain the following results:

AFW =1-1.9271 409272
AFWW;FyAy = 0.09 — 0.3612~" +0.542272 — 0.3612 7% + 0.092~*
BVV;By = 0.008 + 0.01642 " + 0.0082~2
rBB3s = 0.09 — 0.35327 4 0.5584272 — 0.353273 + 0.092~*

This polynomial has roots 1.4668 +0.9035 and 0.4944 + 0.30445. As the last two
are inside the unit circle, they make the polynomial 3. We obtain

r=0.267
f=1-0.98872"140.3372"2
pWWFpApC = 0.09 — 0282 +0.29272 — 0.127*
2 'CVV;By = 0.08271 +0.1272
rB; = 0.09 — 0.2642 71 + 0.2672 2

Substituting these in Eq. 13.51 and solving, we obtain

Re(z71) =1—10.08871z"1 4 0.121272
S.(z71) =1.3617
Xs(271) = 0.404 + 0.049452 71 +0.082 2

The controller is given by

Recall once again that Xy is not required in the expression for the controller.

13.3 Simplified LQG Control Design

In this section, we will derive a simpler procedure to design LQG controllers. We will
also derive a procedure to design minimum variance controllers when the plant to be

controlled is nonminimum phase.
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Multiply Eq. 13.45a by AF and Eq. 13.45b by 27 *B to arrive at
pWW,F,A,CAF + 2z "1BX,AF = r3, R AF
CVV,B.,B — 2z "'BAFX, =r2"*Bg,S.

Adding the two equations, we obtain

pWW,F,A,CAF + CVV,B,B = rf3,R1AF +r2"*Bg3,5,

The left-hand side of the equation becomes r38,C using Eq. 13.40, and hence the
above equation becomes

rB6.C = . R1AF +r2"*Bf.S,
Cancelling the common factor r3,, the above equation becomes

BC = Ry AF + 27" BS, (13.53)

We may solve the above equation for Ry and S, when A and B don’t have a common
factor. Note that the solution of the above equation is a lot simpler than that of
Eq. 13.51. We now illustrate this simplified approach with an example.

Example 13.7 Solve the viscosity control problem of Example 13.5 using the
simplified LQG control design method, derived above.

M 13.6 is once again invoked with the call to 1qg being replaced with a call
to 1qg_simple. Everything else, including the argument list, remains the same.
M 13.7 is now used. We obtain results that are identical to the ones obtained in
Example 13.5. I

Another utility of this simplified procedure is that it can be used to derive the
minimum variance control law when the plant to be controlled is nonminimum phase.
When p = 0, Eq. 13.40 becomes

ﬁﬁ* = BB.
where we assume that we do not carry out the normalization and hence take r as 1.

We have also taken V' as 1, as per the convention in minimum variance control. In
terms of reciprocal polynomials, we obtain

ﬁﬁr = BBT‘
Splitting B into good and bad factors, namely B = B9 B®, the above equation becomes
BB, = BYB*BIB® (13.54)

As [ should have only stable factors, we extract the stable factors from the right-hand
side and obtain

3= BB
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Substituting this expression in Eq. 13.53, we obtain
BIBYC = AFR, + 2 "BS, (13.55)

and the control law is obtained as

Se

- 13.
oY (13.56)

u(n) =

which is the same as Eq. 13.52. This approach has been used in Sec. 11.2.3.

We have remarked earlier that when A and B do not have a common factor, we
may solve Eq. 13.53 for R; and S.. Let us see in the next example what happens
when there is a common factor between A and B.

Example 13.8 Try solving the problem presented in Example 13.4 using the
simplified LQG design procedure developed in this section.

We have
A=(1-052"1H1-09z71

Recall that we have calculated ( for the same problem in Example 13.3 on
page 467:

f=1-12822""40.34382"2= (1 —-0.9271)(1 —0.382z71)
Thus, Eq. 13.53 becomes
(1-0.9271(1 —0.382271)(1 — 0.5271)
=Ri(1-052"11 092" 4+ 2710.5(1 —0.9271)8S.
We obtain the following solution:

Ry =1-0.3822"1
S. =0

From Eq. 13.52, we obtain the control law to be u© = 0!. I

This solution is unacceptable. Recall that we have faced a similar situation in
Example 11.7 on page 417.

13.4 Introduction to Performance Analysis of
Controllers

Now that we have seen a lot of control design techniques, the natural question that
comes to mind is, “Which controller is the best?” We now give a brief answer to this
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Table 13.1: Comparison of minimum variance, generalized minimum variance and
LQG controllers through variance of input and output signals in viscosity control
problem

GMVC LQG
MVC p=1 p=1 p=10 p=2

05 1.4070  1.7190  1.5970 2.1107 1.7045
o2 1.2994 0.1870 02285 0.0594 0.1523

Table 13.2: Comparison of minimum variance, generalized minimum variance and
LQG controllers through variance of input and output signals in MacGregor’s first
control problem

GMVC LQG
MVC p=1 p=1 p=2 p=1772
0'5 1 3.0301 2.3475 3.1765 3.0297

o2 59684 05075 1.0250 0.4294 0.5075

question through examples. For details, the reader should consult more specialized
books, such as [23].

We designed minimum variance (Example 11.8 on page 419), generalized minimum
variance (Example 11.10 on page 423, p = 1) and LQG (Example 13.5) controllers
for the viscosity control problem and obtained the variances listed in Table 13.1. The
minimum variance controller may be acceptable if the large variance in u is acceptable.
It is not clear whether GMVC or LQG should be chosen. To resolve this, we try to
make 05 of LQG approximately equal to that of GMVC. With p = 10, 05 becomes
much larger. With p = 2, we obtain variances that are comparable.

In Table 13.1, we have listed the variances corresponding to controllers obtained
with p = 10 and 2. Comparing GMVC with LQG obtained with p = 2, we see that the
latter achieves a smaller 05 with a smaller 02 as well. This shows that LQG achieves
a smaller error simultaneously with a smaller control effort as compared to GMVC.
In view of this criterion, we would prefer LQG for the problem.

We carry out a similar comparison of these controllers for MacGregor’s first
control problem, presented in Example 11.4 on page 413, Example 11.9 on page 421
and Example 13.4. The resulting variances are now listed in Table 13.2. From this
table, it is clear that the performance of GMVC and LQG are comparable. When
the performances of the controllers are comparable for this problem, why is there a
difference in the viscosity control problem? One reason we can immediately think of is
that the viscosity control problem involves a nonminimum phase system. We discuss
this issue further shortly.

We will next discuss how a plot of the output variance wvs. input variance can
be used to assess the performance of a control loop. For example, Fig. 13.1 shows
one such plot obtained by varying p from 0.1 to 10 for the viscosity control problem.
The control designer has the option of running the plant at any point on this curve.
The left extreme corresponds to large p values, as these weight the input heavily,
resulting in small input variance. Similarly, the right extreme of the plot corresponds
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2.2 T T

2.1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Figure 13.1: Variance of y (07) vs. variance of Au (07): LQG law for viscosity control
problem

to small p values, as these result in the input not being constrained, resulting in
large o2. M 13.9 is one way to arrive at this plot, which will be referred to as the
performance curve [23].

Depending on the current performance level of the plant, one can decide whether
it can be improved. Suppose that the actual measured performance of this plant with
a particular controller (not necessarily LQG) is given by the point A = (02 ,, UzA).
From the plot, it is clear that one of the following is possible, by switching over to an
LQG controller:

1. One can obtain the same output variance (o,4) for a smaller control effort
(0540)-
2. For the same control effort, one can obtain smaller output variance (o7 4)-

The performance plots of different controllers can be compared. Fig. 13.2 shows
the performance curves of generalized minimum variance and LQG controllers for the
viscosity control problem.

In this figure, the performance curve of the GMVC is higher than that of LQG.
For large p values, the two curves coincide, but as p — 0, the curve of GMVC moves
upwards. The reason for this is not difficult to see. As p — 0, GMVC approaches
the standard minimum variance controller, which results in unbounded control effort,
because the plant is nonminimum phase. In other words, GMVC does not gracefully
degrade to the stable minimum variance controller of Sec. 13.3.

Although not shown, the performance curve of the generalized predictive controller
is more or less similar to that of the GMVC. In fact, the former also cannot stabilize
the viscosity control problem when p — 0. Amongst the controllers that we have seen,
the only one that guarantees this for a nonminimum phase is the LQG controller.
In view of this, the performance curve of the LQG controller is recommended as a
benchmark, against which other controllers can be compared.
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2.2

1.7 -

1.5

1.4

1.4

Figure 13.2: Comparison of performance curves for LQG (lower curve) and generalized
minimum variance (upper curve) control of the viscosity problem

:J;

t
—
I

35 .

25 .

Figure 13.3: Performance curve for GMVC of MacGregor’s first example

There is not much difference between the performance curves for MacGregor’s first
control problem. M 13.10 shows the steps taken to arrive at the performance curve
using GMVC. A plot of this curve is shown in Fig. 13.3. Although not shown, the
performance curves obtained using GMVC and GPC look similar.
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13.5 Matlab Code

Matlab Code 13.1 Spectral factorization, as discussed in Example 13.3 on page 467.
This code is available at HOME/1qg/matlab/spec_ex.m?

A = conv([-0.5 1],[—-0.9 1]); dA = 2;

B = 0.5%[-0.9 1]; dB = 1; rho = 1;
[r,beta,sigma] = spec(A,dA,B,dB,rho)

Matlab Code 13.2 Function to implement spectral factorization, as discussed in
Sec. 13.1. For an example of the usage, see M 13.1. This code is available at
HOME/1lqg/matlab/spec.m

function [r,b,rbbr] = spec(A,dA,B,dB,rho)
AA = rho * conv(A, flip (A));
BB = conv (B, flip (B));
diff = dA — dB;
dBB = 2+dB:
for i = 1:diff
[BB,dBB| = polmul (BB,dBB,[0 1],1);
end
[rbbr ,drbbr] = poladd(AA,2xdA,BB,dBB);
rts = I‘OOtS(Ybbl"); % roots in descending order of magnitude
rtsin = rts(dA+1:2«dA);
b =1;
for i = 1:dA,
b = conv(b,[1 —rtsin(i)]);
end
br = flip (b);
bbr = conv(b,br);
r = rbbr(1) / bbr(1);

Matlab Code 13.3 Spectral factorization, to solve Eq. 13.47 on page 471. For an
example of the usage, see M 13.4. This code is available at
HOME/1lqg/matlab/specfac.m

% function [r,b,dAFW] =
% specfac (A,dA,B,dB,rho ,V,dV ,W,dW, F, 6 dF)
% Implements the spectral factorization for use with LQG

% control by design method of Ahlen and Sternad

function [r,b,dAFW] = specfac(A,dA,B,dB,rho,V,dV,W,dW,F, dF)
AFW = conv (A, conv(W,F));

dAFW = dA + dF + dW;

AFWWFA = rho x* conv(AFW, flip (AFW) ) ;

BV = conv(B,V);

dBV = dB + dV;

2HOME stands for http://www.moudgalya.org/dc/ — first see the software installation directions,
given in Appendix A.2.
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BVVB = conv (BV, flip (BV));

diff = dAFW — dBV:

dBVVB = 2+dBV:

for i = 1:diff
[BVVB,dBVVB] = polmul (BVVB,dBVVB,[0 1],1);

end

[rbb,drbb] = poladd (AFWWEA, 2 +dAFW, BVVB,dBVVB) ;

rts = roots(rbb);

rtsin = rts (dAFW+1:2+dAFW) ;

b= 1;

for i = 1:dAFW,

b = conv(b,[1 —rtsin(i)]);
end
b = real(b);
br = flip(b);
bbr = conv(b,br);
r = rbb(1) / bbr(1l);

Matlab Code 13.4 LQG control design by polynomial method, to solve Eq. 13.51
on page 472. This code is available at HOME/1qg/matlab/1lqg.m
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% LQG controller design by method of Ahlen and Sternad

% function [R1,dR1,Sc,dSc] =
% lqg (A,dA,B,dB,C,dC,k,rho ,V,dV ,W,dW,F, dF)

function [R1,dR1,Sc,dSc] = ..
lqg (A,dA,B,dB,C, dC k rho,V, dV ,W,dW, F,dF)

[r,b,db] = Specfac(A,dA7B7dB,rho ,V,dV, W,dW, F  dF) ;

WFA = flip (conv(A,conv(FW)));
dWFA = dW + dF + dA;
[rhsl ,drhsl] = polmul (W,dW,WFA dWFA) ;
[thsl,drhsl] = polmul(rhsl,h drhsl ,C,dC);
rhsl = rho % rhsl;
rhs2 = conv(C,conv(V, flip (conv(B,V))));
drhs2 = dC + 2xdV + dB;
for i = 1:db—dB-dV,

rhs2 = conv(rhs2,[0,1]);
end
drhs2 = drhs2 + db—dB—dV;
Cl = zeros(1,2);
[C1,dC1] = putin(C1,0,rhsl ,drhsl  1,1);
[C1,dC1] = putin(C1,dCl,rhs2,drhs2,1,2);

rbf = r x flip (b);
D1l = zeros(2);
[D1,dD1] = putin(D1,0,rbf db,1,1);
for i = 1:k,
rbf = conv(rbf [0 1]);
end
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[D1,dD1] = putin(D1,dD1,rbf  db+k,2,2);
N = zeros(1,2);

[N,dN] = putin(N,0,-B,dB,1,1);

[AF dAF] = polmul (A,dAF,dF);

[N,dN] = putin (N,dN,AF,dAF,1,2);
[Y.dY,X,dX] = xdync(N,dN,DI,dD1.CI,dC1) :
[R1,dR1] = ext (X,dX,1.1);

[Sc,dSc] = ext(X,dX,1,2);

X = flip (Y);

Matlab Code 13.5 LQG design for the problem discussed in Example 13.4 on
page 472. This code is available at HOME/1qg/matlab/lqgmacl.m

% MacGregor ’s first control problem
clear
A=1]1 —-14 0.45]; dA = 2; C=[1 -0.5]; dC =
B=0.5%[1 —-0.9]; dB=1; k= 1; int = 0; F =
V=1; W= 1; dV = 0; dW = 0;
rho = 1;
[R1,dR1,Sc,dSc] = lqg(A,dA,B,dB,C,dC,k,rho,V,dV,W,dW,F,dF)
[Nu,dNu,Du,dDu,Ny,dNy,Dy,dDy, yvar ,uvar] = ...

cl (A,dAB,dB,C,dC,k,Sc,dSc,R1,dR1,int);

[
— =
o
!
Il
“CD

Matlab Code 13.6 LQG control design for viscosity control problem discussed in
Example 13.5. This code is available at HOME/transfer/lqg/matlab/lqg visc.m

% Viscosity control problem of MacGregor

A=[1 —0.44]; dA = 1; B= [0.51 1.21]; dB = 1

C=1[1 —-0.44]; dC = 1; k = 1; int = 1; =[1 —-1]; dF = 1;
V=1; W= 1; dV = 0; dW = 0;

rho = 1;

[R1,dR1,Sc,dSc]=1qg (A,dA,B,dB,C,dC, k, rho,V,dV,W,dW,F, dF)
[Nu,dNu,Du,dDu,Ny,dNy,Dy,dDy, yvar ,uvar] = ...
cl(A,dA,B,dB,C,dC,k,Sc,dSc,R1,dR1, int) ;

Matlab Code 13.7 Simplified LQG control design, obtained by the solution of Eq.
13.53 on page 476. Calling procedure is identical to that of M 13.4. This code is
available at HOME/transfer/lqg/matlab/lqg simple

% LQG controller simple design by method of Ahlen and Sternad
% function [R1,dR1,Sc,dSc] =
% lqg-simple (A,dA,B,dB,C,dC,k,rho ,V,dV ,W,dW,F, 6 dF)

function [R1,dR1,Sc,dSc] =

lqg_simple (A,dA,B,dB,C,dC,k,rho ,V,dV,W,dW,F,dF)
[r,b,db] = specfac(A,dA,B,dB,rho,V,dV,W,dW,F dF) ;
[D,dD] = polmul (A,dA,F,dF);

[zk ,dzk] = zpowk(k);

[N,dN] = polmul (zk,dzk ,B,dB) ;
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[RHS,dRHS] = polmul (C,dC,b,db);
[Sc,dSc,R1,dR1] = xdynec (N,dN,D,dD,RHS,dRHS) ;

Matlab Code 13.8 LQG control design for the problem discussed in Example 13.6
on page 474. This code is available at HOME/1qgg/matlab/lqg_asl.m

% Solves Example 3.1 of Ahlen and Sternad in Hunt’s book
A=1[1 -0.9]; dA=1; B= [0.1 0.08]; dB = 1;

k = 2; rho = 0.1; C=1; dC = 0;

V=1;,dv=0; F=1; dF = 0; W= [1 —-1]; dW = 1;
[R1,dR1,Sc,dSc] = lqg(A,dA,B,dB,C,dC,k,rho,V,dV,W,dW,F,dF)

Matlab Code 13.9 Performance curve for LQG control design of viscosity problem,
as discussed in Sec. 13.4. This code is available at HOME/1qg/matlab/lqg-visc_loop.m

% MacGregor s Viscosity control problem
A=[1 —0.44]; dA = 1; B = [0.51 1.21]; dB = 1;
C=1[1 -0.44]; dC=1; k = 1; int = 1; F=[1 —-1]; dF = 1;
V=1; W= 1; dV = 0; dW = 0;
ulqg = []; y-lag =[]; uy-lag = [];
for rho = 0.001:0.1:3,
[R1,dR1,Sc,dSc] = lqg(A,dA,B,dB,C,dC,k,rho,V,dV,W,dW,F dF
)
[Nu,dNu,Du,dDu,Ny,dNy,Dy,dDy, yvar ,uvar] = ...
cl(A,dAB,dB,C,dC,k,Sc,dSc,R1,dR1,int);
u-lqg = [u-lgg uvar]; y-lqg = [y-lqg yvar];
uy_lqg = [uy_lqg; [rho uvar yvar]];
end

plot(u.lqg ,y-lag, 'g")
save —ASCII Iqg_visc.dat uy_lqg

Matlab Code 13.10 Performance curve for GMVC design of MacGregor’s first
control problem, as discussed in Sec. 13.4. This code is available at
HOME/minv/matlab/gmv.macl_loop.m

% MacGregor s first control problem

clear

A=11 —-14 0.45]; dA =2; C=[1 -0.5]; dC = 1;

B= 0.5%[1 —0.9]; dB=1; k = 1; int = 0;

wemy = []; yemv = []; uy.gmv = [];

for rho = 0:0.1:10,
[S,dS,R,dR] = gmv(A,dA,B,dB,C,dC,k,rho,int);
[Nu,dNu,Du,dDu,Ny,dNy,Dy,dDy, yvar ,uvar]| =

cl(A,dAB,dB,C,dC,k,S,dS,R,dR,int ) ;

ugmv = [u.gmv uvar]; y.gmv = [y_gmv yvar|;
uy-gmv = [uy_.gmv; [rho uvar yvar]];

end

plot (u_gmv,y_gmv,’'b’)

save —ASCII gmv_macl.dat uy_gmv
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13.6 Problems

13.1. Using the notation that we used to derive LQG controllers, carry out a spectral
factorization for the following set of values:

p=1
V=1
W=1
F=1
A=1+2"14+,72
B=1-05z""

Write down the resulting r, 8 and 3* values.
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Chapter 14

State Space Techniques in
Controller Design

An alternative to the transfer function approach to control system design is the state
space approach. The former depends on polynomial algorithms, which are slow to
emerge. In contrast, the linear algebraic tools that are required by the state space
techniques are a lot more advanced. As a result, many more control design techniques
are available in the state space approach. At the current state of development, the
state space techniques are preferred over the transfer function approach, especially for
multivariable systems. In this chapter, we briefly summarize the state space approach
to controller design. For details, we refer the reader to the standard books on this
topic, such as [29] and [1].

We begin with the design of pole placement controllers, assuming that all states are
measurable. Then we present the design of an observer that helps determine the states,
in case all of them are not measured. We combine the two to achieve a pole placement
controller when not all states are measured. The design input to pole placement
controllers is the location of closed loop poles. An alternative approach is to specify
an optimization index to be minimized. We present the concept of linear quadratic
regulator (LQR), obtained by minimizing a quadratic index. When the states required
for LQR are estimated by a Kalman filter, the estimator-regulator combination is
known as the linear quadratic Gaussian (LQG) controller. We conclude this chapter
with a brief introduction to LQG controller design by state space approach. Recall
the transfer function approach to LQG controller design in Chapter 13.

14.1 Pole Placement

Consider the state space model, given in Eq. 4.28 on page 85, reproduced here for
convenience:

x(k+1) = Ax(k) + Bu(k) + 6(k + 1)xo (14.1)

We will now restrict our attention to uw being a scalar; that is, there is only one
manipulated variable. Thus B becomes a vector. To indicate this, we will use b in
place of B. Suppose that all the states are measured. Can we use a state feedback

Digital Control ~ Kannan M. Moudgalya
© 2007 John Wiley & Sons, Ltd. ISBN: 978-0-470-03143-8
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controller that gives the control law as a function of the state, to obtain a desired
closed loop characteristic polynomial? Before we answer this question, let us take the
Z-transform of Eq. 14.1 to arrive at

2X(z) = AX(2) + bU(2) 4+ zo2z
(21 — A)X(2) =bU(z) + xp2
X(2) = (2I — AU (2) + w02

Evaluating the inverse, for o = 0, we obtain

adj(zI — A)

X(z) = |21 — A

bU (2) (14.2)
where adj denotes the adjoint operator. Poles of the transfer function are given by the
roots of |zI — A| = 0. Let X denote eigenvalues and v eigenvectors of A. We obtain
Av = dv and |A] — A| = 0. We see that the poles of the transfer function given in
Eq. 14.2 are the same as the eigenvalues of A.

Example 14.1 Discuss the stability of Eq. 14.1, if the system matrix is given

by
1 2
=l
Because A is upper triangular, the eigenvalues are given by the diagonal elements.

Thus, we see the eigenvalues to be 1 and 3. Because the poles are not inside the
unit circle, the system is unstable. .

Next, we would like to ask whether with a state feedback controller of the form

xl(k)

l‘g(k)
u(k) = —Kz(k) +o(k) = = [K1 K2 - K, .| k) (14.3)

it is possible to change the closed loop characteristic polynomial. Here, we have
assumed that the state is an n-dimensional vector. Because all the states are used in
the control law, it is known as the state feedback controller. Note that K;, 1 < j <n,
are scalars, to be determined. The variable v(k) may be thought of as some kind of
offset in the control law.

Let us assume that all the states are measured. Applying this feedback control is
equivalent to substituting the expression for u in Eq. 14.1. We obtain

x(k+1) = Ax(k) + b[-Kz(k) + v(k)] + xod(k + 1)
Simplifying, we obtain
x(k+1)=(A—-bK)x(k) +bv(k) + z0d(k + 1) (14.4)

It may be possible to find a K such that the above closed loop system is well behaved,
i.e., the eigenvalues of (A — bK) are in desirable locations.
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Example 14.2 Determine whether the system considered in Example 14.1 can
be improved by a suitable K, if b= [0 1]T.
The closed loop system is given by Eq. 14.4. Its system matrix is given by

(1 2 0 1 2 0 0
a0 2= [ wa=[) 210 2
! 2
K 3-K»

Suppose that we choose K1 = 0.5, K5 = 3.5. We obtain
[ 1 2
A-bR = |—0.5 —0.5}

whose eigenvalues are 0.25 + 0.66145 with the absolute value as 0.7071. Thus the
choice of this K has made the closed loop system stable. I

In the above example, we have shown that the introduction of feedback control
could change the eigenvalues of the system matrix. We are actually interested in the
inverse problem: which K will give desired closed loop pole locations? To answer this,
we begin by taking the Z-transform of Eq. 14.4:

[z — (A—=bK)]|X(2) =bV(2) + z02
Simplifying this, we obtain

adj[z] — (A — bK)]

X&) = A

BV (2) + 202)

|2I — (A — bK)| is the characteristic polynomial of the closed loop. We may want it
to be equal to a polynomial a.(z) of our choice, given by

ac(z)=2"+ 2" Mt an 1z Fay,
=(z=PB1)(z—B2) (2 — Bn)

There is no rigorous theory for the choice of this polynomial. In Sec. 7.7, we have
presented a method to select second degree polynomials. We would like to restrict
ourselves to the selection of K, given such a polynomial. Can we equate the coefficients
and find K? Equating the two expressions results in a system of n nonlinear algebraic
equations. This is not an easy problem, especially when n is large. In fact, it may be
difficult even to determine whether these equations have a solution. In view of these
difficulties, we present an alternative approach now. We will show that if the pair
(A,b) is in controller canonical form, to be defined next, K can be easily determined.

The pair (A4,b) is said to be in controller canonical form if A and b are as given

(14.5)

below:

[—a1  —a2 —Qp—2 —Gp_1 —ap [1]
1 0 0 0 0 0
0 1 0 0 0 :
: 0
0 0 1 0 0 0
00 0 1 0 0]
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It can be shown that when A is in this special form, its characteristic polynomial is
given by (see Problem 14.1)
|2 — Al = 2" +a;2" "t + - -

+an (14.7)

Note that this characteristic polynomial can be written down, simply by observation.
The utility of this canonical form is that with K as in Eq. 14.3, it is possible to
determine the characteristic polynomial of A — bK, also by observation. By direct
calculation, we obtain

A—-bK
[—a1 — K1 —az — K» —ap—2—Kp—oa —an_1—Kn1 —a,— K]
1 0 0 0 0
0 1 0 0 0
0 0 1 0 0
o 0 0 1 0o |

A — bK is also in the same form as A and hence the closed loop characteristic
polynomial can be written by observation. Using Eq. 14.7, we obtain

|2 — (A= bEK)| = 2"+ (a1 + K1)2" " 4+ 4 (a1 + K1)z + (an + Ky)

Equating the coefficients of powers of z in the above equation and that in Eq. 14.5,
we obtain the components of the control vector,

Ki=oar—ai,....K,=a,—ay (14.8)
Thus, we see that the difficult problem of solving a system of n algebraic equations
has been greatly simplified by the introduction of the concept of canonical form.

14.1.1 Ackermann’s Formula

In this section, we will derive a closed form expression for the control law, given
by Eq. 14.8. This will be useful also in the general case of the system not being in
controller canonical form. Suppose that for now, A and b are in controller canonical
form. Then the characteristic equation of A is given by Eq. 14.7. As per the Cayley—
Hamilton theorem [55], a matrix satisfies its own characteristic equation:

A"+ a; A" '+t ap1A+a, =0 (14.9)
Replacing z by A in Eq. 14.5, we obtain
ac(A) = A"+ A" a1 A+ ] (14.10)

Solving for A™ from Eq. 14.9 and substituting in the above equation, we obtain

ae(A) = (1 —a) A" o (a1 — A1) A+ (an —an)]
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We will now explore whether we can obtain expressions for powers of A. Note that
the last row of A, given in Eq. 14.6, is the transpose of the (n —1)th unit vector. That
is,

enA=en_y
where e; is the ith unit vector. Continuing in this fashion, we obtain

el A? = (eTA)A = el

_ T
n—lA =€n_2

T gn—1 _ T
e, AT =¢]

Although we want expressions for powers of A, we have obtained e, times powers
of A. In view of this, we premultiply Eq. 14.10 by el and use the above expressions
to obtain

eZoec(A) = (a1 — al)elT + 4 (-1 — an_l)ef_l + (o — an)ez

Using the fact that e; is the ith unit vector and that «; — a; = K; from Eq. 14.8,
we see that the right-hand side is nothing but K. Thus the pole placing controller is
given by

K =ela.(A) = last row of a.(A) (14.11)

where a.(z) is the desired characteristic polynomial, given by Eq. 14.5, for the pole
placement problem.

We have seen that we can obtain an explicit expression for K when the system is
in controller canonical form. We take up the general case in the next section.

14.1.2 Control Law when System is not in Canonical Form

The next natural question that we have to answer is what happens if A and b are not
in controller canonical form? We will address this question in this section.

We will first show that the characteristic polynomial is not changed by a similarity
transformation. Let the state x be given as

x= Mz (14.12)

where M is nonsingular and constant. We say that x and T are related by a similarity
transformation. We will shortly see that we don’t need to know the value of M, as it
will be eliminated during the course of these calculations. Substituting in Eq. 14.1,
we obtain

Mz(k + 1) = AMZ(k) + bu(k)
T(k+1)= M 'AMZ(k) + M~ 'bu(k)

Defining new variables

A2 M'AM, BE M (14.13)
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the transformed state space equation becomes

Z(k + 1) = Az(k) + bu(k) (14.14)
Now we consider using a state feedback controller of the form
u(k) = —Kz(k) +v(k) (14.15)

using the transformed variable ZT. To emphasize the fact that we are working with
transformed variables, we have a line over K as well. Using Eq. 14.12, this becomes

u(k) = —KM ' 2(k) + v(k)
Comparing this with Eq. 14.3, we obtain
K=KM™! (14.16)

Substituting the expression for the control law from Eq. 14.15 into Eq. 14.14, we
obtain

Z(k+1) = AT(k) — bKT + bu(k) = (A — bK)T(k) + bu(k)
The characteristic polynomial of the closed loop, in the transformed coordinates, is
0(2) = |21 — (A - DK)|
Substituting for A, b and K from Eq. 14.13 and Eq. 14.16, we obtain

#(z) = |zM~"M — (M~"AM — M~"bKM)|
=det {M ' [z] — (A—bK)| M}

Using the fact that the determinant of the product of square matrices is the product
of the determinant of the corresponding matrices, we obtain

#(2) = |2 — (A - bE)]
which is nothing but the characteristic polynomial in the original coordinates. Thus,
it is clear that the similarity transformation does not change the characteristic

polynomial of the closed loop system. The utility of the transformation matrix M
is that (A, b) can be chosen to be in controller canonical form, provided the matrix

C=[b Ab --- A1) (14.17)

is nonsingular, which we will show next. The matrix C is known as the controllability
matriz of the system.
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There exists a nonsingular matrix M such that

[—a1 —as -+ —ap_2 —an—1 —ay] 1]

1 0 0 0 0 0

0 1 - 0 0 0 :

M™AM = | . , M7=
: 0

0 0 1 0 0 0
0 o0 1 0 | 0]

(14.18)

if and only if Rank C = n. We show this fact as follows. Let the jth column of M be
denoted as mj, i.e.,

M = [ml my - mn] (14.19)

Note that the following equations

—ar —a2 -+ —0p-2 —Ap-1 —an
1 0 0 0 0
0 1 0 0 0
A [ml mn} = [ml mn}
0 0 1 0 0
L0 0 0 1 0 |
1
0
b=1m My, E
s I
0
_O_

are equivalent to Eq. 14.18 if M is nonsingular. Equating the columns of the first
equation, we obtain

Aml = —ai1m; + mo
Amg = —asMmy + ms
(14.20)
Amp_1 = —ap—1mq +my,

The reader may find the matrix manipulation techniques described in Sec. 1.4 of [55]
useful at this point. On equating the columns of the b equation, we obtain

my=b (14.21)
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On substituting this equation in Eq. 14.20, we obtain

mo = Amq +aymq = Ab+ a1b

ms = Ama + aomy = A% + a1 Ab + azb
(14.22)

my =A""0+ a1 A" 2+ -+ an_1b

Stacking the expressions for m; from Eq. 14.21 and Eq. 14.22 side by side, we obtain

1 a’l a2 “ee an—l
1 a - apo
[mi mo -+ mn]=1[b Ab .- An1p 1 oo ay_s
1
which we can write as
M=cu (14.23)

where M and C are given by Eq. 14.17 and Eq. 14.19, respectively. As U is an upper
triangular matrix with ones on the diagonal, it is nonsingular. It follows that M is
nonsingular if and only if C is nonsingular.

The control law design involves the following steps. Transform the matrices to
arrive at the controller canonical form. Derive the control law K, in the transformed
coordinate system, using Ackermann’s formula, Eq. 14.11. Calculate the control law
in the original coordinate system, using Eq. 14.16.

This procedure involves a lot of calculations. We will now come up with a simplified
approach to address these issues. First, we will arrive at an expression for M. Using
Eq. 14.13, we obtain

Ab = M~ Ab

Ab= M~1'A%
(14.24)

Z"‘lz‘;': MtAM
We now define the controllability matrix in the transformed coordinate system:
c= [z; - z"‘lg} (14.25)
Substituting for b from Eq. 14.13 and A°b from Eq. 14.24, we obtain

C=M"1'b Ab --- Al =M"'C (14.26)

Therefore, C has full rank, if and only if C is of full rank.
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We are now ready to arrive at an explicit expression for K that obviates the need to
follow the three step procedure outlined above. Because the transformed system is in
controller canonical form, the control law given by Eq. 14.11 becomes K = el a.(A).
Using Eq. 14.16 in this equation, the controller in the original coordinates becomes
K = ela.(A)M~!. By direct calculation, it is easy to verify the relation a.(A) =
M~ta.(A)M, using Eq. 14.13. With this, we obtain K = el M ~1a.(A). Substituting
for M~! from Eq. 14.26, this becomes K = e CC~1a,(A). From Problem 14.2, eI'C =
el because C refers to the transformed coordinate system. Using this, we finally
obtain

K =eclc la.(A) (14.27)

This is the explicit formula for computing the control law in the original coordinate
system. We now illustrate these ideas with an example.

Example 14.3 Using the controller formulation derived above, move the poles
of the system presented in Example 14.2 to 0.25 4+ 0.6614;.

Let us begin the calculations with the controllability matrix:

c=1[b Ab]_{(l) ﬂ

The rank of this matrix is 2 and hence it is invertible. As a result, we can proceed
to determine the pole placement controller:

1[3 -2
-1 _ -
€ =73 {—1 0 ]
e = (2 —(0.25 + j0.6614))(z — (0.25 — j0.6614)) = 2> — 0.5z + 0.5

We next evaluate «.(A) by substituting A in place of z:

=g 3o 3]-osp 5] eosly
SR R e R

K =el'C'a.(A)
3o 0[5 6 -0 af ]
_ % (1 7]=[05 35]

This result is in agreement with the K value used in Example 14.2. I

Although Eq. 14.27 uses the inverse of C™!, one does not calculate it in large
problems. Instead, let elC~' = w. By solving Cw = el, w is determined. On
substituting for eZC~! in Eq. 14.27, one gets K = wa,(A), from which K can be
determined.

We have seen that to achieve arbitrary control objectives, the controllability matrix
C has to be nonsingular. We formalize this important concept in the next section.
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14.1.3 Controllability

The system given by Eq. 14.1 is said to be controllable if it is possible to find an input
sequence {u(m)} that moves the system from an arbitrary initial state x(0) = xo to
an arbitrary final state x(j) = x; for some finite j. We have shown in the previous
section that this is possible if the controllability matrix C is nonsingular.

The next question we would like to ask is whether there is a minimum number
of control moves that may have to be applied before we succeed in our objective of
reaching a desired state. Consider the problem of x; being the origin, i.e., we would
like to drive the system to the origin in a finite number of moves. Let us start with
the control law, given by Eq. 14.4:

2k +1) = (A — bK)x (k) (14.28)

where we have omitted v and xy for convenience. With the new variable A. given by
A, = A - bK, Eq. 14.28 becomes

z(k+1) = Acx(k) (14.29)
which, when solved recursively, becomes
z(k) = Akz(0) (14.30)

Note that we wish to move the system to the origin as fast as possible. The fastest way
to do this is by placing all the closed loop poles at the origin. As all the eigenvalues
are zero, the characteristic equation of A, is

A" =0 (14.31)

Using the Cayley—Hamilton theorem, we obtain A7 = 0. As we can multiply both
sides by A, without changing the relation, we obtain

z(k)=0, k>n (14.33)

irrespective of the starting value x(0). This control law is known as the dead-beat
control law, compare with the definition in Sec. 9.1. Assuming that the plant response
is not oscillatory in between sampling instants, the settling time of dead-beat control
is nT%.

Now we have an answer to the previous question: how small can j be? From the
above discussion, we know that in n steps, we can guarantee that the state can be
taken to any desired position.

We now present an example to control the inverted pendulum.

Example 14.4 Stabilize the inverted pendulum modelled by Eq. 2.19 on
page 12 through the pole placement technique.
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J_Ll_ > X' = Ax+Bu > |:|

y = Cx+Du
Gain Zero-Order State-Space Scope
Hold
7, }4
Gain1

Figure 14.1: Simulink model to simulate inverted pendulum. Code is available at
HOME/ss/matlab/pend_ss_c.mdl, see Footnote 1 on page 516.

As the only objective is to stabilize the system, we are free to choose the
parameters. Let us design a controller to satisfy the following: T; = 0.01 s, rise
time = 0.05 s, ¢ = 0.1. Using the approach of the desired characteristic polynomial
developed in Sec. 7.7, we arrive at

N =005/T, =5

™

w=—
2N

r=e/m

The above approach places only two poles. As we have four poles, we select the
other two to be placed at 0.97.

The Matlab program pend model.m, given in M 2.1, shows how the model of
the inverted pendulum is arrived at. Execution of the program pend.m, given in
M 14.1, in sequence, designs the controller. Fig. 14.1 shows the Simulink block
diagram used to simulate the system. Fig. 14.2 shows the response of the system
for the initial condition 0,0.1,0,0. I

To implement the controller in the above example, all four states are required. In
practice, however, only the first two states are measured in such systems. These are
the carriage position x; and the angle of the pendulum x5, see Sec. 2.2.3. Calculation
of z3 and x4 through approximate discretization (see Sec. 2.5.3) gives acceptable
performance. We present more sophisticated methods of estimating the unmeasured
states in the next section.

14.2 Estimators

In the previous section, we have designed a state feedback controller, assuming that all
states are measured. We also know, however, that not all states can be measured, see
Sec. 2.4.3 for a detailed discussion on this topic. Does this mean that the state feedback
controllers cannot be implemented? The answer is that we can obtain a reasonably
equivalent state feedback controller through estimated state measurements.

A state estimator, or simply an estimator, is a mathematical construct that helps
estimate the states of a system. It can also be used to obtain smooth estimates of
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0.3

0.2 (\

0.1§

o

-0.4

-0.5
0

Time offset: 0

Figure 14.2: Stabilization of inverted pendulum. For initial conditions (0,0.1,0,0),
system reaches zero state.

measurements that are corrupted by noise. In this section, we will consider estimators
that work with deterministic systems. These are also known as Luenberger observers.
Nevertheless, we will refer to them as estimators only, and follow the approach of
[17] in this section. We will obtain two types of estimates for the state measurement,
x(k): 1. Prediction estimate T(k) that uses measurements up to y(k — 1). 2. Current
estimate #(k) that uses measurements y(k) up to and including the kth instant.

14.2.1 Prediction Estimators

As mentioned above, prediction estimators make use of measurements taken up to
the sampling instant k£ — 1 to estimate the value of z(k). Given

x(k +1) = Az(k) + Bu(k)

(14.34)
y(k) = Cx(k)

where y(k) is a scalar, the obvious choice for the estimator is to explore whether the

plant model itself can be used for estimation. Thus, in the first instance, we explore

whether the following model can be used as an estimator of the states:

a:(k—_l— 1) = Af(k) + Bu(k) (14.35)

y(k) = Cz(k)
where A, B and u(k) are known. Note that if 2(0) and Z(0) are the same, then Z(k)
will be the same as x(k) for all mm > 0. Thus, knowing z(0) is equivalent to measuring
all the states. Because in this section we assume that the states are not measured, we
assume that we do not know x(0). Thus, there is a difference in the values of x and
its estimate Z. We define this as the error in estimation, z, as

I=T—u (14.36)
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Subtracting Eq. 14.35 from Eq. 14.34, we obtain
Z(k+1) = Az (k) (14.37)
The solution to this equation is given by (see Eq. 3.46 on page 56)
z(k) = A*Z(0) (14.38)

If we assume that we can diagonalize A, as in Sec. A.1.2, we obtain A = SAS™!,
Ak = SAkS—1 where A is a diagonal matrix, consisting of the eigenvalues of A.
Substituting this in Eq. 14.37, we arrive at the following solution to Eq. 14.37:

Z(k) = SA*S71%(0) (14.39)

Recall that we have T(0) # 0. We would like to know whether Z(k) goes to zero, at
least, asymptotically. We see from the above equation that this will happen if and
only if all eigenvalues of A are inside the unit circle. If even one eigenvalue is on or
outside the unit circle, the error will not go to zero. In other words, if Z(0) # 0, the
error will never decrease to zero if the system is unstable or marginally stable. For
an asymptotically stable system, an initial error will decrease only because the plant
and the estimate will both approach zero.

The main problem with the estimator suggested above is that it is an open loop
system, see Eq. 14.38. We now explore what happens if we correct the estimate with
the difference between the estimated output and the measured output. This leads us
to explore the following:

Z(k + 1) = AT(k) + Bu(k) + Lyly(k) — CT(k)] (14.40)

where L,, is the feedback gain matrix of n x 1. We will now verify whether this is an
acceptable estimator. Subtracting Eq. 14.34 from the above, we obtain

(k4 1) = Az(k) + Lp[y(k) — Cz(k)]

From the definition of y and z, given in Eq. 14.34 and Eq. 14.36, respectively, we
obtain

F(k+1) = (A — L,O)a(k) (14.41)

If this system is asymptotically stable, Z(k) — 0 as m — oo, thus T — z. We will
shortly see that it is generally possible to choose L, so as to make the above error
dynamics well behaved: not only will the system be asymptotically stable, but it
will also respond with an acceptable speed. Thus, this estimator is better than the
previous one.

We will refer to this as the prediction estimator because the measurement at time
m results in an estimate of the state at time m + 1, i.e., the estimate is predicted one
cycle in the future.

We will now explore the options for choosing the dynamics of the estimator,
decided by the eigenvalues of A — L, see Eq. 14.41. In other words, we would like to
choose L, in such a way that the roots of the estimator characteristic polynomial

ae(z) = (z = B1)(z — B2) - (2 = Bn) (14.42)
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are in desired locations. Here, the ( are the desired estimator root locations and
represent how fast the estimator state converges towards the plant state. We would
want this to be equal to |z — A + L,C|. Equality results if the coefficient of each
power of z is the same in both expressions. Thus, once again, we find ourselves
in a situation of solving a system of n equations, where n is the dimension of
the state vector. As in the pole placement problem, we use a different strategy to
determine L,,.

Note that we want the eigenvalues of (A—L,C) to be in some desired locations. We
know how to assign the eigenvalues of (A— BK) by suitably choosing K. The difference
between these two problems is that the positions of L, and K are interchanged. But
this problem is easily solved, because the eigenvalues of a square matrix and its
transpose are identical. If we take a transpose of (A — L, C), we obtain (AT —CTLT)
which is in the same form as (A — BK), with the unknown variables coming exactly
at the same place. Making appropriate changes in Eq. 14.27, we obtain

1 —1
Ll =l {OT ATCT ... AT OT} ae(AT)

Taking the transpose of both sides, we arrive at

-1

L, =a.(A) ) €n (14.43)
CAr—1

where we have used the fact (P~!)T = (PT)~! and the transpose rule for the powers

of transposed matrices. For example, (ATZ)T = (ATAT)T = AA = A?. Next, we will
illustrate these ideas with an example.

Example 14.5 Suppose that in the system presented in Example 14.2 and in
Example 14.3, only the first state is measured. Determine an estimator with poles
at 0.1 +0.15.

We begin with the calculation of the observability matrix

c 1 0
o=lal=]t 3
As this matrix is invertible, we can proceed to determine the estimator

4 172 0
© =3 {—1 1}
ae(z) = (2 — (0.1 +50.1))(z — (0.1 — j0.1)) = 2% — 0.2z + 0.02

We next evaluate a.(A) by substituting A in place of z:

e R N R R R O e
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Using the expression given in Eq. 14.43, we calculate L:

3.8
Ly = {4.21]
The estimator is given by Eq. 14.40. I

The concept of the matrix O being nonsingular is so important that we formalize
this idea in the next section.

14.2.2 Observability

We have seen in the previous section that if the matrix O is invertible, we can make
the estimate of the states converge to the actual value in a finite number of steps.
We will use this idea to formally define the concept of observability. Suppose that
not all states of a system are measured. The system is said to be observable if it is
possible to reconstruct the states in an arbitrarily finite number of sampling periods.
We formalize observability as follows:

z(k+1) = Az(k) + Bu(k)
y(k) = Cx(k)

is said to be observable if and only if the observability matriz

C

CA
O:

CAn—l

is invertible.

14.2.3 Current Estimators

The prediction estimator uses the measurements up to the previous time instant
to provide an estimate of the state at the current instant. This procedure should
be followed only if it takes one sample time to carry out the calculations involved in
estimation. Modern devices, however, can complete these computations in a negligibly
short time. In view of this, we explore the possibility of using the current measurement
as well to obtain an estimate of the state. Following the approach of [17], we define
the current estimate, denoted by Z(k), as an update of the prediction estimate, Z(k),
as follows:

Z(k) =T(k) + Le(y(k) — Cz(k)) (14.44)
Note that we update the prediction estimate Z(k) by a constant (L.) multiplied
by the latest error in output prediction. Shortly, we will present a methodology to

compute L.. We propose that the prediction estimate Z(k) be obtained from the state
equation of the plant, as stated next:

T(k) = AZ(k — 1) + Bu(k — 1) (14.45)
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Thus, the current estimate Z(k) is obtained in two stages, starting from the previous
time instant, namely Z(k — 1). Substituting Eq. 14.44 into Eq. 14.45, we obtain

Z(k +1) = A[@(k) + Lc(y(k) — CZ(k))] + Bu(k)
Using the measurement equation y(k) = Cz(k), we obtain
z(k 4+ 1) = Az(k) + Bu(k) + AL.C(z(k) — z(k)) (14.46)
Subtracting the state equation z(k+1) = Az(k) + Bu(k) from the above and defining
(k) =z(k) — (k) (14.47)
as earlier, we obtain
T(k+1)=(A-AL.C)Z(k) (14.48)
Comparing this with Eq. 14.41, we find that
L,=AL, (14.49)

Ts

Because it is equal to e/'"* in sampled data systems, A is always invertible. We obtain

L.=A"'L, (14.50)

As mentioned earlier, the current estimate of x is obtained in two stages, using
Eq. 14.44-14.45. In order to start the calculations, we need z(0), which has to be
guessed as the initial state also is not available, as discussed in Sec. 14.2.1.

14.3 Regulator Design — Combined Control Law
and Estimator

In this section, we will combine the state feedback controller and the state estimator
to arrive at the overall controller design. First we state the separation principle. Using
this, we design the controller and the estimator, separately. We next combine them
and produce the overall controller, which we will refer to as the compensator. We
conclude this section with an example.

First we state the important result known as the separation principle. The state
feedback controller can work only if all the states are available. Thus, while designing
the controller, we assume that the states are estimated by an estimator. Next, we
look at the assumptions involved in the use of the estimator. It is possible to estimate
the states only if the states are bounded. Thus, we assume the stabilizing influence of
the controller to keep the states bounded. Thus, the controller assumes the existence
of the estimator and vice versa. This separation principle allows us to design the
controller and the estimator separately, obviating the need to design both of them
simultaneously. Without this result, state feedback controllers would have become a
lot more difficult to design.
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u(k) [ Plant | | 2(k Sensor y(k)

\j

Control law Estimator i
. +Ly[y(k) — C(k)] 3

Lt T\ 7(k+1) = AT(k) + Bu(k)

Figure 14.3: Block diagram of the state feedback controller and estimator combination.
The blocks within in the dashed lines constitute the compensator, which is similar to
the conventional output feedback controller.

The closed loop control configuration is as given in Fig. 14.3. The plant is described
by A and b, but not all the states are measured; only the output y is available. We
assume that a prediction estimator is used to estimate x. The input u that goes into
the plant is sent also to the estimator. The plant output becomes another input to the
estimator. Using these, the prediction estimator gives an estimate of the state vector,
denoted by T. The control law works on the basis of T and produces the control effort
u. Fig. 14.3 shows a schematic of this sequence.

In this figure, we have shown the blocks that implement the controller and the
estimator inside dashed lines. As mentioned above, we will refer to this combined
block as the compensator. Plant output y is an input to and control effort w is the
output from the compensator, which, from the input—-output viewpoint, is similar to
the traditional output feedback controller. We now proceed to derive the transfer
function of this compensator.

Recall that in Eq. 14.3 we have proposed the use of the control law in the form
u = —Kx 4 v. Taking v = 0 and using T in place of x, it becomes

u(k) = —Kz(k) (14.51)

Closing the feedback loop is equivalent to substituting for u in the state space equation

z(k +1) = Az(k) + Bu(k) (14.52)
Substituting for v as — K=, we obtain

x(k+1) = Az(k) — BKZ(k) (14.53)

Recall that we have defined the error between the estimated state and the actual state
as T:

I=T—=x (14.54)
Substituting the expression for T from this equation into Eq. 14.53, we obtain

xz(k +1) = Az(k) — BK[z(k) + Z(k)] (14.55)
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We have derived an expression for error dynamics in Eq. 14.41, which is reproduced
here for convenience:

F(k+1) = (A— L,C)%(k) (14.56)

Stacking Eq. 14.55 below Eq. 14.56, we obtain
Fk+1)] [A-L,c 0 [ik)
L(k + 1)} = [ _BK A- BK] [w(k) (14.57)

Thus, the system dynamics are now represented by 2n difference equations, where n
is the dimension of the state vector. This is clear from Fig. 14.3 as well. If we measure
all the states, however, we need to use only n difference equations to describe the
dynamics. Thus, one of the tradeoffs in not measuring the states of the system is that
we have to deal with a larger dimensional system.

Next, we will verify that the poles of this augmented system are indeed at the
locations we want them. The characteristic equation of Eq. 14.57 is

2I — A+ L,C 0

BK J—A+BK| ="

which, because of the zero matrix in the upper right, can be written as
|z2I — A+ L,C||z2I —A+BK|=0 (14.58)

In Eq. 14.42 and in Eq. 14.4, we have defined these as a.(z) and a.(z), respectively.
We obtain

ae(z)ac(z) =0 (14.59)

This shows that the poles of the 2n-dimensional dynamical equations that describe
the feedback system are at precisely the locations where we have placed our state
feedback controller and the estimator poles.

We now proceed to determine the transfer function of the compensator, given
within the dashed lines in Fig. 14.3. The states of the estimator are described by

T(k + 1) = Az(k) + Bu(k) + L,[y(k) — CT(k)]
Substituting for the control law, from Eq. 14.51, we obtain
T(k+1) = Az(k) — BKT(k) + L,[y(k) — CT(k)]
Simplifying this, we obtain the state equation for the controller as
T(k+1)=(A— BK — L,C)z(k) + Lyy(k) (14.60)

The input to this compensator is y and the output from it is the control effort, u.
The output equation is given by Eq. 14.51, reproduced here:

u(k) = —Kz(k)
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The transfer function of the compensator is given by
U(z)
Y(z)

Next, we will discuss the stability of this compensator. The poles of the
compensator satisfy the equation

|2 — A+ BK + L,C| =0 (14.62)

G.(2) = =—K[2I - A+ BK + L,C]" 'L, (14.61)

Recall that we have designed the state feedback controller such that the roots of
|2I — A+ BK]| and |21 — A+ L,C| are at the required locations. But now, we have a
different characteristic polynomial altogether: |2I — A + BK + L,C|. Where will its
roots lie? The answer is that there is no guarantee that these will lie inside the unit
circle, let alone the locations chosen for controller and estimator poles. In other words,
the compensator, by itself, could be unstable. This is another price we pay for not
measuring all the states. Note that the original state feedback controller is of constant
gain, K, which is stable. It should be emphasized that although the compensator,
by itself, could be unstable, the closed loop system is stable, as indicated by its
characteristic polynomial, given in Eq. 14.59.

We will now revert to the question of where we should choose the poles of the
regulator and the estimator. When measurement noise is not an issue, it is convenient
to pick the control roots to satisfy the performance specifications and actuator
limitations, and then to pick the estimator roots somewhat faster, say, by a factor of 2
to 4, indicated by the rise time, so that the total response is dominated by the response
due to the slower control poles. We will illustrate these ideas with an example.

Example 14.6 Determine the compensator for the system presented in Exam-
ple 14.5. Use the control law calculated in Example 14.3.

B3l -l

K=1[05 35], L,= {43'281}

Substituting in the controller expression
Ge=—K[zl — (A—bK — Lyc)| 'L,

—28 2
A—bR = Lye= [—4.71 —0.5]
—1
_ _ _ -1 _ |” + 2.8 -2
(21 = (A= bK — Lyo)l ™ = [ 471 2405
_ 1 z+0.5 2
© 224332+10.82 | 471 z+238

G 16.635z — 16.225
22433241082
What we have derived above is the transfer function of the compensator. Note

that its poles are outside the unit circle. M 14.2 shows some of the steps in the
calculation of the above. I




508 14. State Space Techniques in Controller Design

14.4 Linear Quadratic Regulator

One of the difficulties in designing the pole placement controllers is the selection of
closed loop pole locations, especially in a large dimensional state space system. An
alternative approach is to use an optimization based strategy to design the controller.
Minimization of the square of an error for a linear system results in a linear quadratic
regulator, abbreviated as LQR.

The LQR design approach involves the minimization of a weighted sum of
quadratic functions of the state and the control effort. Although it can handle tracking
problems, the LQR approach is generally applied mainly for disturbance rejection. In
view of this, the final objective of an LQR is to take the state vector to zero state.
Because the states are usually deviation variables with respect to a steady state,
driving the state to zero is equivalent to guiding the system to its steady state.

If we minimize a quadratic function of only the states, the control effort could
become unbounded. For example, we could come up with control strategies, such
as, input 1 million watts for 1 picosecond to raise the temperature of a beaker by a
small amount. Because there is no restriction on the control effort, the optimization
of states alone would result in such comic solutions. To overcome these difficulties,
we minimize a quadratic function of the control effort as well. We will discuss this
approach in detail in the next section.

14.4.1 Formulation of Optimal Control Problem

In this section, we formulate the optimal control problem. There are many approaches
to this problem. The most popular ones use dynamic programming [2] and the
Lagrange multiplier method [17]. We will make use of the latter in this section. Given
a discrete time plant

x(k+1) = Ax(k) + Bu(k) (14.63)
z(0) = o (14.64)

we wish to find a control law u(k) so that a cost function
N
1 T T
=5 2 [ R)Qie(k) +u” (k) Qau(k)] (14.65)
k=0

is minimized. ; and @2 are symmetric weighting matrices to be selected by the
designer. As some of the states may be allowed to be zero, we obtain the condition

2TQix >0, Vr (14.66)

We obtain a different condition for Q) as all control efforts have a cost associated
with them:

u'Qou > 0, Yu # 0 (14.67)
We can restate the problem as: minimize J given by Eq. 14.65, subject to
—z(k+1)+ Axz(k) + Bu(k) =0, k=0,1,...,N (14.68)
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which is the same as Eq. 14.63. We can solve this problem using the Lagrange
multiplier method. There will be one Lagrange multiplier vector, denoted by A(k+1),
for every m. We arrive at the new optimal index:

N
1
J = 3 kz:;) [2" (k)Quz(k) + u” (k)Qau(k)
+ M(k + 1)[—z(k + 1) + Az(k) + Bu(k)]] (14.69)
As J has to reach a minimum with respect to z(k), u(k) and A(k), we obtain
O T (1) Qs + AT (k+ 1)B — 0 (control equation)
2ulk) u 2 = control equation
(14.70)
A —z(k+ 1) + Az(k) + Bu(k) =0 (state equation) (14.71)
oNk+1) - d '
aJ’ T T T - .
9208) =z ()Q1 — X (k) + X (k+1)A =0 (adjoint equation)

(14.72)

Notice that although x(0) is given, A(0) is not. As a result, it is not possible to
recursively solve the above equations forward. This forces us to look for alternative
means. Notice that we require

uw(N)=0 (14.73)

because, otherwise, optimal index J will not be zero in Eq. 14.65, as u(V) affects only
(N + 1) but not z(N), see Eq. 14.63. If u(IN) were to affect z(NN), perhaps there
could be a way to cancel a nonzero u(N) with an appropriate (N). Thus to make
J small, u(N) has to be zero. The following value for X satisfies Eq. 14.70 when m
takes the value of N:

AN+1)=0 (14.74)
Substituting this in the adjoint equation, Eq. 14.72, we obtain the condition
AN) = Qrz(N) (14.75)

This gives a condition for A, except that it is available only at m = NN, but not at
m = 0. This results in a two point boundary value problem, the solution of which is
presented next.

14.4.2 Solution to Optimal Control Problem

In the previous section, we posed the optimal control problem as a two point boundary
value problem. We present a solution to this in this section. We conclude this section
by stating the steady state version of this solution.

Motivated by Eq. 14.75, where A appears as a linear function of x at IV, we explore
the possibility of linearity at all sampling instants [6]:

Ak) = S(k)z(k) (14.76)
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so that the control equation, Eq. 14.70, becomes
Qau(k)+ BT Ak +1)=0 (14.77)
Substituting for A from Eq. 14.76, we obtain
Qou(k) = —BTS(k + 1)a(k + 1)

Substituting for z(k + 1) from Eq. 14.63 and simplifying, we obtain the following
equations:

Qou(k) = —BTS(k + 1)(Az(k) + Bu(k))
[Q2 + BT S(k 4+ 1)Blu(k) = =BT S(k + 1) Az (k)

Thus, we arrive at the following expression for the control law:
u(k) = —[Q2 + BTS(k + 1)B] 'BTS(k 4+ 1) Az(k) (14.78)
Defining
R=Q.+BTS(k+1)B (14.79)
the above equation becomes
u(k) = —R7'BTS(k + 1) Az (k) (14.80)
The adjoint equation, Eq. 14.72, can be rewritten as
ME) = ATA(k +1) + Q12 (k) (14.81)
which, on substitution of A from Eq. 14.76 and simplification, becomes
S(k)x(k) = ATS(k + Da(k + 1) + Qiz(k)
Substituting for z(k 4+ 1) from the state equation, we obtain
S(k)z(k) = ATS(k + 1)[Az(k) + Bu(k)] + Q1x(k)
which, on substitution of v from Eq. 14.80, becomes
S(k)z(k) = ATS(k + 1)[Azx(k) — BR™'BTS(k + 1) Az (k)] + Q1x(k)
Collecting terms to one side, we obtain
[S(k) — ATS(k+1)A+ ATS(k+1)BR™'B"S(k + 1)A — Q] (k) =0
As this must hold for all z(k), we obtain

S(k) — ATS(k+1)A+ ATS(k+1)BR'BTS(k+1)A— Q1 =0
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This can be rewritten as

S(k)=A"[S(k+1) - S(k+1)BR'BTS(k + 1)]A+ Q1

This is known as the discrete time Riccati equation. Defining
M(k+1)=[S(k+1)—S(k+1)BR'BTS(k+1)]
the above equation becomes

S(k)=ATM(k+1)A+Q,

511

(14.82)

(14.83)

(14.84)

Using the expression for R from Eq. 14.79, the expression for M given in Eq. 14.83

becomes

M(k+1)=[S(k+1)—S(k+1)B[Qs+ B'S(k+1)B]"*BTS(k +1)] (14.85)

From Eq. 14.75 and 14.76, we obtain
S(N) =@

We can calculate the controller backward in time:

where from Eq. 14.78, we obtain the following relation for K (k)
K(k)=—[Q2+ B*S(k+1)B]"'BTS(k +1)A
We now summarize the control design procedure.

L S(N)=Q1, K(N)=0,m=N

2: repeat

5 M(k) — [S(k) — S(k)B|Q2 + BT S(k)B| "' BTS (k)
4 K(k—1) « —[Q2+ BTS(k)B]"*BTS(k)A

5: Store K(k — 1)

6 S(k—1)— ATM(k)A+ Q

7 o me—k—1

8 until m =1

(14.86)

(14.87)

(14.88)

This algorithm calculates controller gains K (k) for all m and stores them once
and for all. Using these previously calculated control moves, one recursively calculates

forward the state vector starting from Eq. 14.64, 14.63 and 14.87.

The optimal value of the objective function can be calculated easily. First
substitute in Eq. 14.69 the expression for AT (k + 1)A from the adjoint equation,
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Eq. 14.72, and for AT (k + 1) B from Eq. 14.70, to arrive at

J = k)Qiz(k) 4+ u” (k)Qau(k)

N | =

(k + Dk +1) + (AT (k) — 2 (k)Qu)a(k) — u” (k)Qzu(k)]

MZ >@\|M2

N (B)x(k) — A (k + Da(k +1)]

E
Il
=]

M (0)2(0) = AT(N + 1)z(N + 1)

N~ N

But as A(V 4+ 1) = 0 (see Eq. 14.74), we arrive at

1 1
J=J= 5AT(O)x(O) = 2:1:T(O)S(O)a:(0) (14.89)
This equation states that the best value for the optimization index to be minimized
is a quadratic function of the initial state vector.

14.4.3 Infinite Horizon Solution to LQR Design

The control law K presented in the last section is time varying. We will be interested
in a steady state solution, however. The reasons are that a constant solution is easier
to implement. Moreover, even in the time varying solution, the control law could be
constant during most of the time. When the objective function is a sum of an infinite
number of terms, known as the infinite time problem, the steady state solution is the
optimal solution.

Because we are interested in a steady state solution to the optimal control problem,
we look for a steady state solution to the Riccati equation, given in Eq. 14.82; and
reproduced here for convenience:

S(k)=AT[S(k+1)— S(k+1)BR'BTS(k+ 1)]A+ Q, (14.90)
Because we are interested in a steady state solution, let

Sk)=Sk+1)=5« (14.91)
Substituting this in Eq. 14.90, we obtain

Soo = AT[So — Seo BR™'BT S JA + Qy (14.92)

Although we can solve this by iteration, it is not an easy problem. But there is an
alternative, easier, approach to solve this equation. We will only state the solution
here. The interested reader can refer to [17] for details.

Construct the control Hamiltonian matrix, H,., given by

A+ BQ;'BTATTQ, —BQy'BTATT

He= | —aq AT

(14.93)
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Then, the steady state solution to the Riccati equation is given by

Seo = A1 X[ (14.94)

where [X 1 A I}T is the eigenvector of H. corresponding to the stable eigenvalues.
The steady state control law is given by

u(k) = —Kooa(k) (14.95)

Koo = (Q2+ BTSxB) ' BT S5 A (14.96)

The performance index for the steady state control problem is
1
Joo = §xT(O)Smx(O) (14.97)
Notice that this control law K., can be calculated once and for all at the very
beginning.

14.5 Kalman Filter

In Sec. 14.2, we presented deterministic estimation techniques. In this section, we will
assume that the state and measurement equations are corrupted by noise. That is,
the model of the plant is now described by

z(k + 1) = Az(k) + Bu(k) + Biw(k)

14.98
(k) = Calk) + (k) (149%)
where w(k) and v(k) denote noise sequences that affect the states and the measure-
ments, respectively. We will assume that w and v are zero mean white noise sequences,
satisfying the following:

Ewlk)] =0
¢k =0 14.99
& [w(wk)'] =0, ifj#k (14.99)
& [vG)vk)"] =0, ifj#k
Their covariances are assumed as follows:
T _
& [wkyw(k)” | = Ry (14.100)

& [v(k)o(k)"] = R,

Based on the reasoning given while explaining deterministic estimators, we look for a
current estimator of the following form (compare with Eq. 14.44-14.45):

z(k) ==(k) + L(y(k) — Cz(k))

Az(k — 1)+ Bu(k — 1) (14.101)

£l
=

N~—
Il
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Note that we have used L to denote the estimator gain, instead of L.. This is because
we would like choose L so as to make Z optimal, in the sense that the error covariance,

Tz = & [(w(k) — B(k) ((k) — 2 (k)] (14.102)

is minimized. The optimal estimator that satisfies these conditions is known as the
Kalman filter.

We will now state the procedure to compute the Kalman filter. We define the
covariance matrix P(k) as follows:

P(k) = & [(x(k) — (k) (k) — (k))T] (14.103)

First, we have to guess the value of Z(0) and P(0) while designing the Kalman filter.
Next, we denote by M the propagated value of P, but before making use of the next
measurement, satisfying the following relation:

M(k+1) = AP(k)AT + B,R, BT (14.104)

Note that we can calculate M (1) using this equation. Next, we calculate the prediction
estimate at the sampling instant m + 1, as follows:

7(k +1) = AZ(k) + Bu(k) (14.105)

Given z(0), we can calculate Z(1) using this relation. Next, we update the error
covariance at the current instant:

P(k) = M(k) — M(k)CT [CM(k)C” + R,] ™' CM(k) (14.106)

Using this, we can calculate P(1). Finally, we determine the current estimator, the
measurement update, as follows:

z(k) =z(k) + P(k)CT R, (y(k) — CT(k)) (14.107)

Using this relation, we can calculate Z(1). Note that we have used P(k)CTR;! in
place of L in Eq. 14.101, as these are equal. We have indicated how to update all
the values to the current time instant, given the values at the previous instant. Thus,
it is possible to march forward and calculate all the future values. This procedure is
summarized in Fig. 14.4.

As in the deterministic case, the steady state version of the Kalman filter is
popular. Just like the deterministic estimators presented in Sec. 14.2, the Kalman
filter also takes the plant input u(k) and the output y(k) to give an estimate of
x(k). In the former, because there is no noise, there is no question of filtering it. In
the stochastic case, however, the Kalman filter gives a filtered estimate of the state
vector.

We will end the discussion on the Kalman filter by presenting a simple example,
taken from [19].

Example 14.7 (Estimating a constant) Using a Kalman filter, obtain a
smooth estimate of a constant, whose measurement is corrupted by noise.
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State space (n)

——* Equations

y(n)

Calculate &(n)
L(n), P(n), 2(n) P(n)
Z(n), M(n)
Z(n—1) Filter
P 1) Transition

Figure 14.4: Kalman filter calculation at time instant n

This system can be represented by the following state space equations:
z(n+1) =xz(n)
y(n) = z(n) +v(n)

We have A=1, B=0, C =1, R, = 0 in the notation of this section. We arrive
at the following equations:

Z(n) =Z(n—1)
M(n+1) = P(n)
z(n+1) =z(n)
P(n)
o) = I
z(n) =Z(n) + L(n)(y(k) — CZ(n))

Execution of M 14.3 generates Fig. 14.5, in which the left hand diagram contains
the profiles of the response of the filter, the noisy measurement and the constant.
It can be seen that the estimate provided by the filter converges to the constant
value of 5, in the presence of a large noise. In the right hand diagram of Fig. 14.5,
it can be seen that the profile of & [(Z(n) — x(n))?] converges to zero, confirming
the fact that the estimate is converging to the actual value of the state. I

Recall from Sec. 14.3 the procedure for combining the state feedback controller and
the estimator to build the compensator. In a similar way, we can build a compensator
combining the LQR and the Kalman filter. This compensator is known as the linear
quadratic Gaussian (LQG) controller.
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L L L L T
0 50 100 150 200 250 0 50 100 150 200 250
n n

Figure 14.5: Profiles of noisy measurement, filtered value and constant (left), and a
profile of error covariance P(n)

14.6 Matlab Code

Matlab Code 14.1 Pole placement controller for inverted pendulum, discussed in
Example 14.1 on page 490. M 2.1 should be executed before starting this code. This
code is available at HOME/ss/matlab/pend.m!

C = eye(4);

D = zeros(4,1);
Ts = 0.01;

G = ss(A,B,C,D);
H

= ¢2d (G, Ts, 'zoh’);
(

[a,b,c,d] = ssdata(H);

rise = 5; epsilon 0.1;

N = rise /Ts;

omega = pi/2/N;

r = epsilon " (omega/pi);

rl =r1r; r2 = 0.9%r;

[x1,yl] = pol2cart (omega,rl);

[x2,y2] = pol2cart (omega,r2);
pl = x14+j*yl;

P2 = x24j*y2;

p3 = x1—jx*xyl;

pd = x2—jxy2;

P = [pl;p2;p3;p4];

K = place(a,b,P)

Matlab Code 14.2 Compensator calculation for Example 14.6 on page 507. This
code is available at HOME/ss/matlab/ex_comp.m

A=11 2;0 3]; ¢c=1[1 0];

THOME stands for http://www.moudgalya.org/dc/ — first see the software installation directions,
given in Appendix A.2.
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roots([1 —0.5 0.5]);
(05 1]
= place(A,b,p);

p
b
K

pl=0.140.1%j; p2=0.1-0.1x%j;

phi = real(conv ([l —pl],[1 —p2]));
Obs = [c; cxA]l;

alphae = A"2-0.24A+0.02xeye(2) ;

Lp = alphaexinv(Obs) %[0; 1];

Lp = place([1 0;2 3],

[1; 0],[0.14+0.1%j 0.1-0.1j]);

Lp = Lp’;

C=1[100.5 201 —4.71 2.8];

HD,dHD] = polmul (K,0,C,dC);
= polmul (HD,dHD,Lp,0) ;

E
E

Matlab Code 14.3 Kalman filter example of estimating a constant, discussed in
Example 14.7. This code is available at HOME/ss/matlab/kalrun.m

x = 5; xhat = 2; P = 1; xvec = x;
xhat_vec = xhat; Pvec = P; yvec = x;
for i = 1:200,
xline = xhat; M = P;
[xhat ,P,y] = kal_ex(x,xline ,M);
xvec = [xvec;x];
xhat_vec = [xhat_vec;xhat];
Pvec = [Pvec;P]; yvec = [yvec;y];
end
n= 1:201;
plot (Pvec);
xlabel(’'n’);
pause
plot (n,xhat_vec ,n,yvec,n,xvec);
xlabel (’'n’);

Matlab Code 14.4 Kalman filter example of estimating a constant. For a sample
call, see M 14.3. This code is available at HOME/ss/matlab/kal_ex.m

function [xhat,P,y] = kal_ex(x,xline ,M)
y = X + randn;

Q= 0; R=1;

xhat_ = xline;

P. =M+ Q;

K=P_/(P+R);

P = (1-K)«P_;

xhat = xhat_. 4+ Kx(y—xhat_);
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14.7 Problems

14.1.

14.2.

14.3.

14.4.

14.5.

This problem addresses the calculation of the determinant of (21 — A) when A
is in controller canonical form. One of the ways of calculating the determinant
of the matrix

—/\+a1

a2 an—2 Aap—1 0n
-1 A 0 0 0
0 -1 0 0 0
|21 — A| =
0 0 -1 A 0
L 0 0 0 -1 ]

is given below.

(a) Divide the nth column by A and add it to the (n — 1)th. The (n — 1)th will
then become (an—_1 + an/A,0,...,0,,0). Note that the subdiagonal entry
is made zero by this process.

(b) Repeat this procedure, i.e., divide the (n — 1)th column by A and add to
the (n—2)nd and so on. At the end of this procedure, the (—1) term in the
first column will be zeroed. Show that the matrix is upper triangular with
the diagonal vector being (A + a1 /X + az/A% + -+ +an /A" LA, ... N).

(¢) Complete the arguments to show that the characteristic polynomial of the
A matrix of Eq. 14.6 is given by A” + a1 A" ' + - - + a,,.

Verify that when (A, B) are in controller canonical form, (a) the controllability

matrix is upper triangular with ones on the diagonal and hence nonsingular, (b)
T T

e,C=e

In Eq. 3.46 on page 56, let B be a vector and be denoted by b. Show that
Eq. 3.46 can be written as

u(n —1)

xz(n) — A"z(0) =C
u(0)

where C is the controllability matrix given by Eq. 14.17. Argue that one can find
the control effort {u(0),...,u(n — 1)} required to drive the system to any final

state x(n) starting from any starting state x(0) if and only if the controllability
matrix is nonsingular (equivalently, the system is controllable).

Place the closed loop poles of the system x(k + 1) = Ax(k) + Bu(k) with

SRR

at 0 and 0.5 using a state feedback controller. Do this computation first by
direct matching and then using Ackermann’s formula.

Note that controllability has nothing to do with A being singular or nonsingular.
For example, in the above problem, A is singular yet the system is controllable.
Try repeating the above problem, but now with the (2,1) term of A being 0.
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14.6. You have to control a plant with the following state space description:

z1(k+1) 1 =1 1] [z1(k) 10 )
zap(k+1)| =10 1 1| fzo(k)| + |1 O {ul(k)]
z3(k+1) 0 0 1] |as(k) 0 1| w2(®)

You are given only one control valve using which either uy or ug (but not both)
can be changed. Explain which control variable you would manipulate and why.
You do not have to design the controller. You can assume that all the states are
available for measurement.

14.7. Consider a state space model given by z(k 4+ 1) = Az(k) + Bu(k) with

-1 -2 0.5 1
A= |1 0 0], b=10
0 1 0 0

(a) Determine a state space controller that will place all the poles at the origin,
namely at (0,0).

(b) Recursively calculate the states of the closed loop system at k =1, 2 and
3. You may take the initial state to be (1,1,1).

This controller is known as the dead-beat controller.

14.8. Consider the continuous time system given by

0 1 0 0
F=10 -1 1|, G=10|, ¢=[1 0 0], d=0
0 0 4 1

Design dead-beat controllers for Ts = 0.1 s and for Ty = 2/3 s. Check if the
controllers indeed work dead-beat. Comment on the magnitude of the control
effort produced by each of these controllers. What are the pros and cons of each
of them?

14.9. This problem is concerned with placement of poles of the system z(k + 1) =
Az(k) + bu(k), y(k) = cx(k), with

A:B g] b:m, c=[1 0

(a) Assuming that both the states are measured, determine the pole placement
controller K that will make the system dead-beat, i.e., both the closed loop
poles are placed at 0. Answer the following;:

i. By substituting this control law, i.e., u = —Kuz(k), check that the
eigenvalues of the closed loop system matrix are at 0.

ii. With the application of this control law, recursively calculate z(1),
z(2) and z(3), assuming the initial state to be z(0) = [z1o xgo}T,
where z19 and xoo are arbitrary. Does z(k) become zero for any k7
Explain.
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(b) Now assume that not all states are measured. Determine the estimator L,
that also has its eigenvalues placed at 0.

(¢) Determine the compensator that is the combination of the controller K
obtained in part (a) and estimator L, obtained in part (b).

14.10. It is desired to place the poles of the system
o] 1 [0+ [0
v =11 o [

where Ty, = 0.1.

(a) Assuming that all the states are measurable, design a pole placing
controller that will result in a closed loop system with characteristic
equation z? — 1.4z + 0.49 = 0.

(b) Design an estimator that will have the closed loop poles at 0.5 + 0.55.
(¢) Combine the pole placement controller of part (a) with the estimator of

part (b) to arrive at an expression for the compensator.

14.11. Tt is desired to control a system having two states x; and x5 using two control
variables w1 and us. It is necessary to control the first state only. The second
state could take any value. The first control variable is ten times more expensive
than the second control variable. Pose this as an optimal control problem
familiar to you. You do not have to solve the problem.

14.12. Consider the unstable discrete time LTI system

z(k+1) = Az(k) + Bu(k)

SR

(a) Design a steady state LQR with weighting matrices

with

Q1:|:(1) ?:|7 Q?Zl

[Hints. (1) The steady state matrix equation can be solved directly. (2) The
solution is a symmetric positive definite matrix.|

(b) Discuss the behaviour of the closed loop system with this controller.

(¢) Repeat the above calculations but now with the following Q1:
1 0
a=g g

How does the closed loop system behave now? Explain.



Appendix A

Supplementary Material

We provide two types of information in this Appendix. In the first section, we derive
a few useful mathematical relations. In the second section, we explain the procedure
to use the software that comes with this book.

A.1 Mathematical Relations

We need to differentiate quadratic forms in optimization problems. In this book, we
use it to solve the least squares estimation (LSE) problem. In this section, we explain
how to carry out this differentiation [13]. Diagonalization of square matrices is very
useful while solving systems of equations. We explain how we can diagonalize square
matrices.

A.1.1 Differentiation of a Quadratic Form

A quadratic form @ in n variables x1, xs,...,x, is a scalar of the following form
Q=a"Az (A1)

where z is the vector of the above given n variables and A is an n X n matrix of the
following form

Z1 air - Gln

Tn Gn1 e Ann

With this definition, Eq. A.1 becomes

ap -+ Qg o Gip Z1
(2 Qpk = Gnn LTn

Digital Control ~ Kannan M. Moudgalya
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On multiplying it, we obtain

a1121 + -+ Q1T + -+ A1 Ty
Q: ['rl e Tk e xn} aklxl—i_—i_akkxk—i_—i_aknxn (A.4)

ap1T1 + -+ AnkTi + - - + GpnTn

Suppose that we want to differentiate the above expression by xy. It is clear that only
the terms of the following type will be nonzero:

a1, Tk
(ki1 + -+  aekTr o+ GpnTn )Tk

AnkTETn

All other terms in the matrix are zero. As a result, it is easy to obtain the following
result:
oQ

— = (Az)p + (AT2)p, k=1,2,....n (A.5)
8:5;.@

where (Ax); and (ATz); are the kth rows of vectors Ax and ATz, respectively.

We have seen how to differentiate the quadratic form by a scalar. Now we will
explain how to differentiate with a vector. Suppose that we want to differentiate @
given by Eq. A.1 with respect to x. Using Eq. A.5, we obtain

0/0x1 (Az)1 + (ATz),
v.Q2 | Q= : = Az + ATz (A.6)
0/0xy, (Az), + (AT2),
If A is symmetric,
V.Q = 2Ax (A7)

We also need to differentiate an asymmetric form, such as

bir - bim| |1
R=az"By = [131 e xn] g g (A.8)

with respect to vector z. If we write Eq. A.8 in the following form

szlzbljyj—F"'—FZEkZbkjyj+"'+$nzbnjyj (AQ)
i=1 j=1 j=1
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it is clear that

n

ok = Zbkjyj = kth row of By (A.10)
j=1

D,
Thus we obtain

1st row of By
V. (2" By) = = By (A.11)
nth row of By

Notice that R is a scalar, see Eq. A.8. It is clear that its derivative with respect to a
vector will be a vector. Next we would like to differentiate Eq. A.8 with respect to y.
As 27 By is a scalar, it is equal to y” BTz and hence we obtain

V,(2"By) =V,(y"BT2) = B"x (A.12)

where to arrive at the last term, we have made use of Eq. A.11.

A.1.2 Diagonalization of Square Matrices

In this section, we will briefly describe a procedure to diagonalize square matrices. Let
Aj,g=1,...,n,and x;, j = 1,...,n, respectively, be eigenvalues and eigenvectors of
an n X n matrix A. Let us assume that the eigenvectors are linearly independent. We
obtain

A{Ej :)\jdij, jZ 1,...,TL
Stacking these vector equations side by side, we obtain

Alzxy - zp| = [Mx1 - Auzn

where we have emphasized the fact that x; are vectors. The above equation can be
written as

| | | 17| 0
A T Tp = |x T ..
| | | 1o A,

where the last matrix is diagonal, denoted by the symbol A. Let us denote the matrix
of eigenvectors as S. We arrive at

AS = SA

Because of the assumption that the eigenvectors are linearly independent, it is possible
to invert S:

A= SAS™!
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This approach has several benefits. It is easy to find the powers of A. For example,

A? = SASTISASt = SA%5!
A% = SA28 1SAST = SA%S!

We can generalize this result:
AP = SAFSTY n>k>1 (A.13)

This property also helps calculate polynomials of a matrix A. Suppose that we
want to calculate

a(A) = A"+ o A"+, d
Using Eq. A.13, we obtain
a(A) =S [A"+ A"+ +a,I] ST

Because of the ease in evaluating A*, it is straightforward to use the above equation.

A.2 Installation and Use of Software

We now explain the procedure to download and install the Matlab code presented
in this book. Before executing anything, the programs in HOME/matlab' have to be
downloaded and made available through Matlab’s set path statement. After this
path is set, one can download the required programs and execute them. For example,
one can download ball_basic.m, described in M 9.1, and execute it. It is easy to
see that this code requires pp_basic.m. From the Index of Matlab Code, it is easy to
locate the details of pp_basic.m on 369, including the downloading instructions.

Because of space constraints, the following Matlab programs have not been listed
in the book: ext.m, 12r.m, left_prm.m, poladd.m, polmul.m, putin.m, xdync.m.
Nevertheless, these and the dependent programs are available from HOME. Some of
these programs have been taken from [27].

The above procedure explains how to download the programs as needed. An easier
way to access the programs is to download http://www.moudgalya.org/dc.tgz
which contains all the Matlab code listed in this book, and the routines named in
the previous paragraph. On uncompressing this archive, one will get all the programs
in the folder dc. The procedure to use this code is as follows:

1. Change the directory to dc.
2. Set Matlab path to matlab, which is a subdirectory of dc.

3. Go to a directory where the Matlab code resides and execute it. For example, if
one wants to run the pole placement programs, one would change the directory to
place/matlab (place is also a subdirectory of dc) and run the relevant program,
as explained above. Note that the web addresses of all programs required for
the pole placement chapter are given in the captions listed in Sec. 9.9.

THOME stands for http://www.moudgalya.org/dc/.
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Clock : u Random S
time Number Filter 1
gamma*Tc(z 1 B(z) zk(z)
I 1 Re(2) A(2) 1
Step Feedforward Filter 2 Plant Delay
Filter
Sc(z)
1
Feedback
Filter

Figure A.1: Simulink block diagram for plants with z domain transfer function with 2-
DOF pole placement controller. The code is available at HOME/matlab/stb_disc.mdl.
Inputs for simulation have to be established by first executing a controller program,
such as M 9.1.

One of the reliable and hence popular ways of checking the efficacy of a control
system is through simulation. In general, simulation is used to verify that the closed
loop system is stable and that the performance requirements are met. In sampled
data systems, there are additional issues, such as intrasample behaviour.

In this section, we present a set of Simulink programs that help carry out
simulation. The listing of the code ball_basic.m says that the Simulink programs
basic.mdl and c_ss_cl.mdl can be used to verify the efficacy of the controller. From
the index of Matlab code, it is easy to see that details of the Simulink routines are
available on pages 526 and 528.

The controller has to be first designed before using the Simulink code. Simulation
parameters also have to be set. A common mistake in carrying out this kind of
simulation is not initializing the sampling period properly. It is advisable to use a
variable, such as Ts for this purpose and initialize it in the Matlab workspace. For
example, ball _basic.m sets up all the variables required to execute either basic.mdl
or c_ss_cl.mdl. The result of simulation can be observed in the scopes. All important
variables are also stored in the Matlab workspace, for further processing by any other
software.

Simulation using this Simulink code can be used to verify that the design objectives
are met. In case there is a discrepancy between what the controller is designed
for and what is actually achieved, it could indicate errors in the design procedure,
the simulation procedure, etc. More importantly, this could point to a lack of
understanding of the design and simulation procedures. It is suggested that the control
designer uses this mode to ensure that they understand the theory well before going
ahead with implementation on a real plant.

The Simulink program in basic.mdl requires the plant to be in Laplace transfer
function form, while that in c_ss_cl.mdl expects it in state space form. A continuous
time version of the plant is used in both of these Simulink routines. Note that the
discrete time control action has to be sent through a zero order hold, indicated by
ZOH, before being sent out to the plant.
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Figure A.2: Simulink block diagram for plants described by s domain transfer
function with 2-DOF pole placement controller. The code is available at
HOME/matlab/basic.mdl
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: t
u
Clock —— | u]
u
"Te(z) B2) k(@) A
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y
Sc(z)
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Figure A.3: Simulink block diagram for discrete time plants with 2-DOF pole
placement controller. The code is available at HOME/matlab/basic disc.mdl

All digital controllers designed for continuous systems have to be validated through
simulation using a program, such as the one being discussed. The reason is that
the controller validated using Fig. A.1 does not say anything about the intrasample
behaviour. For example, if proper care is not taken, there could be wild oscillations,
which cannot be detected through simulations with the discrete time plant. These
oscillations are known as intrasample ripple. Fortunately, however, such erratic
behaviour can be detected through simulations with the continuous plant, as described
above.

For those who deal only with discrete time plants, there is no need to use ZOH.
They have to pick a suitable Simulink routine, for example stb_disc.mdl listed in
Fig. A.1 and use it. The utility of the other Simulink programs given in this section
is obvious.

All the routines reported in this book have been tested in versions 6.5 and 7 of
Matlab.
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Figure A.4: Simulink block diagram for plants described by s domain transfer
function with 2-DOF pole placement controller. The code is available at

HOME/matlab/g-s_cl.mdl. Inputs for simulation have to be established by first
executing a controller program, such as M 9.1.
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Figure A.5: Simulink block diagram for plants described by s domain transfer
function with 2-DOF pole placement controller. The code is available at
HOME/matlab/g s_c12.mdl. Inputs for simulation have to be established by first
executing a controller program, such as M 9.21.
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Figure A.6: Simulink block diagram for plants described by s domain transfer
function with 2-DOF continuous time controller. The code is available at
HOME/matlab/g-s_c13.mdl. Inputs for simulation have to be established by first
executing a controller program, such as M 9.21.
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Figure A.7: Simulink block diagram for plants described by s domain trans-
fer function with 2-DOF discrete time controller. The code is available at
HOME/matlab/g-s_cl6.mdl. Inputs for simulation have to be established by first
executing a controller program, such as M 9.15.
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Figure A.8: Simulink block diagram for plants described by state space models with
2-DOF pole placement controller. The code is available at HOME/matlab/c_ss_cl.mdl.

Inputs for simulation have to be established by first executing a controller program,
such as M 9.1.
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A.3 Problems

A.1. This problem is concerned with the Jordan canonical form.

(a) Show that the eigenvalues of a matrix A are —2,4, 4, where

5) 4 3
A= -1 0 -3
1 -2 1

(b) Calculate the eigenvectors corresponding to these eigen values.
(¢) Can you diagonalize this system?

(d) Let ¢1 be the eigenvector corresponding to Ay = —2 and g2 that
corresponding to Ao = 4. The third independent vector ¢s is calculated
so as to satisfy the following equation:

-2 0 0
Alqr ¢2 @3] = [@1 g2 3] 0 4 1
0 0 4

(Notice the “1” in the offdiagonal of the far right matrix. This matrix is
known as the Jordan block and the above equation is known as the Jordan
canonical form.) Calculate ¢3. Notice that g3 is not unique. Any g¢3 that
satisfies the equation is OK.

(e) You have a discrete time system

x(k+1) = Az(k)

a=|3

Compute the Jordan canonical form of A satisfying
11
Algr @] = @1 2] [ 0 1 }

Using the 100th power of the Jordan block, calculate x(100). The initial
value of z is (1,1).
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1-DOF, 245, 246, 273, 330, 351
2-DOF, 4, 245, 246, 307321, 328-361,
442, 447, 524-528

A/D converter, 3, 17, 21, 29
absolute convergence, 64, 70, 126
acceleration constant, 275
ACF, 166, 182, 186, 213-216
auto correlation, 167
delay detection, 173
estimate, 167
noise rejection, 172
of AR(1) process, 186
of MA(q) process, 180
of MA(1) process, 180
of MA(2) process, 181, 184
of white noise, 169
periodicity, 171, 172
Ackermann’s formula, 492
adjoint, 490
algebraic loop, 383
alias, 118, 119
all pole system, 83, 177, 179
all zero system, 82, 154, 177, 179, 218
analog to digital, see A/D
analog variable, 17
antenna control, 10, 25, 86, 257, 297, 380
anti windup control, see AWC
AR, 178, 179, 187, 213, 214
ACF of, 186
order determination, 186, 187
PACF of, 187, 188
ARIMAX, 215, 411, 422, 444
ARIX, 410, 422, 437
ARMA, 178, 179
order determination, 190
ARMAX, 196, 205, 403, 406, 420
ARX, 200, 218, 223
Aryabhatta’s identity, 290, 382, 416, 417,
419, 472

auto correlation function, see ACF
auto covariance function, see ACF
auto regressive, see AR
auto regressive integrated, moving
average, exXogeneous, see
ARIMAX
auto regressive moving average, see
ARMA
auto regressive moving average,
exogeneous, see ARMAX
auto regressive, exogeneous, see ARX
auto regressive, integrated, exogeneous,
see ARIX
average
statistical, 166, 169
time, 166, 169
AWC, 4, 354-361

backward difference, 262, 307, 319, 320

bad polynomial, 4, 330, 343

bandwidth, 258

best linear unbiased estimate, see BLUE

Bezout identity, 4, 290

bias, 456

BIBO stability, see stability

bilinear approximation, 261, 307

BJ, 209, 215

BLUE, 220

Bode plot, 129, 153, 254

bounded input bounded output stability,
see stability

Box—Jenkins, see BJ

bumpless control law, 313

bumpless transfer, 360

Cauchy integral theorem, 91

Cauchy residue theorem, 91, 92, 416

Cauchy’s principle, 248

causal sequence, 54, 85

causality, 41, 42, 53, 65, 74, 85, 93, 102,
168, 170, 180, 188, 219
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Cayley-Hamilton theorem, 492
CCF, 168, 181, 215, 216
causality, 168
correlated, 168
cross correlation, 169
estimate, 168
characteristic polynomial, see desired
characteristic polynomial
complementary sensitivity function, 282
conjugate pair, 99, 111, 113, 141, 466
controllability matrix, 494, 496-498
controllable, 498
controller
generalized minimum variance, see
GMVC
generalized predictive, see GPC
internal model, see IMC
linear quadratic, see LQR
linear quadratic Gaussian, see LQG
minimum variance, see minimum
variance
model predictive, see MPC
PID, see PID
pole placement, see pole placement
controller canonical form, 112, 491-494
convergence, 124
convolution, 35, 47, 61, 84
associativity, 50
commutativity, 50, 183
distributivity, 50
convolution sum, see convolution
coprime, 290, 291, 295, 329, 470
correlated, 168
critical point, 250
cross correlation function, see CCF
cross covariance function, see CCF
crossover frequency, 253
current estimator, 514

D/A converter, 3, 19, 21

Dahlin control, 327

DC motor, 10, 21, 24, 343, 345, 365, 371,
378

dead time, 27, 381

dead-beat control, 327, 498, 519

defined as, 28, 35, 53

degree condition, 291, 363

degree of, 68

delay, 27, 57, 381, 406

delay block, 104

derivative kick, 316, 351

Index

desired characteristic polynomial, 246,
288, 332, 334, 336, 340, 342,
344, 346, 348, 358, 361, 365,
426, 469, 470, 493, 499
DFT, 147
diagonalization, 25, 32, 265, 501, 523
digital signal, 17
digital to analog converter, 19
Diophantine equation, 4, 290
discrete Fourier transform, see DFT
discrete time Fourier transform, see
Fourier transform
discrete time sequence
decomposition, 44
definition, 35
Fourier transform, 125
frequency response, 124
impulse, 43, 123
periodicity, 117
sinusoids, 116
step, 43
discretization, 3, 21
disturbance rejection, 243, 245, 246, 283
disturbance variable, 14
DMC, 4, 437, 454
drifting noise model, 211
dynamic matrix, 455
dynamic matrix controller, see DMC

eigenvalue, 25

eigenvector, 25

email server, see IBM lotus domino
server

energy, 125, 126

ergodic, 169

Euclid’s algorithm, 288

Euler’s formula, 288

even function, 127

expectation, 170, 463

fair estimate, 217
feed forward, 5, 243, 245
feedback, 5, 243, 245
filter
all pass, 145
band pass, 140
differencing, 143
high pass, 140
low pass, 140
maximum phase, 145, 185
minimum phase, 144, 185, 331
mixed phase, 145



Index

nonminimum phase, 144, 145, 185,
323, 331
notch, 140
pole—zero based design, 140
final value theorem, see Z-transform
finite impulse response, see FIR
FIR, 49, 54, 82, 164, 199, 200, 218
forward difference, 262, 307, 320
Fourier series, 120
Fourier transform, 120, 125
continuous time, 121
convergence condition, 126
discrete time, 124, 125
real valued signal, 126
symmetry of real signal, 127
FPE, 186
frequency response, 124
fundamental period, 117

gain margin, 253

GCD, 288

generalized minimum variance controller,
see GMVC

generalized predictive controller, see
GPC

GMVC, 4, 420, 474, 478, 484

good polynomial, 4, 330, 343

GPC, 4, 437, 456

GPC model, 439

greatest commond divisor, see GCD

Hamiltonian matrix, 512
hidden oscillations, 24, 345
hybrid system simulation, 29

I/0 linear systems, 46
I/0 linearity, 3, 46
I/0 LTI, 43, 49, 51-53, 58, 61, 113, 124,
199
IBM lotus domino server, 15, 341, 357,
371
ideal interpolation formula, 136
identification, 3, 15, 159
iid, 169, 170
IIR, 49, 82
IMC, 4, 388
improper, 68
impulse response, 47, 51, 53, 123
complex poles, 113
real poles, 113
impulse response approximation, 307
impulse sequence, see discrete time
sequence

537

independent, 168

infinite impulse response, see IIR

initial rest, 41, 43, 53, 85

integral mode, 260, 278, 308, 309, 341,
355, 363, 364, 366

integrating factor, 21

integrator windup, 355

internal model, 339, 340, 342

internal model controller, see IMC

internal model principle, 272

internal stability, see stability

interpolation condition, 300

inverse response, 281, 392

inversion, 90

inverted pendulum, 11, 30, 498, 516

Jury’s stability, 87
Kalman filter, 489, 513

lag controller, 254
lead controller, 254
least squares estimate, see LSE
linear model, 196, 200, 202, 205, 208
linear phase, 154, 155
Linear quadratic Gaussian, see LQG
Linear quadratic regulator, see LQR
linear system, 36, 46
linear time invariant, see LTI
linearity, 3, 35-39, 74
function, 36
input—output, 45
state space example, 37
system, 36
liquid flow system, 13
Little’s law, 16
loss function, 186
LQG, 4, 420, 467, 473-475, 478, 489
LQR, 489
steady state, 520
LSE, 160, 161, 204
affine model, 162
efficiency, 220
formulation and solution, 162
linear model, 162, 164, 165
recursive, 220
statistical properties, 217
unbiased estimate, 218
LTI, 35, 47, 170
Luenberger observer, 500

MA, 178, 179
ACF of, 180, 181, 184
order determination, 181
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PACEF of, 190
unique estimation, 183
MacGregor’s first control, 413, 417, 421,
429, 472, 477, 478, 480, 484
magnetically suspended ball, 7, 10, 331,
337, 339, 340, 367, 370
manipulated variable, 14
matrix exponential, 21
derivative, 22
maximum number of users, 15
mean, 166
estimate, 166
zero, 169, 171
mean square convergence, 126
minimum phase, 197, 244
minimum variance control, 4, 412, 463,
475
nonminimum phase, 416, 475
mixed notation, 178, 245
model predictive control, see MPC
monic, 197, 404
MPC, 437, 454

naturally discrete time model, 14

negative frequency, 116

noncausal, 41, 75, 244

nonminimum phase, 244, 280, 281, 288,
388, 419, 420, 463, 473, 475,
478, 479

nonparametric model, 54

normal equation, 163

normalized frequency, 117, 119

Nyquist plot, 250

Nyquist rate, see sampling

observability matrix, 502, 503

observable, 503

odd function, 127

ODE, 10

offset free tracking, 311, 382, 452, see
integral mode

one degree of freedom, see 1-DOF

operator notation, 178

order of pole, zero, 67

output equation, 6, 56

output error model, 418

overdamped, 285

overshoot, 285

PACF, 185, 187, 214
of AR(p) process, 187
of AR(2) process, 188
of MA process, 190

Index

paper machine, 381, 397
parametric model, 54
Parseval’s theorem, 130
partial auto correlation function, see
PACF
pdf, 165
performance analysis, 477
performance curve, 463, 479
performance index, 468
periodicity, 117
persistently exciting, 163, 164, 194
phase margin, 253, 254, 258
PID, 4, 260, 263, 301, 452
bumpless, 312
continuous time, 308
discrete time, 308
filtered form, 308, 313
GMVC tuning, 424
GPC tuning, 452
IMC tuning, 396
integral mode, see integral mode
PID-1, 313
PID-2, 314
PID-3, 315
PID-4, 318
PID-5, 319
PID-6, 321
PID-7, 324
pole placement tuning, 361
Ziegler—Nichols tuning, 308, 324
plant—-model mismatch, 223, 387
pole—zero cancellation, 264
poles, 67
at infinity, 67
position constant, 275
power density spectrum, 169, 195
PRBS, 194, 200, 201
pre-whitening filter, 196
prediction error model, 197, 198, 385,
409, 412
prediction horizon, 455
predictive PID, 452
proper, 68, 94, 197
proportional kick, 316
proportional, integral, derivative, see
PID
pseudo linear model, 205, 209
pseudo random binary sequence, see
PRBS

Q form, 387
quantization error, 18
quantized data, 6
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ramp response approximation, 307
realizability, 269, 303, 388
realization, 90, 103, 104, 111, 112
rectangular approximation, 26
reference signal, 1

region of convergence, see ROC
regulation, 243, 245, 271, 421, 463
relative frequency, 119

remote procedure call, 15, see RPC
residue, 91, 94

Riccati equation, 511

ripple, 526
rise time, 285, 286
ROC, 64, 65, 74

annulus, 100
causality, 69, 102
contour integral, 90, 93
rings, 68
stability, 69

root locus, 247

RPC, 15

sampling, 17, 118

delay, 303, 304

guidelines, 29

instant, 17, 23, 286

interval, 21

number, 24

Nyquist rate, 137

rate, 132

theorem, 29, 139

time, 2, 286

uniform, 18, 23, 118
self-reciprocal polynomial, 464-466
sensitivity function, 282
separation principle, 504
sequential quadratic programming, 444
servo, 245, 271, 283, see tracking
setpoint, 1
setpoint kick, 316
settling time, 285, 443
Shannon’s theorem, see sampling

theorem
shift invariance, 35
shifting theorem, see Z-transform
signal to noise ratio, see SNR
similarity transformation, 493, 494
simple pole, 68, 76, 94
simple zero, 68
Smith predictor, 4, 381, 383, 385, 397,
406, 407
schematic, 401

539
stable plant, 385
unstable plants, 401
SNR, 223
spectral factorization, 185, 466, 467, 471,

472
stability, 65
asymptotic, 54
asymptotic, at large, 54
BIBO, 54, 266
external, 54, 266
in the sense of Lyapunov, 54
internal, 263, 266, 267, 387
stability margins, 252, 254
staircase approximation, 19, 23
state estimator, 499
state feedback controller, 490
state space equation, 5, 7, 9, 10, 13
recursive solution, 56
Z-transform, 85
stationary, 165, 166
statistical average, see average
step, see discrete time sequence
step response, 51
approximation, 307
offset free tracking, see offset free
tracking
strictly proper, 68, 197
subspace identification, 217
superposition, 37, 39, 45, 47
symmetric coefficients, 465
system type, 270, 297

theoretical prediction, 171, 181
time average, see average
time constant, 10
time delay, 27
time invariance, 35, 39
time series, 165
tracking, 245, 246, 283, 421, see servo
tracking steps, 311, 339
transfer function
connected systems, 83
definition, 82
gain, 83
trapezoidal approximation, 261, 307
trapezoidal rule, 396
TTL, 2
tuning, 349, 443, 456, see PID
Tustin approximation, 261, 307, 322, 396
two degree of freedom, see 2-DOF
type 0-2, 274
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ultimate gain, 247

unbiased estimate, 217-219
uncorrelated, 168, 170
underdamped, 285

uniform sampling, see sampling
unique estimation, 183

unique solution, 291, 363

unit step, 306

van de Vusse reactor, 14, 391, 395, 399,
400
variance, 166, 415
estimate, 166
transfer function, 415
variational method, 468
velocity constant, 275
viscosity control, 390, 399, 419, 423, 432,
446, 459, 473, 476, 478, 479,
483, 484

water-bed effect, 284

white noise, 169
approximation, 170
Fourier transform of ACF, 169
power density spectrum, 169
uncorrelated, 169
Z-transform of ACF, 169

Z-transform
absolute convergence, 65
definition, 65
impulse, 70
inverse, 89

Index

contour integration, 90
partial fraction, 94-101
power series, 101
motivation, 61
pair, 68, 77
position marker, 62
rational function, 67
realization, 103
state space, 85
step, 70
theorem
convolution, 77
damping, 75
differentiation, 79
final value, 75, 276
folded functions, 81
initial value, 75
linearity, 71
shifting, 73, 74, 104
unbounded sequence, 68
uniqueness, 63
white noise, see white noise
zero initial state, 46
zero mean, 219
zero order hold, see ZOH
zeros, 67
at infinity, 67, 248
maximum phase, 145
minimum phase, 144
nonminimum phase, 144, 331
Ziegler—Nichols tuning, see PID
ZOH, 19, 23, 29, 123, 137, 526
equivalent, 23, 307



Index of Matlab Code

abs, 149, 150, 372, 398

angle, 149, 150

ar, 214, 235

arma, 191

armaz, 205, 206, 210, 228, 230, 232

arz, 203, 232, 234

azes, 106, 226, 227, 229

azxis, 149, 150, 227

by, 215, 234, 235

bode, 296

c2d, 30, 106, 297, 368

ceil, 57

compare, 235

conv, 57, 107, 108, 298, 369, 370,
372-377, 397, 398, 400, 428,
431, 456-460, 481, 482

cos, 149, 368

covar, 414, 416, 431

cra, 200, 203, 206, 209, 210, 212, 231-235

detrend, 232

diag, 460

diff, 235

dimpulse, 87

exp, 150

expm, 30

eye, 456-459

figure, 226228, 230, 232, 234, 296

filter, 102, 108, 231

find, 368, 372

get, 231

grid, 149, 227, 296

hold, 231

iddata, 231, 232, 234, 235

idinput, 200, 231-235

idplot, 234

idpoly, 191, 200, 228, 230-234

idstm, 191

impulse, 102, 108

nput, 235

inv, 456—460

label, 231

legend, 231

length, 57, 105, 106, 227, 229, 296, 369,
370, 372, 376, 377, 398-400,
431, 433, 460

linspace, 149, 150, 296

loglog, 150

margin, 373, 374

maz, 225, 296, 372, 428

menu, 376

min, 225, 227

nargin, 229, 372

norm, 57

nyquist, 234, 296

oe, 209, 212, 233, 235

ones, 227, 460

open_system, 235, 297, 375

pause, 296

pe, 191, 230, 235

plot, 149, 150, 226, 227, 229, 235, 296

pol2cart, 516

poly, 372

polyval, 433

present, 185, 203, 206, 209, 210, 228, 230,

232-235

rand, 225

randn, 170, 226-228, 230-234

real, 372

resid, 203, 207, 209, 211, 214-216,
232-235

residue, 106

rlocus, 296

roots, 89, 372, 398, 481

save, 484

semilogz, 150

set, 105, 106

stm, 200, 228, 230234

sin, 149, 226

size, 105

sqrt, 227, 229, 296, 367, 370
ss, 30, 106, 297, 367, 370, 371, 378
stem, 105, 149, 231
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step, 212

subplot, 149, 150, 228, 231, 296

sum, 369, 370, 372, 398, 400, 460

tf, 106, 108, 296, 373, 374, 377, 399, 400,
431

tfdata, 297, 367, 368, 378

xcorr, 57, 229

xcov, 226, 227, 237

zlabel, 149

ylabel, 149

zeros, 105, 108, 230, 429-432, 456-459,
482

zplane, 106

abex.m, 298
ACF _def.m, 226
acf_ex.m, 226
aconvl.m, 105
aconv2.m, 105
ant_lead.m, 297
arma_ex.m, 230
armax_est.m, 232
arx_est.m, 232
ast_12p9.m, 431

ball_basic.m, 367, 524
ball_im.m, 370
basic_disc.mdl, 369, 526
basic.mdl, 367, 525, 526
bj_est.m, 234

css_cl.mdl, 367, 370, 371, 525, 528
casel.m, 235

cl.m, 429, 430, 431, 432, 483, 484
conv2.m, 57

data0l.m, 298

data05.m, 298

delay.m, 397

derv_bode.m, 150

desired.m, 367, 368, 369-371, 376-378,
433

discl.m, 106

disc2.m, 321

division.m, 108

dof_choice.m, 375

energy.m, 57
ex_comp.m, 516
ext.m, 482, 52/

filterl.m, 149
filtval.m, 433, 433

Index of Matlab Code

fir cra_exl.m, 231
flip.m, 398, 399, 400, 431, 456-459, 481,
482

gs_cl.mdl, 377, 527
g-s_cl2.mdl, 297, 373, 378, 527
gs_cl3.mdl, 374, 378, 527
gs_cl6.mdl, 374, 528
gmv.m, 432, 432, 484
gmv_macl_loop.m, 484
gmv_macl.m, 432
gmv_visc.m, 432
gmvc_pid.m, 433, 433
gpc_bas.m, 456, 457
gpc_col.m, 457, 458, 458
gpc-exll.m, 456
gpc-ex12.m, 457
gpc_ex2.m, 458

gpc_N.m, 457, 457
gpc_Nc.m, 459, /59
gpc-_pid.m, 460, 460
gpc_pid_test.m, 460
gpc_wt.m, 457
gpc_wtc.m, 459

ibm_pp.m, 371
ibm_pp_sat.m, 376
imc_Q_c.mdl, 891
imc_stable.m, 400, 400
imc_stablel.m, 398, 399
imesplit.m, 398, 400
incr_freq.m, 149
input_freq.m, 234

kal_ex.m, 517
kalrun.m, 517

12r.m, 431, 52/
label.m, 105, 106, 149, 150, 226-229
lead_exp.m, 296
lead_lag.m, 296
lead_vfy.m, 297
left_prm.m, 298, 524
lewin_imcl.m, 399
lqg_asl.m, 484
lqg.m, 482, 483, 484
lqg-macl.m, 483
lqg_simple.m, 483
lqg_visc_loop.m, 484
lqg_visc.m, 483
LS_ex.m, 225

ma_bode.m, 150
ma_larger.m, 228
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ma.m, 227

ma_pacf.m, 230

mat_exp.m, 30

max_ex.m, 226

miller.m, 433

motor.m, 371

motor_pd.m, 378

mv.m, 429, 430

mv_macl.m, 429

mv_nm.m, 431, 431, 432

mv_visc.m, 432

myc2d.m, 331, 367, 367, 370, 371, 373,
374, 377, 378, 399, 400

nmp.m, 150
nyquist_exl.m, 296

oe_est.m, 233

pacf_ex.m, 228

pacf.m, 228, 229, 230, 235

pacf_mat.m, 229, 229

pd.m, 378, 378

pend.m, 499, 516

pend_model.m, 12, 30, 499

pend_ss_c.mdl, 499

pid_neg.m, 377

plotacf.m, 226, 227, 228, 230, 235

pm_10.m, 429

poladd.m, 376, 397, 400, 428, 430, 432,
458, 481, 524

polmul.m, 369, 370, 372, 377, 430-433,
456-459, 481-483, 524

polsplit2.m, 368, 369, 370

polsplit3.m, 372, 372, 431

pp-basic.m, 367, 369, 369, 524

pp-im.m, 370, 371, 375, 380, 397

pp-im2.m, 872, 376

pp-pid, 297

pp-pid.m, 375, 377, 377

putin.m, 482, 52/

pz.m, 106
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recursion_ex1l.m, 429
recursion.m, 428, 429
respol.m, 106, 106, 107, 108
respoll.m, 106

respol2.m, 107

respol3.m, 107

respolb.m, 108

respol6.m, 108
rlocus_ex1.m, 296

selstruc, 217
sigurd_his.m, 37/
sigurd.m, 3738
smith_disc.mdl, 386, 397
smith.m, 397

spec_ex.m, 481

spec.m, 481, 481
specfac.m, 481, 482, 483
stb_disc.mdl, 352, 369, 371, 397, 525
stb_disc_sat.mdl, 858, 376
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