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Preface

The aim of the second edition of A First Course in Control System Design,
similar to the first edition is to present model-based control system design
in a lucid, understandable and approachable manner. The book has been
written with the needs of undergraduates and beginning graduate students
in multiple engineering disciplines and practicing engineers in mind. The
second edition is organized into nine chapters; the first half of the book is
devoted to analysis and the second half to the design of control systems. The
book covers the design of controllers for analog and sampled-data systems
described by transfer function and state variable models. The coverage is
restricted to models of single-input single-output (SISO) systems. Examples
from diverse engineering disciplines are introduced in the first chapter and
carried forward in the later chapters. MATLAB and Control Systems Toolbox
are extensively used for design; occasionally, Symbolic Math Toolbox is also
used. MATLAB scripts for solutions to all book examples are provided.

Control systems, both natural and man made, are pervasive in our lives.
Our homes have environmental controls. The appliances we use at home, such
as the washing machine, microwave, etc. have embedded controllers. We fly
in airplanes and drive automobiles, which make extensive use of control sys-
tems. Our body regulates essential functions like blood pressure, heart-beat,
breathing, and insulin levels in blood, manifesting biological control systems.
The cells in the body regulate our metabolism and energy production using
nutrient levels and electrolytes. The postural stability of the body depends on
regulating body’s center of mass (CoM) over the base of support. Fine motor
control enables the manipulation and locomotion tasks we undertake as part
of daily living. We essentially perform the control function as we walk or
drive a car, the control objective in both cases being to follow a desired course
at a preferred speed.

The industrial revolution in the eighteenth century ushered in the age of
machines that needed automatic controls. As a result, ingenious solutions to
the control problems were developed. An early example involved the use of
centrifugal flyball governor for throttle adjustment to regulate the speed of

Xiil



Xiv  Preface

r r(t) e(t) u(t) y(t) y

?—b Controller | Actuator Process Sensor »( 1 )

Figure 1 A generic control system block diagram that includes the controller, process to be
controlled, the actuator and the sensor. The output is fed back and compared with the reference
signal in the comparator.

the steam engine that was essential to industrial progress. Though control
technology quickly developed to solve practical problems, the theoretical
understanding of the control systems and its underlying design process was
developed later in mid-twentieth century. The post WWII era launched the
space age that focused on the optimal design of control systems, and their
implementation via the computing machines. The quest for boosting the
industrial output through factory automation has enabled advancement in the
industrial process control, and in the industrial robots that makes extensive
use of feedback control systems. The growing automation in the past few
decades has increased our reliance on control systems.

A control system aims at realizing a desired behavior at the output of a
device or system (the plant) by manipulating its input through a controller.
Feedback based on observation of the process output via sensing elements
plays and important role in automatic control systems (Figure 1). In the
feedback control systems, the controller monitors the difference between the
desired and actual values of output variables, and adjusts the system inputs
accordingly by employing various control schemes. The control objective,
often, is to reduce the error to zero at a sufficiently fast rate and maintain it
there. The desired output may be expressed as a set point, that is, a constant
value that the controller will try to maintain at the output. Alternatively, in
tracking systems, the objective is to track a time-varying reference input. An
example of the latter is the control system used to make a drone-mounted
camera follow a moving object of interest.

The control system design is invariably undertaken to achieve multiple
objectives. The first and the foremost among them is the stability of the
closed-loop system, as the system outputs affect the inputs in real-time.
The next objective is the dynamic stability or the ability of the controller
to damp out the output oscillations, characterized by the damping ratio of
the dominant response modes. Further, the controller aims to improve the
speed of response, that is reflected by the system bandwidth. The steady-state
response of the closed-loop system, ideally, has a unity transfer function,
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i.e., the system operates with no steady-state errors. Next, the controller is
required to curtail the effect of disturbance and noise inputs on system output.
A final objective in the control design is to impart robustness, which implies
an ability to maintain performance levels in the presence of disturbance
inputs, as well as its ability to withstand parameter variations and certain
unmodeled dynamics.

The controller designed for stability and performance may be of static
or dynamic type. In certain cases, a static gain controller may be adequate
to achieve a desired level of performance. An example is the automobile in
cruise control, where the gas intake is adjusted to affect the selected speed.
As the performance demands increase, a simple gain control is no longer ade-
quate and a dynamic controller becomes necessary. A dynamic controller is
a dynamic system in its own right, which generates a time varying controller
output that translates into the plant input. For example, the variation in the gas
pedal while driving an automobile in cruise control in response to the climb
or descent condition represents a time-varying controller output. An alternate
understanding of the dynamic controller is a frequency-selective filter that
emphasizes certain frequency bands in preference to others.

The dynamic controllers are traditionally distinguished as of phase-lead
or phase-lag type. These provide, respectively, improvements to the transient
or the steady-state response of the system. The two designs can be combined
when needed. In the contemporary design methods, the controller combines
one or more of the three basic control modes: a proportional (P), an integral
(D), and a derivative (D) mode. The resulting proportional-integral-derivative
(PID) controller is a general-purpose controller that has the ability to meet
many of the control objectives as defined above. The PID controller is
robust against variations in plant parameters, and is popular in industrial
control systems. In the traditional design, the controller is implemented using
analog circuits build with operational amplifiers and resistive-capacitive (RC)
networks. In contemporary control systems, the controller is implemented
as a software routine on a computer, a microcontroller, a DSP chip, or a
programmable logic controller (PLC).

A digital controller appropriate for computer implementation may be
obtained via emulation of an existing analog controller design. At high
enough sampling rates, digital approximation of the analog controller pro-
vides comparable performance to the original analog controller. Alternatively,
the design of the digital controller can be based on the pulse transfer function
of the plant, i.e., a transfer function obtained via z-transform that is valid at
the sampling intervals. Computer implementation of a controller invariably
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Figure 2 Block diagram of a digital control system that additionally includes an analog-to-
digital converter (ADC) and a digital-to-analog converter (DAC).

adds phase lag to the feedback loop that compromises the stability margins.
Hence, a more conservative controller design may be necessary if digital
implementation of the controller is intended. This book addresses the con-
troller design and their implementation for the analog systems as well as the
sampled-data systems (Figure 2).

This book covers the control system design as applicable to single-input
single-output (SISO) systems. The emphasis in this book is on understanding
and applying the techniques that enable the design of effective control sys-
tems. The controller design is based on the mathematical model of the plant
(the device or process to be controlled). System models are described in the
frequency-domain using the transfer functions, or in the time domain using
ordinary differential equations (ODEs). The state variable models describe
the system in terms of time derivatives of a set of state variables. Control
system design can be performed in either time or frequency-domain; essential
design techniques for both are covered in this book. A limited number of skill
assessment exercises are provided at the end of each chapter. Additional exer-
cises can be found in standard control systems textbooks (listed as references
at the end of the book).

The control systems concepts covered in this book are applicable to
the various engineering disciplines. These concepts are typically covered at
junior or senior level in the engineering curriculum. State variable models
are covered in more depth in a beginning graduate course. Students in
the scientific disciplines can also benefit from the control systems design
concepts. A typical audience of this book includes inquisitive readers with
interest in science, technology, engineering, and mathematics (STEM) fields.
The mathematical background required for understanding, and hence bene-
fitting from the material in this book, includes knowledge of linear algebra,
complex numbers, and elementary differential equations. Additionally, some
familiarity with Laplace and z-transforms is desired; the transform methods
are reviewed in the Appendix.
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The organization of this monograph is as follows: Chapter 1 discusses
the modeling of physical systems. The dynamic character of such a system is
typically captured using ODE models. Application of the Laplace transform
converts the ODEs to algebraic equations in the Laplace transform variable
‘s’, that are manipulated to obtain the input-output system description in
the form of a transfer function (TF). The examples in this chapter include
electrical, mechanical, electromechanical, thermal, and fluid systems. The
chapter culminates with a discussion about linearizing the nonlinear dynamic
system models.

Chapter 2 addresses the methods used to analyze the transfer function
models. These models are characterized in terms of their poles and zeros.
The poles effectively determine the modes of system natural response. The
stability characterization requires the poles to be located in the open left
half of the complex plane (OLHP). The system response to arbitrary inputs
comprises natural and forced response components. The natural response of
passive systems is of transitory nature and generally dies out with time. The
forced response signifies the presence of a persistent input and is observable
in the steady-state. System frequency response characterizes its response to
sinusoidal inputs, that manifests as a sinusoid at the input frequency.

Chapter 3 addresses the methods of analysis for the state-variable models.
State variables are often the natural variables, like inductor current and capac-
itor voltage in the electrical systems, or position and velocity of the inertial
mass in the mechanical systems. The state variable description typically
includes a set of matrices, that is, the system, the input, and the output
matrices. A solution to the first-order state equations includes a convolution
integral involving the state-transition matrix of the system. The choice of
the state-variables for a given system is not unique, giving rise to several
equivalent system descriptions, some of which may be preferred over others.
The popular descriptions are the controller form, the observer form, and the
modal form descriptions.

Chapter 4 introduces controller structures used with transfer function
models. The static controller includes a scalar gain that multiplies the error
signal generated by a comparator. The dynamic controllers include phase-
lead, phase-lag and lead-lag types. Alternate description of the dynamic
controllers includes the PD, PI, and PID controllers. Rate feedback con-
trollers additionally make use of the rate signal and are similar to PD and
PID controllers.

Chapter 5 discusses the control system design objectives. These include
closed-loop stability, transient response improvement, steady-state error



Xviii  Preface

improvement, and improvement to the sensitivity robustness. The chapter
discusses ways to characterize and achieve these objectives.

Chapter 6 discusses the root locus technique for designing cascade com-
pensators for transfer function models. The root locus (RL) is the loci of roots
of the closed-loop characteristic polynomial with variation in the controller
gain. The RL technique primarily addresses the design of static controllers,
but is easily extended to the design of first-order dynamic controllers. The
chapter includes a discussion of the rate feedback design that may be pre-
ferred over cascade controller design. The chapter ends with a discussion
of the controller realization methods with analog circuits using operational
amplifiers and resister-capacitor networks.

Chapter 7 discusses the techniques to analyze and design sampled-data
systems, that is, systems that include a clock-driven device, such as a micro-
processor in the loop. The sampled-data systems are characterized by their
pulse transfer function, that is obtained with the application of z-transform,
and describes system input-output behavior at the sampling intervals. The
time-domain description of sampled-data systems involves difference equa-
tions that can be solved by iteration. The stability of the sampled-data control
system requires the poles of the closed-loop pulse characteristic polynomial
to be located inside the unit circle in the complex z-plane. For high enough
sampling rates, an approximate digital controller for sampled-data system can
be obtained by emulating the analog controller designed for the continuous-
time system. Alternatively, the pulse transfer function can be used to design
a cascade digital controller by using the root locus technique.

Chapter 8 discusses the controller design for state variable models of
analog and sampled-data systems. The state feedback design allows arbitrary
placement of the roots of the closed-loop characteristic polynomial. The
design is facilitated by first transforming the state variable model into the
controller form. The pole placement method extends to the design of tracking
systems that require placing an integrator in the feedback loop to achieve
zero steady-state error. A continuous-time state variable model is converted
to discrete-time by assuming a zero-order-hold at the input. The discrete-time
state equations can be solved by iteration. A digital controller for the discrete
state variable model can be similarly designed using the pole placement
technique. Placing all poles of the closed-loop pulse transfer function at the
origin results in a deadbeat design that guarantees the sampled-data system
response to settle in n time periods.

Chapter 9 discusses compensator design by frequency response modifica-
tion. Frequency-domain methods, which predate the time-domain methods,
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utilize gain and phase margins to characterize the relative stability of the
closed-loop system. The frequency-domain performance measures comple-
ment those used in time-domain analysis. A phase-lag compensator improves
the DC gain and/or the phase margin of the system, resulting in steady-state
or transient response improvement. A phase-lead compensator improves the
system bandwidth hence its transient response. The two can be combined
when both transient and steady-state response improvements are desired. The
closed-loop frequency response can be visualized on the Nichol’s Nyquist
plot or the chart and reveals the presence of resonance in the system.
Throughout this book, symbols in regular font represent scalar variables,
symbols in boldface letters represent arrays of variables, lower case letters
represent vectors, and upper case letters represent matrices. Control systems
designs presented in the book were performed in MATLAB (Mathworks,
Inc.) using the Control Systems Toolbox; additionally Symbolic Math
Toolbox and Simulink we used when needed. The MATLAB script used
for system design and simulation is provided with the examples. Web links
to solutions to the end-of-chapter problems are also provided. The figures
representing control systems were mostly drawn in the Simulink GUI. Circuit
models were drawn with TINA circuit simulator (Texas Instruments).
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1

Mathematical Models
of Physical Systems

Learning Objectives

1. Obtain a differential equation model of a low order dynamic system.

2. Obtain system transfer function from the differential equation descrip-
tion.

3. Obtain a physical system model in the state variable form.

4. Linearize a nonlinear dynamic system model about an operating point.

In this chapter we discuss the process of obtaining mathematical description
of a dynamic system, i.e., a system whose behavior changes over time. The
models of continuous-time systems are primarily described in terms of linear
or nonlinear differential equations.

Physical systems of interest to engineers include electrical, mechanical,
electromechanical, thermal, and fluid systems, among others. Using the
lumped parameter assumption, their behavior is mathematically described by
ordinary differential equation (ODE) models. These equations are, in general,
nonlinear, but can be linearized about an operating point for analysis and
design purposes.

To model physical systems with interconnected components, individual
component models can be assembled to obtain a system model. In the case
of electrical circuits and networks, these elements include resistors, capaci-
tors, and inductors. For mechanical systems, these include inertia (masses),
springs, and dampers (or friction elements). For thermal systems, these
include thermal capacitance and thermal resistance. For hydraulic and fluid
systems, these include reservoir capacity and flow resistance.

The individual components or devices that form a physical system can
store, exchange, or dissipate energy, which, gives rise to the time-varying
or dynamic behavior of the system. The dynamic behavior is captured by
the differential equation model. The natural variables associated with those
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elements, e.g., positions and velocities in mechanical systems, or currents
and voltages in electrical systems, form the set of state variables commonly
used to describe system behavior.

In physical systems, properties (or entities) may flow in and out of a
system boundary, for example, heat, mass, or volume flowing in or out of
a reservoir. To model such systems, conservation laws or balance equations
maybe used to describe system dynamics in terms of rate of change of an
accumulated property. Specifically, let Q represent the accumulated property,
and let g;n and gyt represent the inflow and outflow rates, then the relevant
dynamic equation is described as:

%ZQin_QOut""g_c
where g and c denote the internal generation and consumption.

The Laplace transform is commonly used to convert a set of linear
differential equations into algebraic equations that can then be manipulated
to obtain an input—output description, that is, a transfer function. The transfer
function that describes the system behavior is a rational function of a complex
frequency variable (s).

The transfer function forms the basis for analysis and design of control
systems in the frequency domain. In contrast, the modern control theory
is established on time-domain techniques involving the state equations that
describe system behavior as time derivatives of a set of state variables. These
are defined as any set of minimum number of variables that can capture
system behavior under the various operating conditions.

Linearization of nonlinear models is accomplished by using Taylor series
expansion about a critical point. The resulting linear model is only effective in
the neighborhood of the critical or stationary point. The linear systems theory
is well estabished and is relied upon for controller design, that is aimed to
modify the system behavior.

In this chapter we discuss simples models of electrical, mechanical,
electromechanical, thermal, and fluid systems that form the basis for system
ananlysis and design techniques that are covered in the later chapters.

1.1 Modeling of Physical Systems

The mathematical modeling of a physical system is enabled by the choice
of variables associated with the physical characteristics of its components.
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These variables naturally divide into flow and across variables. The relation-
ship between these two variables determines the element type, as discussed
below.

1.1.1 Model Variables and Element Types

Modeling of a physical system involves two kinds of variables: flow variables
that “flow” through the system components and across variables that are
measured across those components. In electrical circuits, voltage or potential
is measured across the circuit nodes, whereas current or electrical charge
flows through the circuit branches.

In mechanical linkage systems, displacement and velocity are measured
across the connecting nodes, whereas force or effort “flows” through the
linkages. In the case of thermal and fluid systems, heat and mass serve as the
flow variables, while temperature and pressure constitute the across variables.

The relationship between flow and across variables associated with an
element in the system defines the type of physical element being modeled.
The three basic types are the resistive, inductive, and the capacitive elements.
The terminology that is specific to electrical circuits extends to many other
types of physical systems.

To proceed further, let ¢(¢) denote a flow variable and z(¢) denote an
across variable associated with a physical element; then, the element type is
defined by their mutual relationships, as described hereunder.

The resistive element. The resistive element is described by the relation

x(t) =k q(t)

i.e., the flow and across variables for the element vary in proportion to each
other.

As an example, the voltage and current relationship through a resistor is
described by Ohm’s law, V' (¢) = Ri(t), that states that the voltage across a
resistor varies in proportion to the current flowing through the resistor.

Similarly, the force—velocity relationship through a mechanical damper is
described as v(t) = ¢ f(t) , i.e., the velocity increases in proportion to the
applied force.

The capacitive element. The capacitive element is described by the relation

() = k/q(t)dt + o
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i.e., the across variable varies in proportion to the accumulated amount of the
flow variable. Alternatively, the flow variable varies proportionally with the
rate of change of the across variable as ¢(t) = %dflgt) .

As an example the voltage and current relationship through a capacitor
is given as V(t) = & f t)dt + Vp, i.e., the voltage across the capaci-
tor is proportlonal to the 1ntegral of current through it, where the current
integral represents the accumulation of electrical charge; hence, Q = CV.
The inverse relationship is described as i(t) = C %'

Similarly, the force—velocity relationship that governs an inertial mass

element is given as v(t) = L [ f(t)dt + vo. The inverse relation is the

= mdig) = ma(t), where

familiar Newton’s second law of motion, f ()
a(t) denotes acceleration.

The inductive element. The inductive element is described by the relation

dq(t)
z(t) = k==

i.e., the flow variable is obtained by differentiating the across variable. Alter-
natively, the across variable varies in proportion to the accumulation of the
flow variable.

As an example, the voltage—current relationship through an inductive coil
in an electric circuit is given as V() = Ldil(f ) The inverse relationship is

described as i(t) = ¢ [ V/(t)dt +iq. Similarly, the force-velocity relation-

ship through a linear spring is given as v(t) = [1( YO The inverse relation is

=K f t)dt + fo.

Whlle the resmtlve element dissipates energy, both the capacitive and
inductive elements store energy in some form. For example, a capacitor
stores electrical energy and a moving mass stores kinetic energy. The energy
storage accords memory to the element that accounts for the dynamic system
behavior modeled by an ODE.

Next, we discuss system models obtained from the individual component
descriptions. These models are described in increasing order of complexity,
starting from the most basic ones.

1.1.2 First-Order ODE Models

Electrical, mechanical, thermal, and fluid systems that contain a single energy
storage element are described by the first-order ODE models, where the
mathematical model is conveniently described in terms of the output of the
energy storage element. This is illustrated in the following examples.
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R
AAA%
ik L
= Vs —I— C

Figure 1.1 An RC circuit.

Ds 3= %

Figure 1.2 An RL circuit.

Example 1.1: A series RC network.

We consider a series RC network connected across a constant voltage
source, V (Figure 1.1). Kirchhoff’s voltage law (KVL) is used to model
the circuit behavior as vg + v¢ = Vs, where the capital letters are used to
represent constant values and small letters represent time-varying quantities.

By substituting v = vy, the ciruit output, and vy = iR = RC%L, we

dt
obtain the first-order ODE model that describes the circuit behavior as
dvo(t
RC Ud(]t( ) +wvo(t) = Vs.

Example 1.2: A parallel RL network.

We similarly consider a parallel RL network connected across a constant
current source, s (Figure 1.2). The circuit is modeled by the first-order ODE,
where the variable of interest is the inductor current, 77, and Kirchhoff’s
current law (KCL) is applied at either of the nodes, to obtain ip + i, = Is.

Then, by substituting ip = 5 = %% we obtain the ODE dscription of
the RL circuit as

L dig(t)
R dt

We may note that the constant multiplier appearing with the derivative
term in both RC and RL circuits defines the time constant of the circuit, i.e.,
the time when the system output in response to a constant input rises to 63.2%
of its final value. The time constant is denoted by 7 and is measured in [sec].

In particular, 7 = RC for the RC circuit, and 7 = L/ R for the RL circuit.

+ip(t) = I
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— x(t)

m > f(

bu(®)

Figure 1.3 Motion of an inertial mass with surface friction.

Example 1.3: Inertial mass acted upon by a force.

The motion of an inertial mass, m, acted by a force, f(¢), in the presence
of kinetic friction represented by b is governed by Newton’s second law of
motion. The friction opposing motion is represented as bv, where v is the
velocity variable and b is the friction constant. The resultant force on the
mass element is f — bv. The resulting first-order ODE model for the system

is given as
du(t
md(t) + bu(t) = f(t).
The time constant for the mechanical model is 7 = %, and desribes the
rate at which the velocity builds up in response to a constant force input.

A Generic first-order ODE model. The first-order ODE models in the above
examples can be generalized. Accordingly, let u(¢) denote a generic input,
y(t) denote a generic output, and 7 denote a time constant; then, the generic
first-order ODE model is expressed as

dy(t)

7'7 +y(t) = u(t).

Further examples of the first-order models include the thermal and fluid
systems. These systems maybe modeled using balance equations applied to a
control volume as illustrated hereunder.

Example 1.4: A model for room heating.

In order to model the room heating process, we assume that the heat flow
into the room is denoted as g;, the thermal capacity of the room is C, the
temperature of the room is f,, the ambient temperature is €,, and the wall
insulation is represented by a thermal resistance, R,,. Then, from the heat
energy balance, we can write

do, 0,—0,

c, =
a Ry
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(.&O.SL) i
C,

Rw
> 9o

Figure 1.4 Room heating with heatflow through walls.

Q;

h Ry
j Qo

Figure 1.5 Fluid reservoir with constricted outflow.

In terms of the temperature differential, A0 = 60, — 6,, the govering

differential equation is
dAf
R,Cr—— 4+ AO = Ryq;.
dt

The temperature is measured in [°C], heat flow is measured in [W],
thermal capacitance is measured in [%], and thermal resistance is measured
in [WC}

We may note the similarity of the room heating model with the general
first-order system model, T% + y = wu, where the thermal time constant is
given by 7 = R, C’.

Example 1.5: A model of hydraulic reservoir.

We consider a cylindrical reservoir filled with an incompressible fluid
with a controlled exit at the bottom (Figure 1.5).

To proceed further, let P denote the hydraulic pressure, P, denote
the atmospheric pressure, A denote the area of the reservoir, h denote the
height, V' denote the volume, p denote the mass density, R; denote the valve
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resistance to the fluid flow; ¢in, gout denote the volumetric flow rates, and ¢
denote the gravitational constant. Then, the base pressure in the reservoir is

obtained as 09
V.

A
Using reservoir capacitance, defined as: C, = % = ;ig, the governing

equation of the hydraulic flow through the reservoir is given as

dpP P — Pym

I R

In terms of the pressure difference, the equation is written as

dAP
dt

Then, the above equation matches the standard ﬁrst order system model
with 7 = R;C},. Further, using AP = pgh and C}, = g , we can equivalently
express the governing equation in terms of the liquid height, h(¢), in the
reservoir as

P:Patm+P9h:Patm+

Ch

R Cy,—— + AP = Rigin.

dh
ARZCT + pgh = Rigin

In the above, the hydraulic pressure is measured in [~ N1, volumetric flow
is measured in [mT] hydraulic capacitance is measured in [%-], and flow

resistance is measured in [N 221,

1.1.3 Solving First-Order ODE Models with Step Input

The solution to a first-order ODE in the presence of a step forcing function
and with given initial conditions can be obtained with the help of the Laplace
transform (see Appendix). Accordingly, we consider the generic first-order
ODE model,

L)

il +y(t) = u(t).

We apply Laplace transform to the above equation assuming an initial
condition, y(0) = yo, to obtain:

7(sy(s) — yo) + y(s) = u(s)

Next, assuming a unit step input u(t), where u(s) = 1, the output is
solved as: ]
_ TYo
yls) = s(ts+1) * Ts+1
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We may use partial fraction expansion (PFE) to express the output as:

_1 T TYo
y(s)—s 7'8+1+7'S—|-1

After applying the inverse Laplace transform, we obtain the time-domain
solution to the first-order ODE as:

y(t) = [L+ (yo — e/ u(t)

The u(t) in the above expression represents a unit step function that is
used to represent causality, i.e., the output is valid for ¢ > 0.

Steady-state output. The steady-state value of the system response is
denoted as yoo = limy_,oo y(t). In terms of the steady-state output, the step
response of the first-order ODE model is given as:

Y(t) = (Yoo + (Y0 — Yoo)e " TJu(t)
Assuming zero initial conditions, i.e., yo = 0, the output is expressed as:
y(t) = (1= e "Tu(t)

We may evaluate the output at ¢t = k7,k = 0,1,... to compile the
following table:

Time Output Value

0 y(0)=0

1T 1—e120.632
27 1—e220.865
37 1—e320.950
4t 1 —e420.982
57 1—e520.993

By convention, the model output is assumed to have reached the steady
state when the output attains 98% of its final value. Hence, the settling time
of the system is given as tg = 47.

The output of the first-order ODE model to a unit-step input with zero
initial conditions for 7 = 1 sec is plotted in Figure 1.6.
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First-order system respone to a unit-step input (r=1sec)
1 -

0.8

0.6

y(t)

0.4
0.2

0 )
0 1 2 3 4 5 6
time(sec)

Figure 1.6 Output of a first-order system model to a unit-step input.

Further, the time variable in any first-order ODE model can be scaled
by dividing it with the time constant. The response of a first-order ODE
with nondimensionalized time variable (¢/7) is similar to that represented
in Figure 1.6.

1.1.4 Second-Order ODE Models

A physical system that contains two energy storage elements is described
by a second-order system model, where each energy-storing component
contibutes a first-order term to the model. Examples of the second-order
systems include RLC networks and the motion of an inertial mass with
position output.

The modeling of a second-order system is illustrated by the following
examples.

Example 1.6: Series RLC circuit.

A series RLC circuit with voltage input V;(¢) and current output i(¢) has
the following governing relationship obtained by applying KVL to the mesh:

di(t)

L
dt

+m@+é/wm:m@

The integro-differential equation can by converted into a second-order
ODE by expressing it in terms of the electric charge, ¢(t), as

2
Tl R%O | Lo = v

Alternatively, the series RLC circuit behavior can be described in terms
of the two first-order ODEs involving dual variables, the current, ¢(¢), and the

L
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R L

J—_—*\/s o o J—
T T°

Figure 1.7 A series RLC circuit.

I f(®)

m T y(t)

[ o

Figure 1.8 Motion of an inertial mass under gravity.

capacitor voltage, V.(t), as

L2 Rie) + Vi) = vi(o),
dve .
C pra i(t)

11

The above formulation, where i(¢) and V,(t) serve as variables of inter-
est, 1s known as the state variable formulation and is further discussed in

Section 1.2.

Example 1.7: Inertial mass with position output.

An inertial mass moving in a constant gravitational field has both kinetic
and potential energies and is modeled by a second-order ODE. For example,
the vertical motion of a mass element of weight, mg, that is pulled upward
by a force, f(t), is described using position output, y(t), by a second-order

ODE:

md2y(t)

oz T mg = f(t).
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—> z(t)

k

e

i m o — f(t)
|
|

Figure 1.9 A mass—spring—damper system.

Example 1.8: A mass—spring—damper system.

A mass—spring—damper system includes a mass affected by an applied
force, f(t), when its motion is restrained by a combination of a spring and
a damper (Figure 1.9). Let 2(¢) denote the displacement of the mass from a
fixed reference; then, the dynamic equation of the system obtained by using
Newton’s second law of motion takes a familiar form, given as:

d*x(t) n bdx(t)

e dt

+ kx(t) = f(t).

The left-hand side in the above equation represents the sum of applied
(inertial, damping, and spring) forces. In compact notation, we may express
the ODE as:

mi+ bt +kx = f

where the dots above the variable represent time derivative, i.e., @(t) = d‘zgt)
- d?z(t
and Z(t) = dtg )

In the absence of damping, the dynamic equation of the mass-spring
system reduces to ,
d°x(t
dtg )+k::1:(t):f(t).
We may recognize that this equation models simple harmonic motion. Let
wg = k/m; then, it can be verified by substitution that the general solution to
the equation is given as:

z(t) = Acoswy t + Bsinwyt.

1.1.5 Solving Second-Order ODE Models

A second-order ODE model can be similarly solved by applying the Laplace
transform to both sides of the differential equation. We consider a general
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second-order ODE model, described as:
§(t) + ary(t) + agy(t) = bri(t) + bou(t)
We note that the ODE inclues an input derivative term. We assume the

following initial conditions for the ODE, i.e., y(0) = yo, 4(0) = 9o, %(0) =
ug. Then, application of the Laplace transform gives an algebraic equation:

(s® +a1s + a2)y(s) — (s +a1)yo — Yo = (b1s + bo)u(s) — brug

which can then be solved for y(s) to obtain

(s) !
)= ———"—
Y $2 4+ a1s + as

The denominator in the above expression represents the characteristic
polynomial of the second-order ODE model. Further, the characteristics of
the time-response, y(t), obtained from the application of inverse Laplace
transform to y(s), are determined by the roots of the characteristic equation:
s%2 4+ a1s + ay = 0, as illustrated in the following example.

[(s + a1)yo + Jo + (b1s + b2)u(s) — brug]

Example 1.9: The mass—spring—damper system.

We consider the mass-spring-damper system model (Example 1.8), in the
presence of a unit-step input function, u(t), assuming zero initial conditions;
then, application of the Laplace transform produces the following algebraic
equation:

(ms® + bs + k)z(s) = 2f(s)

Next, let f(s) = 1/s, and consider two cases based on the assumed
system parameter values that results in either real or complex roots of the
characteristic equation: ms? 4 bs + k = 0.

Case I (real roots). Let the parameter valuesbe m = 1,k = 2, and b = 3;
then, the characteristic equation is given as s? + 3s + 2 = 0. The equation
has real roots at s = —1, —2.

The algebraic equation describing the system output is (s?+3s+2)z(s) =
2f(s). Assuming a unit-step input, f(s) = % the output variable is solved as
#(5) = s

In order to apply the inverse Laplace transform, we need to carry out PFE
of the output. We may use online SimboLab partial fraction calculator for this
purpose (https://www.symbolab.com/solver/partial-fractions-calculator/).
The result is given as

1 2+1
s s+1 s+4+2
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Figure 1.10 Time response of second-order system models: characteristic equation with real
roots (a); with complex roots (b).

By applying the inverse Laplace transform, the time response of the
spring—mass—damper system is obtained as (Figure 1.10(a))

z(t)=(1—2¢"+ e_Qt) u(t)

where u(t) represents the unit-step function.

Case II (complex roots). Alternatively, let the parameter values be m = 1,
k = 2, and b = 2; then, the characteristic equation is given as s> +2s+2 = 0.
The equation has complex roots at s = —1 £ j1.

The algebraic equation describing the system output is (s> + 2s + 2)
x(s) = 2f(s). Assuming a unit-step input, the output variable is solved as
x(s) = m Taking help from SimboLab for partial fractions, the
output is given as

1 2
2(s) = = s+

s s2+42s+2

The quadratic factor is alternately expressed as (s +1)2+ 12, which helps
when applying the inverse Laplace transform. Also, the quadratic term is split

to write
1 s+1 1

s (s+1)72412  (s+1)%+12
By applying the inverse Laplace transform, the time response of the
spring—mass—damper system is obtained as (Figure 1.10(b)):

z(t) = (1 — e fcost — e 'sint)u(t)

where u(t) represents the unit-step function.
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A comparison of the time response in the two cases reveals the following
results:

1. The steady-state response in both cases settles at 7., = G(0) = 1.

2. The time response in the case of real roots resembles that of a first-order
system with no overshoot.

3. The time response in the case of complex roots is oscillatory and has an
overshoot.

1.2 Transfer Function Models

The transfer function model of a dynamic system is obtained by the appli-
cation of the Laplace transform to the ODE model assuming zero initial
conditions.

The transfer function describes the input—output relationship in the form
of a rational function of a complex frequency variable “s.”

We next describe the development of transfer function in the case of the

first- and second-order systems.

First-order ODE model. We consider a generic first-order ODE model with
input u(t) and output y(t), described as leé—gt) + y(t) = u(t). We use the
Laplace transform to describe it as an algebraic equation, (7s + 1)y(s) =
u(s). The resulting input—output transfer function is given as

~—

y(s 1

u(s) T rs+1

Second-order ODE model. We consider a mass—spring—damper model
(Example 1.8), described by a second-order ODE, mi + bt + kx = f. The
model has a Laplace transform description:

ms2x(s) 4 bsz(s) + kz(s) = f(s).

The input—output relation (transfer function) for the mass—spring—damper
system with force input and displacement output is given as

x(s) 1

f(s) msZ+bs+k

We may observe that the transfer function of a system is a ratio of
two polynomials in s. We will assume, as is commonly the case, that the
transfer function of a physical system is a proper fraction, i.e., the degree
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Figure 1.11 A bandpass RLC network.

of the denominator polynomial is greater than the degree of the numerator
polynomial.

Higher-order models and multiple-input multiple-output (MIMO) system
models described by linear ODEs can be similarly transformed into algebraic
models and their transfer functions between designated input—output pairs
can be defined.

Example 1.10: A bandpass RLC network.

We consider a bandpass RLC network with constant input voltage, Vi,
and the output taken across the capacitor (Figure 1.11). By identyfying the
capacitor voltage v and inductor current ¢;, as natural variables, the two
first-order ODEs that describe the network are given as

dve Vs—vo . LdiL
== — =
dt R L ™ae = ¢
Application of Laplace transform then gives the corresponding algebraic

equations as

C

1 s .
<SC+R)Uc+iL_‘;, sLif, —vo =0

A relationship between input V; and output v is obtained by eliminating
i1, from the equations. The resulting transfer function is given as
vo(s) sL/R
Vi(s) s2LC+sL/R+1

1.2.1 DC Motor Model

A direct current (DC) motor (Figure 1.11) represents an electromechanical
system that draws electrical energy and converts it into mechanical energy.
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va(t) e(t)

Figure 1.12  An armature-controlled DC motor.

In an armature-controlled DC motor, the input is the armature voltage, V, (¢),
and the output is motor speed, w(t), or the shaft angular position, 6(¢).

In order to develop a model of the DC motor, let i, () denote the armature
current, and L and R denote the electrical side inductance and the coil
resistance, respectively. The mechanical side inertia and friction are denoted
as J and b, respectively. Let k; denote the torque constant and k; the motor
constant; then, the dynamic equations of the DC motor for the electrical and
mechanical sides are given as

Ldijlit) + Rig(t) + kpw(t) = Vi (t)
dw(t) C o
J o + bw(t) — kiig(t) =0

By applying the Laplace transform, these equations are transformed into
algebraic equations as

(Ls+ R)ig(s) + kpw(s) = Va(s)
(Js+b)w(s) — kiig(s) =0

In order to obtain a single input—output relation for the DC motor, we
may solve the first equation for i,(s) and substitute in the second equation.
Alternatively, we multiply the first equation by k;, the second equation by
(Ls + R), and add them together to obtain

(Ls+ R)(Js 4+ b)w(s) + kikpw(s) = kiVa(s)

From the above equation, the transfer function of the DC motor with
voltage input and angular velocity output is derived as
w(s) kt

Va(s)  (Ls+ R)(Js+b) + kiky
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The angular position 6(s) is obtained by integrating the angular velocity
w(s); hence, the transfer function from V,(s) to the angular displacement
6(s) is given as

0(8) . k‘t
Va(s)  s[(Ls+ R)(Js +b) + kiky]

The denominator polynomial in the motor transfer function typically has
real and distinct roots, which are reciprocal of the time constants contributed
by the electrical and the mechanical sides of the motor (7¢, 7,,). In terms of
the time constants, the DC motor model is alternatively described as

w(s) ky/JL
Va(s)  (s+1/7e)(s+1/7m)

Of the two time constants, the electrical constant that represents the rate
of build up of electrical current is relatively small compared to the mechanical
constant that represents the build up of motor speed. Hence, the slower
mechanical time constant dominates the overall motor response to a change
in armature voltage, as shown in the following example.

Example 1.11: A DC motor model.

We assume that the parameter values for a small DC motor are given as
R=1Q, L =0.01H, J = 0.01 kgm?, b = 0.1 "== and k;, = k, = 0.05;
then, the transfer function of the DC motor is obtained as

w(s) 500 500

Va(s)  (s+100)(s +10)+25  (s+ 10.28)(s + 99.72)

The two time constants of the DC motor are given as 7, = 10 ms, 7, =
100 ms. We may note that 7. matches the time constant of an RL circuit
(e = L/R) and 7,,, matches the time constant of inertial mass in the presence
of friction (7, = J/b).

Next, assuming a unit-step input, the output of the DC motor is given as

500 0488 0.544 0.056

w(s) =3 (s+10.28) (s +99.72) s  s+10.28 MFFRTES

By applying the inverse Laplace transform, the time-domain output is
given as (Figure 1.13(a))

w(t) = [0.488 — 0.544e 1028 1 0.056e 9% "21u (1)
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Figure 1.13 DC motor response to unit-step input: second-order motor model (a); first-order
motor model (b).

Simplified DC motor model. The DC motor model developed earlier is a
second-order ODE model with two unequal (electrical and mechanical) time
constants, where 7, < T,,,. Further, we observe that the motor response is
dominated by the slower time constant 7,,,. Hence, we explore the possibility
of describing the DC motor in terms of a first-order model with a single time

constant.

A simplified model of the DC motor is obtained by ignoring the coil
inductance (L — 0), i.e., effectively ignoring the electrical time constant.
The motor speed equation is modified as

R(Js+ b)w(s) + kikpw(s) = kiVa(s)
The resulting first-order DC motor transfer function is given as

w(s) ki/R
Va(s)  Js+b+kiky/R

The simplified model of a DC motor includes a single motor time constant

____JR
™ T bR+ kiky )

w(s)  ki/JR
Va(s)  s+1/m,

and is given as

Example 1.12: A DC motor model (simplified).
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Using the parameter values for a small DC motor (Example 1.11), its

simplified transfer function model is obtained as

w(s) 5
Va(s) s4+10.25

The resulting motor time constant is 7,,, = 97.6 ms, which approximates
the slower time constant in the second-order model. Assuming a unit-step
input, the motor response is given as

5 ~0.488 0.488

“8) = 51095~ s 541025

By applying the inverse Laplace transform, the time-domain output is
given as (Figure 1.13(b))

w(t) = [0.488 — 0.488e 10251 u(t)

The motor response to unit-step input using the regular and simplified
model is plotted and compared in Figure 1.13.

1.2.2 Industrial Process Models

Industrial processes comprise procedures involving exchange of chemical,
electrical, or mechanical energy to aid in the manufacturing of industrial
products. Industrial process models are mathematical models used to describe
those processes.

An industrial process model, in its simplified form, can be represented by
a first-order ODE accompanied by a dead time, i.e., there is a finite time delay
between the application of the input and the appearance of the process output.

Let 7 represent the time constant associated with an industrial process,
Tq represent the dead time, and K represent the process DC gain; then,
the simplified industrial process dynamics are represented by the following
delay-differential equation:

TdL(t) +y(t) = Ku(t —tq).
dt

Application of the Laplace transform produces the following first-order-

plus-dead-time model of an industrial process:

KedeS
G(s) = .
(8) Ts+1
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The process parameters {K, 7, 74}, respectively, denote the process
gain, the process time constant, and the process dead time. These parameters
can be identified from the process response to a unit-step input.

We note that the process model involves a delay term represented by a
transendental function, e~ 74%. For analysis and controller design purposes,
this term is replaced by a suitable rational approximation. Typical approxi-
mations obtained from Taylor series expansion of the transcendental term are
given as

1 1

TdS ~
~ ’
eTds 1+ 71ys

e ¥ =1 —7y48,e”

e~ Tas/2 1 —7ys/2
emas/2 " 14 745/2

—TdS

The latter expression above is called the first-order Padé approximation
and is popular in industrial process control applications.

Example 1.13: A bioreactor model.

The process parameters of a stirred-tank bioreactor are given as

{K, 7, 74} = {20,0.5,1}. The transfer function model of the process is
formed as G(s) = 2357
By using a first-order Pade’ approximation, a rational transfer function
model of the industrial process with delay is obtained as: G(s) = %.
We note that the above model has nonminimum phase due to the extra
phase added by the right-half-plane zero in the numerator (see Chapter 2 for

a description of poles and zeros).

1.3 State Variable Models

State variable models are time-domain models that express system behavior
as time derivatives of a set of state variables. The state variables are often the
natural variables associated with the energy storage elements appearing the
system. The system order equals the number of such elements in the system.

In the case of electrical circuits, capacitor voltage and inductor currents
serve as natural state variables. In the case of mechanical systems modeled
with inertial elements, position and velocity of the inertial mass serve as
natural state variables. In thermal systems, heat flow is a natural state variable.
In hydraulic systems, the head (height of the liquid in the reservoir) is a
natural state variable.
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The state equations of the system model describe the time derivates of the
state variables. When the state equations are linear, they are expressed in a
vector-matrix form.

We note that the choice of state variables for a given system is not
unique. Hence, equivalent state variable models of a physical system can be
developed. All such models, however, share the same transfer function (see
Chapter 3 for further discussion).

Examples 1.14-1.17 below illustrate the development of state-variable
models in the case of the electrical, mechanical, and electromechanical
systems.

Example 1.14: Series RLC circuit.

The governing equation of a series RLC circuit driven by a constant
voltage source, Vg, with mesh current used as the circuit variable is given
as (Example 1.6):

di(t)
dt

The circuit contains two energy storage elements: an inductor and a
capacitor. Accordingly, let the inductor current, i(¢), and the capacitor volt-
age, v.(t), serve as state variables for the circuit. The state equations represent
time derivatives of the state variables, expressed as

dv, di

Cdt =1, L@:VS—UC—RZ.

We may note that the right-hand sides expressions in both equations
contain state and input variables. In vector-matrix form, these equations are

given as _
a5 =10 280 [+ L] v

Let v. denote the RLC circuit output; then, an output equation is

formed as )
ve=[1 0] “Z]

L

+m@+é/mw:m

Example 1.15: The mass—spring—damper system.
The dynamic equation of the mass—spring—damper system is given as

d?x(t) dz(t)
dt? o dt

+ k() = f(b).
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Let the mass position, x(t), and the mass velocity, v(t) = &(t) serve as
state variables, and let () be the output variable. The resulting state variable
model of the mass—spring—damper system is given in terms of the state and
output equations represented in matrix form as

2H-Loe ]
=0 0[]

Example 1.16: The DC motor model.

The dynamic equations for the DC motor are given as

Ldigit) + Rig(t) + kyw(t) = V().
dw(t) o
JT + bw(t) - k]ﬂa(t) = 0.

Let i,(t), w(t) serve as the state variables and let w(t) be the output
variable; then, the state variable model of the DC motor is given as

d lia| _ [-R/L —ky/L| |ia " 1/L v
dt |\w| | k/J —=b/J | |w 0 @
ia
w=1[0 1] [w]
Using the following parameter values for a small DC motor (Example

1.10: R = 1Q,L = 1 mH,J = 0.01 kgm? b = 0.1X2 &y = k;, = 0.05,
the state variable model of the motor is given as

d lig| [—100 =51 [ig 100
alo] =[5 ] o]+ [
j— ia
w = [0 1] [w]
Example 1.17: Bandpass RLC network.

We consider a bandpass RLC network (Example 1.10). The state vari-
ables for the network are selected as the capacitor voltage v¢ and inductor
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current 77 . The resulting state equations are given as

dve _Vs—vo o pdic_
d R L =gy — ¢

These equations are presented in the vector-matrix form as

dlv| | O 1/C | |ve 0
dt [z} - [—1/L —R/L] [z Tl Ve
The output of the network is the capacitor voltage vc. Hence, the output
equation is given as
Ve = [1 O] [UZC]

In state variable models, the choice of state variables affects the structure
of the state variable representation for a given system. The choice itself
is nonunique, so combinations of natural variables may also serve as state
variables as long as the total number of variables stays the same. For example,
we may use position and momentum in place of position and velocity as
state variables in a mechanical system model (see Chapter 3 for further
discussion).

C

1.4 Linearization of Nonlinear Models

In systems analysis, we come across both linear and nonlinear models of
physical systems. The behavior of most physical systems is, in general,
nonlinear, where the linear behavior can only be assumed for a limited range
of operating conditions.

For example, the Ohm’s law and the Hooke’s law describe the linear
behavior of a resistor and a mechanical spring. However, when consid-
ered over large dynamic input ranges, both components display nonlinear
behavior.

The concept of linearity can be explained by expressing the system
behavior as a mathematical function: y = f(x). Let the input comprise a
weighted sum of two components as * = ax] + Sx2; then, a linear system
model obeys the law of superposition:

flawy + Bry) = af (1) + B (x2).

Graphically, the input—output plot for a linear system is a straight line
passing through the origin. The plot for nonlinear system may take any other
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shape and form. If the input—output behavior is a straight line that does not
pass through origin, a simple change of variables can be employed to include
the origin in the input—output graph.

In the case of general nonlinear systems, the linear behavior at a given
operating point, x = x, maybe approximated by plotting a tangent line to
the graph of f(x) at that point. In the following, we generalize this notion to
the models of dynamic systems.

1.4.1 Linearization About an Operating Point

Some physical system models are inherently nonlinear; an example is a
simple pendulum model described by the dynamic equation:

mi?0(t) +mgl sinf(t) = T(t),

where 60(t) is the pendulum angle, 7°(t) is the applied torque; m, [ represent
the mass and the length of the pendulum respectively, and g is the gravita-
tional constant. Using (0, w) as state variables, the nonlinear pendulum model
is expressed in state variable form as

% (3) - _{;ne " (T(()t)) '

As the Laplace transform is only applicable to linear models, in order to
obtain a transfer function description, the nonlinear model of the pendulum
first needs to be linearized.

Linearization of a nonlinear model involves first-order Taylor series
expansion of the nonlinear function about a designated equilibrium point, i.e.,
the point where the time derivative is zero. The state variables for the linear
model are selected as deviations relative to the equilibrium point.

Two equilibrium points are identified in the case of a simple pendulum:
f. = 0°,180°. The linearized model of the pendulum involves first-order par-
tial derivatives, expressed as a Jacobian matrix (a matrix of partial derivatives
of a vector function with respect to a variable vector).

The Jacobian matrix for the simple pendulum is expressed as

Ox —%cos@ 0
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To formulate a linear model, the Jacobian is computed at a given equi-
librium point. The linearized models, defined at the two equilibrium points:
f. = 0°, 180°, are given as

b= jtm_ -7 0 [z%m "
&wmiv]gé[ﬂ+mﬂw

The output equation in both cases is given as (t) = [1 0] [ﬂ .

Example 1.18: A car driven under cruise control.

We consider a small car driven under normal conditions in cruise control.
A block diagram of the cruise control system appears below (Figure 1.14).

The forces acting on the car include its weight, driving force generated by
the engine torque, acrodynamic drag, and tire rolling friction.

We assume that the car weighs 1440 kg and is driven at 20 m/s (about
45 mph). The car experiences an aerodynamic drag force: Fy = % pv?Acy.
Assuming p = 1.2 kg/m? (for air), A = 4 m?, and ¢; = .25, results in a
nonlinear drag force: Fyy = 0.6v2N.

We assume that the tires generate a friction force: F;. = 0.015W, where
W is the weight of the car. For m = 1440 kg and ¢ = 9.8 m/s?, we obtain
F, =212N.

Let T, = rF, denote the engine torque, where F, denotes the force output
and r is the wheel radius; then, the dynamic equation of the car driven in
cruise control is given as:

dv
T.)r — Fr — Fg=m—.
dt
road
disturbance
cruise car
reference exuibvel dynamics car
speed error speed

@—»?—» c ¢ P (1)

Figure 1.14 A block diagram of the car cruise control system.
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Substituting the parameter values including » = 0.33 m, we obtain:
dv
dt

We note that the above model is nonlinear. Next, we use first-order Taylor
series expansion to obtain a linear approximation of the nonlinear term around
our cruising speed (20 m/s). Thus,

F; = Fd(QO) + Fc/l’v:QO(v — 20)

m— + 0.6v2 = 3T, — 212.

Let 0F; = Fy—20, v = v — 20, denote changes relative to the operating
point; then, we have: § Fy; = 246v. Further, let 67, denote the change in the
engine torque relative to the cruise conditions; then, the linearized model for
the cruise control of a car traveling at 20 m/s is given as:

1440% + 246v = 367T,.

1.4.2 Linearization of a General Nonlinear Model

We assume that the nonlinear state variable model of a single-input single-
output (SISO) system is described by the following state and output
equations:

X(t) = f(x, u)
y(t) = g(x,u),

In the above, x is a vector of state variables, w is a scalar input variable,
y is a scalar output variable, f is a vector function of the state and input
variables, and g is a scalar function of those variables. Then, the linear
state-space model is developed as follows.

Assume that a stationary point for the model is defined by: f (X, ue) = 0.
Next, express the deviations from the stationary point as: X(t) = X.(t) +
0x(t);u(t) = ue(t) + du(t). Then, using 0x, du as the new state and input
variables, the linearized model is expressed as

Ox(t) = [0i/ ;]| (x, o) OX(t) + [0.fi/ Oul (5, uoyult)

y(t) = [09/ 01| (xe ue) 0% () + [09/ 0| x, ue)dult),

where [0 f; /Ox;] is a Jacobian matrix of partial derivatives; [0 f;/0ul, [0g/0x;]
are vectors of partial derivatives, and [0g/0u] is a scalar partial derivative,
where all derivatives are computed at the stationary point.
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The linearized model is expressed in its familiar vector-matrix form as
ox(t) = AOx(t) + bu(t)
y(t) = cTox(t) + dou(t).

In the above description, A represents an n X n system matrix, b is a
n x 1 column vector of input distributions, ¢T is a 1 x n row vector of output
contributions, and d is a scalar feed through term.

Finally, the above linearization process described for a SISO system can
be generalized in the case of MIMO systems (see book references).
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Skill Assessment Questions

Link to the answers:
http://www.riverpublishers.com/book_details.php?book_id=449

1.

Consider the first-order model of room heating, where the following
parameter values are assumed: C), = 100[%], R, = 0.2 [%],Qa =
13°C; assume that a 23°C room temperature is desired.

(a) Formulate the room heating problem and compute the heat flow
required to raise the room temperature by 10°C.
(b) Solve and sketch the room temperature 6(t) for a step change in the

heat flow.
. Consider a cylindrical hydraulic reservoir with a flow valve at the bottom
with the following parameter values: A = 1m?,p = 1 [%3], R, =
50[%?]. Assume an input fluid flow of ¢;, = 0.2%3, and let g = 10%3.

(a) Formulate the fluid flow problem.

(b) Assuming that the reservoir was initially empty, solve for the steady-
state height of the fluid in the reservoir.

(c) Compute and sketch the height of the fluid h(¢).

. Consider a series RLC circuit driven by a voltage source with capacitor

voltage as the output variable.

(a) Obtain a differential equation model for the circuit.

(b) Obtain the input—output transfer function from the circuit model.

(c) Define inductor current and capacitor voltage as state variables, and
obtain a state variable description of the circuit model.

Consider a parallel RLC circuit driven by a current source with capacitor
voltage as the output variable:

(a) Obtain a differential equation model for the circuit.

(b) Obtain the input—output transfer function from the circuit model.

(c) Define inductor current and capacitor voltage as state variables, and
obtain a state variable description of the circuit model.

. Consider the model of a small DC motor, where the following parameter

values are assumed: R = 1 , L = 10 mH, J = 0.01 kgm?, b = 0.1
NSk = ky = 0.02.

rad’

(a) Obtain the differential equations for the DC motor.
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(b) Obtain the motor transfer functions with angular velocity and
displacement as outputs.

(c) Obtain a state variable model of the motor with {i,,w, 0} as state
variables.

6. Consider the resonator circuit for a bandpass filter (Figure 1.11). Assume
the following parameter values: R = 1K, L = 10 mH, C = 1uF; also,
assume a unit-step input V. Compute and sketch the output v (t).

7. Human postural dynamics in the sagittal plane are modeled as a rigid
inverted pendulum described by

(I +mi*)0 —mglsin(@) =T

where m is the mass of the body, [ is the vertical position of the center

of mass, ¢ is the gravitational constant, # is the angular displacement

of the body from the vertical, and 7' is stabilizing torque applied at the

ankles. Assume the following parameter values: m = 85 kg, [ = 1 m,

I =15kgm? g= 9.8 m/s>

(a) Linearize the model about the vertical (§ = 0 = 0).

(b) Obtain the transfer function from ankle torque input to angular
displacement output. '

(c) Obtain a state variable description of postural dynamics with {6, 0}
selected as state variables.

8. The nonlinear model of an inverted pendulum over moving cart is
described by the following equations:

(M +m)ij 4+ mlf cos® —mlh?sinf = f
ml cos @ § +mi%0 — mglsinf = 0

where m, [, 0 represent the mass, heigh, and angular position of the
pendulum; and, M, y represent the mass and position of the cart.

(a) Define state variables for the model and express the nonlinear model
in the standard form: x(t) = f(x,u), y = g(x), where x = [y, 7,
0,0;u=f. ‘

(b) Linearize the model about the equilibrium point: ., = 0,0 = 0,
y=0,y=0.
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Analysis of Transfer Function Models

Learning Objectives

1. Characterize a transfer function model by its natural response modes.

2. Determine the system response to step, impulse, and sinusoidal inputs.

3. Characterize the bounded-input bounded-output (BIBO) stability of the
transfer function model.

4. Use Bode plot to visualize the frequency response of the system.

This chapter introduces analytical methods commonly applied toward the
study, analysis, and design of transfer function models of physical systems.
The transfer function characterizes the input—output behavior of a physical
system and is obtained by the application of Laplace transform to the linear
differential equation model of the system. The resulting transfer function,
G(s), is a rational function of a complex frequency variable, s. Further,
given an input u(s), the response of the system can be computed as: y(s) =
G(s)u(s).

The poles and zeros of the transfer function reveal important character-
istics of the system response. The poles of the transfer function are roots of
the denominator polynomial that determine the natural response modes of
the system. These modes appear in the output whenever a system is excited
through the application of input or through nonzero initial conditions.

A system may be characterized by its response to prototype inputs, such
as unit-impulse and unit-step inputs. The system impulse response, that is,
its response to a unit-impulse input with zero initial conditions, contains
the natural modes of system response. The system step response, that is, its
response to a unit-step input, comprises transient and steady-state compo-
nents. The transient component contains natural modes of system response
and usually dies out with time. The steady-state component persists and
typically follows the forcing function.

Stability is a desired characteristic of the system. It refers to the system
being well behaved and its output being predictable under various operating
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32 Analysis of Transfer Function Models

conditions. The stability manifests through the transitory nature of the natural
modes of system response, which die out with time in the case of stable
systems.

The bounded-input bounded-output (BIBO) stability refers to the system
response staying finite to every finite input. The BIBO stability requires that
the poles of the system transfer function are located in the open left half of
the complex s-plane.

The frequency response function, obtained by substituting s = jw in the
transfer function, characterizes the frequency response of the system, that
is, its sinusoidal inputs. The response in the steady-state, that is, after the
transient response has died out, is a sinusoid at the input frequency. Further,
the magnitude of the system response is scaled by the gain of the system at
the input frequency, and the output phase contains a component contributed
by the system transfer function.

The frequency response of a system can be graphically visualized in
various ways. We discuss the Bode plot representation in this chapter; other
ways to visualize the frequency response are discussed in Chapter 9.

2.1 Characterization of Transfer Function Models

The transfer function, G(s), of a system is a rational function in the Laplace
transform variable, s. The transfer function relates the system response,
y(s), to an input, u(s), that is, y(s) = G(s)u(s). The transfer function is
expressed as the ratio of the numerator and the denominator polynomials,

that is, G(s) = Zg;

The main characteristics of transfer function models are discussed below.

2.1.1 System Poles and Zeros

Given a transfer function, G(s), the roots of the numerator polynomial, that
is, those frequencies at which the system response goes to zero, are called
system zeros. Thus, 2 is a zero of the transfer function if G(zg) = 0.

The roots of the denominator polynomial define the system poles, that is,
those frequencies at which the system response becomes infinite. Thus, pg is
a pole of the transfer function if G(py) = oo. The characteristic equation of
the system is defined as: d(s) = 0.

The poles and zeros of the first- and second-order system models are
characterized below.

First-Order System. A first-order system is typically described by the trans-
fer function: G(s) = - SI_(H ; it has no finite zeros and one real pole at s = — %,

where T represents the time constant of the system.
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Second-Order System with a Pole at the Origin. A second-order system
with a pole at the origin is typically described by the transfer function:

G(s) = ﬁ, where 7 denotes the time constant. The system has no finite
zeros and two poles at s = 0 and s = —%.

Second-Order System with Real Poles. The second-order system model of a

DC motor is given as: G(s) = WI((S-H/T); this transfer function has no

finite zeros and two real poles at s; = —i and so = —i , where 7. and 7,
represent, respectively, the electrical and mechamcal tlme constants.

Second-Order System with Complex Poles. The second-order system
model of a spring—mass—damper system has the transfer function: G(s) =
m. The characteristi'c equation is given as: ms® + bs + k = 'O. This
transfer function has no finite zeros and two poles that are characterized by
the discriminant, A = b? — 4 mk. Specifically,

e For A > 0, the system has real poles, given as: sj2 = —5-

2m
b k
/() =

e For A < 0, the system has complex poles, given as: s12 = —5-

5/ 3 ()

2m

e For A = 0, the system has two real and equal poles, given as: 512 =
b
L.

The transfer function of a second-order system with a pair of complex
poles may be represented as:

K
G(s)= ——5—5"
(s4+0)2+ w3
The transfer function poles are located at: s12 = —o + jwg, where o

represents the real part of the pole, and wy refers to the damped natural
frequency of the system, that is, the frequency of oscillation of the output
response.
Equivalently, a second-order transfer function with complex poles is
expressed as:
K

s2 + 2Cwps + w2’

G(s) =

where w,, refers to the natural frequency of the system and ¢ is the damping
ratio. The transfer function poles are located at: 512 = —Cwy, jwpy/1 — ¢ 2,
By comparing the two expressions for the transfer function with complex

poles, we observe the following equivalence: o = Cw,, and o2 + wg = w2.
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Figure 2.1 Second-order transfer function pole locations in the complex plane.

Further, w,, equals the magnitude of the complex poles, and { = ﬁ =
cos @, where 0 is the angle subtended by the complex poles at the origin

(Figure 2.1).

The Damping Ratio. The damping ratio, (, is a dimensionless quantity that
characterizes the decay of the oscillations in the system’s natural response.
The damping ratio is bounded as: 0 < ¢ < 1.

e As ¢ — 0, the system poles are located close to the imaginary axis, and
hence, oscillations in system’s natural response persist for a long time,
with wg = wy,.

e As ¢ — 1, the complex poles approach the real axis as 512 = —(Cwpy;
the high damping in the system eliminates oscillations in its natural
response, so wy — 0. In the limiting case of { = 1, we have the two
poles co-located at: 519 = —Cwp.

2.1.2 System Natural Response

The poles of the system transfer function characterize the natural modes of
system response. If p; is a pole of the system transfer function, G(s), then the
corresponding natural response mode is described as {ePi'}.

The system transfer function may have real or complex poles. The real
poles, denoted by p; = —o, contribute terms of the form e~ to the response.
The complex poles, denoted by p; = —o =+ jw, contribute oscillatory terms
of the form e~?%e/*! to the natural response.
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The natural response of a system comprises a weighted sum of the natural
modes of system response. The natural response modes are of transitory
nature in the case of stable systems, that is, systems whose poles are located
in the open left half of the complex plane, so that the natural response of the
system dies out with time.

The natural modes of system response for the first- and second-order
systems are described as follows:

First-Order System. The natural response of the first-order system has a
single mode: {e‘t/ ™}, which is characterized by the time constant, 7. Hence,
the natural response is of the form:

yn(t) = Cre™T,

where the arbitrary constant C'; is determined by the initial conditions.

Second-Order System with a Pole at the Origin. The natural response
of the second-order system with poles {0, —1/7} has two modes, given as:
{1, et/ "}. Hence, the natural response is of the form:

yn(t) = C1 + Coe /7,

where 7 represents system time constant and coefficients C; and Cy are
determined by the initial conditions.

Second-Order System with Real Poles. The natural response of the second-
order system with real and distinct poles, s1 2 = —o1, —02, has two modes,
given as: {91!, e~92'}, Hence, the natural response is represented as:

yn(t) = Cre™ 71" + Coe™ 2",

Second-Order System with Complex Poles. The response of the second-
order system with complex poles, s1 2 = —o £ jw, has two modes, given as:
{e(=o+w)Y: an equivalent characterization of the natural response modes
in this case is: {e7 7" coswt,e 7" sinwt}. Hence, the natural response is
given as:

yn(t) = (Cy coswt + Cy sinwt)e 7",

By using a trigonometric identity, we can alternately express the natural
response as:
yn(t) = Ce™" sin(wt + ¢),

where C' = /C? + C3% and tan ¢ = Cy/Cs.
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System Time Constant. A finite system pole p; contributes a mode {ePi’}
to the natural response of the system. The time constant associated with this
mode is given as: T = }%, which describes the rate of decay of the natural

response mode: {ePit}.

Specifically, the time constant describes the time when, starting from
unity, the natural response decays to e~ 22 0.37, or 37% of its initial value.
The effective time constant of a second-order system with complex poles is
given as: T = % = @%n

The oscillatory natural response of a system with complex poles is
contained in the envelope defined by: e ~¢“n?,

2.2 System Response to Inputs

In this section, we consider the system response to prototype inputs that
include a unit impulse function, d(¢), and the unit step function, u(¢). System
response to sinusoidal inputs is considered later in Section 2.4.

2.2.1 The Impulse Response

The impulse response of a system is defined as its response to a unit-impulse
input, 6(¢). The impulse response exhibits inherent system properties, that is,
those described by its natural response modes, and is used to characterize the
system.

Assume that a dynamic system is described by its transfer function: G(s);
then, its response to an input, u(t), is defined as: y(s) = G(s)u(s).

In the case of a unit impulse input, u(s) = 1; hence, the impulse response
is given as: y(s) = G(s). The impulse response in the time-domain is
computed as: g(t) = L7[G(s)].

To explore further, we assume that system is described by a transfer
function, represented as:

n(s)
I )
where n(s) is the numerator polynomial, and p;, ¢ = 1,...n, are system
poles that may include a single pole at the origin. For simplicity, we assume
that the poles, p;, are real and distinct. Then, using partial fraction expansion
(PFE) with arbitrary constants, the impulse response is given as:

yimp(s) = Z

P S —DPi
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Following the application of inverse Laplace transform, the impulse
response of the system is computed as:

n
yimp<t> - Z Aiepit
7

We note that the impulse response is a weighted sum of the natural modes
of system response. The impulse response dies out with time if the real parts
of the poles obey: Re(p;) < 0.

For systems with a simple pole at the origin, the impulse response
approaches a constant value of unity in the steady-state. We may note that
a pole at the origin represents an integrator and the integral of an impulse
function is unity.

In particular, the impulse response of the first- and second-order systems
is described below.

First-Order System. For a first-order system, let G(s) = %H; then, the
impulse response is computed as:

g(t) = Ae™"Tu(t),

where A = % The u(t) in the above expression represents the unit-step
function, used here to indicate that the expression for g(¢) is valid for ¢ > 0.

Second-Order System with a Pole at the Origin. For a second-order system

with a pole at the origin, let: G(s) = S(?IH); then, using the PFE, G(s) =
% + 577 - After applying the inverse Laplace transform, the impulse response

of the system is obtained as:

g(t) = (1= e Mud).

Second-Order System with Real Poles. For a second-order system with real

poles, let G(s) = m; then, using PFE followed by the inverse Laplace

transform, the impulse response of the system is obtained as the following
1

expression, where A = =

g(t) = Ale™ — e ") u(t),

Second-Order System with Complex Poles. For a second-order system with

_ K il ‘< o )
complex poles, let G(s) = 5042’ its impulse response is given as:

g(t) = Ae™" sin(wgt)u(t),
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_ K : : Ks _
where A = o Alternatively, the impulse response of o) T
(s+U) +w3 g

g(t) = Ke 7" <COS wat + 7 sin wdt> u(t)
Wd

Finally, a higher order system with dominant complex poles can be
approximated and analyzed in terms of a typical second-order system.

Example 2.1: Unit-impulse response of first and second-order systems.

We compare the impulse response in the case of following transfer
function models:

Gl(s) = S+17G2( ) - 5(511)7G3(5) = vaﬁl(s) = m

The impulse response in each case is plotted in MATLAB using
the “impulse” command from the MATLAB Control Systems Toolbox
(Figure 2.1). The MATLAB script is given below:

s=tf('s');

Gl=1/ (s+1);
G2=1/(s=*(s+tl));
G3=1/((s+1)*(s+2));

G4=1/ (s"24+2*s+2);

subplot (2,2,1), impulse (Gl
subplot (2,2,2), impulse (G2
subplot (2,2,3), impulse(G3
subplot (2,2,4), impulse (G4

o

declare Laplace variable
first-order transfer function

oo

o

274 order TF, pole at the origin
2" order TF, real poles

o°  oP

2" order TF, complex poles

o

),grid % plot impulse response
) ,grid % plot impulse response
),grid % plot impulse response
) ,grid % plot impulse response
We make the following observations based on Figure 2.2:

1. The impulse response of a first-order system starts from unity. In con-
trast, the impulse response of a second-order system starts from zero.

2. The impulse response of a system model with poles in the open left-half
plane, that is, with Re[p;] < 0, approaches zero in the steady-state.

3. The impulse response of a system model with a pole at the origin
approaches unity in the steady-state.

2.2.2 The Step Response

The step response of a system is defined as its response to a unit step input
u(t). Besides the system’s natural response modes, the unit step response
contains a constant term that emulates the forcing function, that is, the unit
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Figure 2.2 Impulse response of a transfer function model: (a) first-order system; (b) second-
order system with a pole at the origin; (c) second-order system with real poles; and (d) second-
order system with complex poles.

step. System step response is often used to characterize the dynamic stability
of the system model.

Let G(s) describe the system transfer function; then, the unit-step
response is given as: y(s) = G(s)%. The corresponding time-domain

response is given as: y(t) = £_1[%S)].

The unit-step response of a system with zero initial conditions starts from
zero, that is, y(0) = 0. The response settles down to a steady-state value
Yoo = limy—yo0 y(t), which may be determined from the application of the

final value theorem as: Yoo = G(5)],_-
The unit step response in the case of the first- and second-order systems

is described below.

First-Order System. For a first-order system, let G(s) = TsKﬁ? then, its unit

step response is computed as: y(s) = ﬁ = % — =7 For zero initial
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conditions, the time-domain response is given as:
y(t) = K(1— e "Mu(t).

For arbitrary initial conditions, y(0) = yo, the step response of a first-
order system is given as:

Y(t) = Yoo + (Y0 — Yoo)e /T, >0

where 1., represents the unit step response in the steady-state.

Second-Order System with a Pole at the Origin. For a second-order system

with a pole at the origin, let: G(s) = S(TKH); the step response is given as:
y(s) = ﬁ Using the PFE, we have: y(s) = K(% — Z + T;Zrl); hence,

g(t) = K(t = 7(1— e "M)u(t).
We may note that as ¢ — oo, the response grows out of bound.

Second-Order System with Real Poles. For a second-order system with real

poles, let G(s) = W, T1 > To; then, the step response is computed
as:
() K A 4 B . C
S) = - — s
y s(tis 4+ 1)(12s + 1) s Tis+1 ms+1
2 2
where A = K, B = —Ti(_T%, = Tf_Til. Hence,

y(t) = (A + Be U™ 4 Ce™t/m)u(t).

Second-Order System with Complex Poles. For a second-order system

with complex poles, let G(s) = M@% Then, the unit-step response is
Bs+C ¢
(s+0)2+w?’

B=—-A,C = —-2A0. Hence,

computed as: y(s) = é +
whereA:ﬁ,
K o

t)= ———5 |1 —e 7 [ cos wat + — sin wqt | | u(t).

0 = o 1= (con wat + Zsin cut )|ty

Alternatively, we can use the phase form to express the unit step
response as:

y(t) = m[l — ¢ 7 cos(wat — @)Ju(t), ¢ =tan""' wid.
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Example 2.2: A small DC motor.

We consider the model of a small DC motor with the following parameter
values: R=1Q, L=10mH, J =0.0l kg —m* b= 0.1 25 k =k, =
0.05; the DC motor input—output transfer function from armature voltage to
motor speed is given as: G(s) = W.

The step response of the DC motor is computed as:

y(t) = (0.49 — 0.54e 103t 0-056_99‘7t)u(t)

The DC motor electrical and mechanical time constants are: 7. =
0.01 s and 7, = 0.1 s. Of these, the slower mechanical time constant
dominates motor step response (Figure 2.3(a)).

In MATLAB (Control Systems Toolbox), the step response of the DC
motor is plotted by using the following commands:

s=tf('s'); % declare Laplace variable
G=500/(s"2+110*s+1025); % DC motor transfer function
step(G), grid % plot step response

Example 2.3: The mass—spring—damper system.

We consider the example of a mass—spring—damper system with the
following parameter values: m = 1 kg, b = 2%, k= 5%. The resulting
system transfer function is given as:

1 _ 1 :
o P Sl P with complex
poles located at: s = —1 + 52.
: : . _ 171 +2 7.
The unit-step response is computed as: y(s) = & [g — m] ; then, by
applying the inverse Laplace transform, we obtain the expression for system

step response:

y(t) = % {1 Cet <cos(2t) + ;sin(Qt))] u(t)

We observe that the step response of the system with complex poles is
oscillatory (Figure 2.3(b)).

In MATLAB (Control Systems Toolbox), the step response of mass—
spring—damper system is plotted by using the following commands:
s=tf('s'); % Laplace variable

G=1/(s8"2+2%s+5); % Mass-spring-damper system
step(G), grid % plot step response
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Figure 2.3 Step response of second-order systems: (a) DC motor model with real poles;
(b) mass—spring—damper system with complex poles.
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Systems with Deadtime. Models of industrial processes normally include a
deadtime. The response of such systems starts after a delay, as illustrated in
the following example.

Example 2.4: An industrial process model.

The simplified model of a stirred-tank bioreactor is given as: G(s) =
20e”*
0.55+1"

20e”*
5(0.55+1)

The step response of the bioreactor model is computed as: y(s) =

; hence,

y(t) = 20(1 — e 2Dyt — 1).

We may use the first-order Pade’ approximation to obtain an approximate
rational transfer function model as: G4(s) = %. The step response of

the approximate bioreactor model, G,(s), is computed as: y(s) = %;

hence,
y(t) = 20(1 — (1 — 4t)e2H)u(t).

The two responses are compared below (Figure 2.4). The step response
for the system with delay starts after the designated delay. The step response

Step Response
20 : ‘

Input delay
Pade approximation

15

-
o

Amplitude

5 L L L . I . I .
0 0.5 1 1.5 2 2.5 3 3.5 - 4.5

Time (seconds)

Figure 2.4 Step response of an industrial process model with deadtime.
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using Pade’ approximation starts with an undershoot due to the presence of
right-half-plane zero in the transfer function.

In the MATLAB (Control Systems Toolbox), the step responses are
obtained by using the following commands:

s=tf('s’); % declare Laplace variable
G=20/(.5*s+1); % define process model

Ga=G* (1-.5%s)/ (1+.5%s); % Pade' approx of delay
G.IODelay=1; % define process deadtime
step (G,Ga), grid % plot step response

legend ('Input delay', 'Pade approximation') % figure legend

We make the following observations based on Figure 2.4:

1. The step response of the process with deadtime starts after 1 s delay (as
expected).

2. The step response of Pade’ approximation of delay has an undershoot.
This behavior is characteristic of transfer function models with zeros
located in the right-half plane.

2.2.3 Characterizing the System Transient Response

The system response to an input in general, and unit-step input in particular,
comprises two distinct components, a transient component that dies out with
time and a steady-state component that persists, that is, y(t) = y, () +yss(t).

The transient response component arises from the excitation of the nat-
ural response modes of the system; the steady-state response component
arises solely because of the input and follows the input, that is, the forcing
function.

The transient and steady-state components of system response for the
first- and second-order systems are identified as follows:

e For a first-order system, ,.(t) = Be ™"/ 7u(t), and y4,(t) = A.

e For a second-order system with real poles, such as a DC motor, we have:
yer(t) = (Be™"/™  Cem M7 )u(t) and yos(t) = A.

e For a second-order system with complex poles, for example, a
spring-mass—damper system, we have: y4(t) = (Bcoswgt +
Csinwgt)e tu(t) and yss(t) = A.

We note from the above first- and second-order system examples that the
steady-state component of the step response is a constant, given as: yss(t) =
A, where A = G(s)|s=0.

Since the transient component of the step response of a stable system dies
out with time, we may only be interested in its qualitative aspects. These are
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conveniently described using a proto-type second-order system with complex
poles, as described below.

Transient Response Quality Metrics. The qualitative indicators of the unit-
step response of a system with complex dominant poles and with zero initial
conditions include the following:

1. The rise time (¢,.), that is, time when the unit-step response first reaches
unity,
2. The peak time (%,), that is, when the unit-step response attains a peak
value,
. The response peak, M,,, and percentage overshoot (%0S),
4. The settling time (¢;), that is, the time when the response reaches and
stays within 2% (alternately, 1%) of its steady-state value.

(98]

The above characteristics are conveniently illustrated by considering a
prototype second-order system described by the transfer function:

w? w?

G(s) = n _ n
() 82+ 2Cwns + Wi (s + Cwn)? + w3

where w,, is the natural frequency of the system, that is, the frequency of
oscillations in the absence of any damping; ( is the damping ratio, and,
wg = wpy/1— (2 is the damped natural frequency, that is, the frequency
of oscillations in the actual system response.

The complex poles for the prototype system are located at: s = —(wy,
+ jwg. The impulse response of the prototype second-order system is

given as:
w2
Yimp (1) = —"e_gw”tsin(wdt) u(t)
W

The step response of the prototype system is given as:

o) = [ 1= =6 (costat) + sinean) )| o

Wd
The step response is alternatively expressed in amplitude-phase form as:
e—Cw,Lt

i@

, and ¢ is the angle subtended to be the complex pole

Ystep(t) = [1 — sin(wgt — qﬁ)] u(t)

(2
where tan ¢ = 1=¢

in the s-plane.
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Table 2.1 Quality metrics used to measure second-order system response

Quality Indicator Expression
— 1— (2
Rise time tr = T ¢, ¢ =tan"! 7\/7
¥ ¢
Peak time tp = =
Wwd
Peak overshoot M, = 100e™“n* (%)
o ~ 4
Settling time ts = Cwn  Felpi]

The rise time, ., when the step response has an overshoot is indicated
when the step response first reaches unity, that is, when sin (wqt, — ¢) = 0,
so that wgt, — ¢ = m; hence, the rise time is given as: t, = Ww;d

We note that ¢, is a function of (. Specifically, ¢, reduces to t, = 22(1 as
¢ — O and i 1ncreases tot, = on as ¢ — 1. Hence, the rise time is bounded
as: .- <tp < -

The peak tlme is indicated when the time derivative of the step response,
or equivalently, when the impulse response approaches zero. The latter
implies that sin(watp) = 0; hence, t, = 7.

The peak overshoot in the step response is given as: My, = ysiep(ty) =
1 + e~S“nlr; the percentage overshoot is given as: %0.S = 100e~“ntr (%).

The effective time constant of the prototype system response is given as:
T = C . The response reaches and stays within 2% of its final value in
about 47, and within 1% of its final value in 4.67; the settling time is given
asty = <4 (ortg = 446 when using 1% threshold).

Table 2.1 shows the qualitative indicators of the unit-step response in the

case of prototype second order system.
Example 2.5: Prototype second-order system.

For a prototype second-order system, let G(s) = m Then, the

system poles are located at: p1 o = —2+52.45, withw,, = v/10and ¢ = \/—TO.
The step response of the system (Figure 2.5) displays a peak time of

1.29 s, a peak overshoot of 8%, and a settling time of 1.9 s (2% threshold).

2.2.4 System Stability

Stability is a desired characteristic of any dynamic system. Stability, in
general terms, refers to the system being well behaved and in control under
various operating conditions.
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Figure 2.5 System step response with quality metrics.

Stability of a physical system is related to energy dissipation in the
system. Stability is guaranteed in the case of systems built with passive com-
ponents that either store or dissipate energy. Energy dissipation occurs due
to friction, electrical resistance, thermal resistance, etc. Asymptotic stability
implies that the residual energy in a system decays to zero over time.

Stability may be categorized in multiple ways, some of which are
discussed below.

Bounded-Input Bounded-Output Stability. A popular stability measure
in the case of transfer function models is that of bounded-input bounded-
output (BIBO) stability, which implies that for every bounded input,
u(t): |u(t)] < My < oo, the output of the system stays bounded, that is,
y(t): ly(t)] < My < .

The output of a linear time- invariant (LTT) system is given by the con-
volution integral: y(¢ fo (t — 7)u(T)dT, where g(t) denotes the impulse
response Thus, a necessary and sufficient condition for BIBO stability is that:
Jo" 1g(t)]dt < oo, which requires that: limy oo Y (t) = 0.

The transient response of a linear system depends on its transfer function
pole locations. In particular, y;, (t) = Y i | A;ePi’, where p; is a pole of the
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transfer function. Hence, the requirement for BIBO stability requires that:
Re[p;] < 0.

We note that in the case of physical systems modeled with passive
components, the transfer function commonly includes a damping term due
to, that is, resistance in electrical systems or friction in mechanical systems.
Hence, the condition Re[p;] < 0 is duly satisfied.

A system model whose transfer functions have simple poles located on
the stability boundary, that is, the imaginary axis, is termed as marginally
stable. The impulse response of such systems does not go to zero, but stays
bounded in the steady-state.

For example, a simple harmonic oscillator described by the ODE: ¢ +
w2y = 0, where w,, represents the natural frequency, and the system has no
damping. The oscillator transfer function is given as: G(s) = ﬁ, which
includes simple poles (p;2 = =jwy) on the jw-axis. Hence, its impulse
response persists in the form of oscillations at the natural frequency.

As another example of a marginally stable system, we consider a second-
order system with a pole at the origin, described by: G(s) = ﬁ
The impulse response of this system asymptotically approaches unity in the
steady-state.

Internal Stability. The notion of internal stability is applicable to models of
feedback control systems and requires that all signals within the closed-loop
system remain bounded for all bounded inputs. This, in turn, implies that all
relevant transfer functions between each individual input—output pair in the
feedback control system are stable.

The internal stability requirements are met if the closed-loop characteris-
tic polynomial (Chapter 4) is stable and there are no right-half plane pole-zero
cancellations among the concatenated system transfer functions.

For general interconnected systems, the internal stability requires that the
feedback loop has a net gain that is smaller than unity at all frequencies.
In studies on robust control systems, this requirement has been formulated as
the small gain theorem (see references).

Stability of the Equilibrium Point. For a general nonlinear system model,
z(t) = f(x,u), stability refers to the stablity of equilibrium point defined
by: f(xe,ue) = 0. In particular, the equilibium point is said to be stable if a
system trajectory x(t) that starts in the vicinity of z. stays close to x.. The
equilibrium point is said to be asymptotically stable if a system trajectory
x(t) that starts in the vicinity of . converges to ..
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Although linear methods of stability analysis may be extended to the
nonlinear systems under the small signal approximation, in more rigorous
terms, the nonlinear system stability is analyzed through the use of Lyapunov
methods (see references).

2.3 Sinusoidal Response of a System

The sinusoidal response of a system refers to its response to a sinusoidal input
of the form: u(t) = cos wot or u(t) = sin wot.

To characterize the sinusoidal response of the system, let the system
model be given as: G(s). We assume a complex exponential input of the
form: u(t) = €/ and u(s) = 8—;w0; then, the system output is given as:

— GO
y(s) - s—jwo N

Let p;,i = 1,...n, denote the poles of the transfer function, G(s); then,
using PFE,. the sys.tem response is given as: y(s) = 57w +> 0 .

Following the inverses Laplace transform, the time response of the system
is given as: y(t) = Age/t + 1| AjePit.

To proceed further, we assume that the system is BIBO stable, that is,
Re[p;] < 0, so that the transient response component dies out with time.

Then, the steady-state response is given as:
Ao

Yss(s) = P yss(t) = Age?™,  where Ay = G(jwo).

Frequency Response Function. The frequency response function of a sys-
tem with transfer function G(s) is defined as: G(jw) = G(s)|s=jw- The
frequency response function is a complex function of a real frequency vari-
able w; hence, it is described in the magnitude-phase form as: G(jw) =
|G (jw)|e“F0).

Further, When computed at a given input frequency, w = wy, the fre-
quency response function, G (jwy), represents a complex number. Hence, the
steady-state response to a complex sinusoid u(t) = e/“0! is given in terms of
magnitude and phase as:

yss(t) = G(jwo)e/0" = |G(jwo)|e” GV ednt

By Euler’s identity, we have: e/“°! = cos(wot) + j sin(wot), that is, the
sinusoidal input can be separated into two orthogonal components; therefore,
the steady-state response to u(t) = cos wot is given as:

Yss(t) = |G(Jwo)| cos(wot + LG (jwp))
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Similarly, the steady-state response to u(t) = sinwyt is given as:
Yss(t) = |G (jwo)| sin(wot + £G(jwo))

Thus, in the case of stable linear systems, the steady-state response to
sinusoid of a certain frequency is a sinusoid at the same frequency scaled
by the magnitude of the frequency response function and includes the phase
contributed by the frequency response function.

2.3.1 Sinusoidal Response of Low-Order Systems

Using the frequency response function, G (jw), the sinusoidal response of the
first- and second-order systems is described as follows:

First-Order System. For a first-order system, let G(s) = = +1, then, its
frequency response function in the magnitude-phase form is given as:
K K 1

G(jw) = = / —tan~ .

Hence, |G (jw)| = |1+]le and /G(jw) = —tan~lwr
Let u(t) = sin wpt; then, we have: y,s(t) = ——2— sin(wot — ¢),

where ¢ = tan"lwyT.

Second-Order System with a Pole at the Origin. For a second-order system
with a pole at the origin, let G(s) = ﬁ; then, its frequency response
function in the magnitude-phase form is given as:

K K
G(jw) = —— = fw Z —90° —tan" ' wr
Jjw (Jwt + 1) |jwT + 1]
Hence, |G(jw)| = |1f§]/.:7| and /G (jw) = —tan"twr — 90°

Let u(t) = sin wyt; then, we have: y,s(t) = Hwo sin(wot — @),

where ¢ = 90° + tan~lwgT.

Second-Order System with Real Poles. For a second-order system with real

poles, let G(s) = m; then, its frequency response function is
given as:
K
G(jw) = — -
(je) (Jwr + 1) (jwre + 1)
K

= / —tan ' wr — tan"twr
ljwT + 1||jwre + 1] ! 2
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L = sinwpt; th have: = K i
et u(t) sinwpt; then, we have: yss(t) TRy a] sin
(wot — @), where ¢ = tan~lwoT | + tan™twoTs.

Second-Order System with Complex Poles. For a second-order system with
complex poles, let G(s) = K then, its frequency response function

is given as:
K
Gw)=—F— =3
(0 4 jw)? + w3
K 2
Y SRR S G R
02 + w5 — w? + j20uw| 02 4+ wi — w?

K :
- S
lo?+w? —wi+j20wo|

Let u(t) = sinwgt; then, we have: yss(t)
(wot — @), where ¢ = tan™ (2240 )

024w —wi
Obtaining Sinusoidal Response in MATLAB. The magnitude and phase of
the transfer function at a given frequency can be obtained by using the “bode”
command from the the MATLAB Control System Toolbox. The argument for
the MALTAB “bode” command is a dynamic system object created by using
the “tf” command, as illustrated by the following examples.

Example 2.6: A small DC motor.

We consider a small DC motor model with the following parameter
values: R = 1Q, L = 10 mH, J = 0.01 kgm?, b = 0.135 k; = k; = 0.05;

rad’
— 500
then, G(s) = (5+10)(s+100)+25
Further, the frequency response function for DC motor is given as:
G( -w) — 0.488
J (0.01w+1)(0.097w+1) "

We consider a sinusoidal input: u(¢) = sin 10¢; then, in the steady-state,
we have:

Yss(t) = 0.35 sin(10t — 50°).
The magnitude and the phase can be obtained by using the following
MATLAB script:

G=tf (500, [1 110 10257); % define transfer function
[mag, ph]=bode (G, 10) % obtain magnitude and phase

The sinusoidal response of the DC motor is plotted by using the following
MATLAB script (Figure 2.6):

t=0:.01:10; % define time period
u=sin (10+*t); % sinusoidal input signal
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Sinusoidal response of DC motor
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Motor speed

1H

Speed (rad/sec)
o

Time (sec)

Figure 2.6 Sinusoidal response of DC motor.

o

y=1sim(G,u, t);
plot(t,u,t,y), grid
legend('Input signal', 'Motor speed') %

DC motor output
plot input and output
figure legend

o

Example 2.7: The mass—spring—damper system.

We consider a mass—spring—damper system, where the following param-
eter values are assumed: m = 1 kg, b = 2%, k= 5%. Then, the system
transfer function is given as: G(s) = m, with complex poles located
at: s = —1 4 52.

We consider a sinusoidal input: u(¢) = sin7¢; then, in the steady-state,
we have:

Yss(t) = 0.126 sin(7t — 128°).

The MATLAB script to obtain the magnitude and phase of the mass—
spring—damper system sinusoidal response includes the following com-
mands:

ol

define transfer function
obtain magnitude and phase

G=tf(1,[1 2 5]);
[mag, ph]=bode (G, pi)

o

2.3.2 Visualizing the Frequency Response

We note that for a particular value of w, the frequency response, G(jw), is a
complex number, which is described in terms of its magnitude and phase as:
G(jw) = |G(jw)|e/ ).

Further, as w varies from 0 to oo, both magnitude and phase may be
plotted as functions of w and are referred as the Bode magnitude and phase
plots.
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It is customary to plot both magnitude and phase against logw, which
accords a high dynamic range to w.

Further, the magnitude is plotted in decibels as: |G(jw)|4p = 20 logy,
|G(jw)|. The phase ¢(w) is plotted in degrees. The resulting frequency
response plots are commonly known as Bode plots.

Obtaining Bode Plot in MATLAB. In the MATLAB Control Systems Tool-
box, the Bode plot is obtained by using the “bode” command, invoked after
defining the system transfer function, as follows:

G=tf (num, den) ; % define system transfer function
bode (G) ,grid % obtain Bode mag and phase plots

The plotting of the frequency response in magnitude and phase form is
illustrated in the case of the first- and second-order systems below.

First-Order System. As a first-order transfer function, let G(jw) = ﬁ;
then, the magnitude and phase responses are computed as:

|G(jw)las = 20log;g K — 201ogyq [1 + jwr|
P(w) = —tan"! (wT).

For w <« 1/7, the 20log; K is a constant value that defines the low-
frequency asymptote on the Bode magnitude plot.

Forw > 1/7, the —20log; |1+ jw7| term has a slope of —20 dB/decade
and defines the high-frequency asymptote on the Bode magnitude plot. These
two asymptotes intersect at wr = 1, where |G(j/7)|4z = 20 log K — 3 dB.

The graph of ¢ (w) is characterized by the following points of interest:

$(0) = 0°, (0.1/7) = —5.7°, ¢(1/7) = —45°,
$(10/7) = —84.3°, ¢(00) = —90°.

Example 2.8: A first-order system model.

LetG(s) = 5%19 then, the Bode magnitude and phase plots (Figure 2.7(a))
are characterized by:

Low frequency: G(j0) = 0dB £0°
Corner frequency: G(j1) = —3dB £ — 45°
High frequency: G(joo) = —ocodB £ — 90°

Second-Order System with a Pole at the Origin. For a second-order system

with a pole at the origin, let G(jw) = m, then, the magnitude and
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Bode Diagram Bode Diagram
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Figure 2.7 The Bode magnitude and phase plots for: (a) a first-order system; (b) second-
order system with a pole at the origin.

phase of the frequency response are computed as:

|G(jw)|as = 201log;y K — 20logqw — 201og;q |1 + jwT|
P(w) = —90° — tan™! (wr).

The slope of the Bode magnitude plot changes from —20 dB/decade to
—40 dB/decade at the corner frequency, w = 1/7. The plot of ¢ (w) varies
from —90° to —180°, with ¢(1/7) = —135°.

Example 2.9: Second-order system with a pole at the origin.
Let G(s)= 5(5711); then, the Bode magnitude and phase plots (Figure
2.7(b)) are characterized by:
Low frequency: G(j0) = codB £ 0°
First corner frequency: G(j1) = —3dB £ — 135°
High frequency: G(joo) = —oodB £ — 180°

Second-Order System with Real Poles. For a second-order system with real
poles, let G(jw) = m, then, the magnitude and phase of the
frequency response are computed as:

|G(jw)lap = 201og;y K — 201log g |1 + jwTi| — 201og g |1 + jwTe|
p(w) = —tanL(wr) — tan~ (wmy).

The resulting frequency response plot is characterized by two corner

frequencies: w1 = - w2 = %2 Further, the slope of the Bode magnitude
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Bode Diagram Bode Diagram
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Figure 2.8 The Bode magnitude and phase plots for: (a) a second-order system with real
poles; (b) a second-order system with complex poles.

plot changes from 0 to —20 dB/decade to —40 dB/decade at the corner
frequencies.

The plot of ¢(w) varies from 0° to —180°. The phase at the corner
frequencies is determined by their mutual proximity. For w; < ws, we have:
gb(wl) = —45° and ¢(UJ2) = —135°.

Example 2.10: Second-order system with real poles.

Let G(s) then, the Bode plot (Figure 2.8(a)) is character-

ized by:

Low frequency: G(j0) = 0 dB£0°

Corner frequencies: G(j1) = —10 dBZ — 72°, G(j1) = —16 dBZ — 108°
High frequency: G(joo) = —ocodBZ — 180°

Second-Order System with Complex Poles. For a second-order system with
complex poles, let G(s) = %,
natural frequency and the damping ratio; then, the magnitude and phase of
the frequency response are computed as:

2
() ()
Wn Wn

- 2 .
T (s+1)(s+2)°

where w,, and ( represent the

|G(jw)lap = —201logy,
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The resulting Bode plot (Figure 2.8(b)) is characterized by:

Low frequency: G(j0) = 0 dB£0°
Corner frequencies: G(jwy) = —201og;|2¢| dBZ — 90°
High frequency: G(joo) = —oodBZ — 180°

The Resonance Peak in the Frequency Response. The Bode magnitude
plot in the case of transfer function with complex poles with small enough
damping ratio displays a distinctive peak at the resonant frequency, w,, where
the resonant frequency and peak magnitude are computed as:

wr = wpv/ 1 —2¢2, C<\}§

1 1
Mpw—%/ﬁ, C<ﬁ

Example 2.11: Second-order system with complex poles.

Let G(s) = %; then, we have: w,, = \/10%, = \/%, Wy =
8%, and My, = 1.67 or 4.44 dB (Figure 2.8(b)). The Bode magnitude and

phase plots are characterized by:

Low frequency: G(j0) = 0 dB£0°
Corner frequency: G(j1/10) = —6 dBZ — 90°
High frequency: G(joo) = —oodBZ — 180°

The MATLAB script for the Bode plots for Examples 2.6-2.9 is given below:

Gl=tf(1,[1 11); % first-order transfer function
G2=tf(1,[1 1 0]); ¢ 2 order TF, pole at the origin
G3=tf(2,[1 3 2]); s 27 order TF, real poles

G4=tf (10, [1 2 10]); s 274 order TF, complex poles
subplot (1,2,1), bode(Gl),grid % plot Bode plot

subplot (1,2,2), bode(G2),grid % plot Bode plot

subplot (1,2,1), bode(G3),grid % plot Bode plot

subplot (1,2,2), bode(G4),grid % plot Bode plot

Relating Time and Frequency Responses. When the system transfer func-
tion has a small damping ratio, the magnitude of the frequency response
shows a resonant peak. Concurrently, the step response of the system
becomes more oscillatory. This phenomenon is illustrated in the following
example.
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Figure 2.9 Second-order system with complex poles: Bode magnitude and phase plots for
selected damping ratios (a); accompanying unit-step response (b).

Example 2.12: An underdamped system.

Let G(s) = +21C8+1’ where ¢ € {0.1,0.3,0.5,0.7,0.9}.

We compare the frequency response plots and the time-domain unit-step

response for the second-order transfer functions with w, = 1 for selected
values of ¢ € {0.1,0.3,0.5,0.7,0.9} (Figure 2.9).
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The time and frequency-domain plots were obtained by using the follow-
ing MATLAB script:

figure(1l), hold

figure (2), hold

for zi=.1:.2:.9,
G=tf(1,[1 2xzi 11);
figure(l), step(G),
figure(2), bode(G),

end end for loop

grid add grid and legend to the plot

legend('\zeta=.1"', "\zeta=.3"', "\zeta=.5"', "\zeta=.7"', "\zeta=.9")

o

hold for multiple plots
hold for multiple plots
for loop

vary damping

plot step response

Bode plots

o o° o° o° o° o

o

From Figure 2.9, we observe that as the damping ratio drops below
¢=0.5:

(1) The peak on the Bode magnitude plot becomes prominent.
(2) The phase plot shows a sharper transition at corner frequency.
(3) The oscillations in the step response are more pronounced.
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Skill Assessment Questions

Link to the answers:
http://www.riverpublishers.com/book_details.php?book_id=449

1. Consider the first-order model of room heating with input ¢;,, and output
A@; assume the following parameter values: C), = 100[%], Ry =
0.2[%];

(a) Obtain an input-output transfer function for the system.

(b) Solve and sketch the impulse response of the system.

(c) Solve and sketch the step response of the system.

(d) Compute steady-state system response to a sinusoidal input, sin wt,
where wy = 0.1 rad/s.

2. Consider the model of a cylindrical hydraulic reservoir with a bottom
flow valve with flow input ¢, and output AP, whg:re the following
parameter values are assumed: A = 1 m?, p = 1[%5], R, = 50[2];

let g = 1072,

(a) Obtain an input-output transfer function for the system.

(b) Solve and sketch the impulse response of the system.

(c) Solve and sketch the step response of the system.

(d) Compute steady-state system response to a sinusoidal input, sin wqt,
where wg = 1 rad/s.

3. Consider the model of a small DC motor, where the following parameter
values are assumed: R = 12, L = 10 mH, J = 0.01 kgmz, b= O.lg—z,
ki = ky = 0.02.

(a) Obtain the transfer function for the DC motor from armature voltage
to motor speed by ignoring armature inductance.

(b) Solve and sketch the impulse response of the system.

(c) Solve and sketch the step response of the system.

(d) Compute steady-state system response to a sinusoidal input, sin wyqt,
where wg = 50 rad/s.

4. Consider the model of a small DC motor, where the following parameter
values are assumed: R = 1€), L. = 10 mH, J = 0.01 kgmz, b= O.lg—z,
ki = ky = 0.02.

(a) Obtain the transfer function for the DC motor from armature voltage
to motor speed without ignoring armature inductance.
(b) Solve and sketch the impulse response of the system.


http://www.riverpublishers.com/book_details.php?book_id=449
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(c) Solve and sketch the step response of the system.
(d) Compute steady-state system response to a sinusoidal input, sin wqt,
where wy = 50 rad/s.

5. Consider the model of a spring-mass-damper system, where the fol-
lowing parameter values are assumed: m = 1 kg, b = 2%, k =
2
(a) Obtain the transfer function for the mass-spring-damper system with
force input and position output.

(b) Solve and sketch the impulse response of the system.

(c) Solve and sketch the step response of the system.

(d) Compute steady-state system response to a sinusoidal input, sin wqt,
where wg = 0.5 rad/s.

6. Consider a series RLC circuit driven by a voltage source with capac-
itor voltage as output. Assume the following parameter values: R =
2, L=1mH, C =5mF

(a) Obtain the input—output transfer function for the circuit model.

(b) Solve and sketch the impulse response of the system.

(c) Solve and sketch the step response of the system.

(d) Compute steady-state system response to a sinusoidal input, sin wqt,
where wg = w,., that is, the resonant frequency of the system.

7. Consider a parallel RLC circuit driven by a current source with capac-
itor voltage as output. Assume the following parameter values: R =
2, L=1mH, C =5mF

(a) Obtain the input—output transfer function for the circuit model.

(b) Solve and sketch the impulse response of the system.

(c) Solve and sketch the step response of the system.

(d) Compute steady-state system response to a sinusoidal input, sin wqt,
where wy = wy, that is, the resonant frequency of the system.

8. Consider a notch filter employed to remove power line noise from an
observed signal of interest, where the filter transfer function is given as:

5240.005wy, 5 + w2

Gls) = s2 4+ 0.5wps + w2’

wp = 1207.
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(a) Solve and sketch the impulse response of the system.

(b) Solve and sketch the step response of the system.

(c) Compute steady-state filter response to a sinusoidal input: u(t) =
sin 1207t.

. Consider the model of a car in cruise control with engine torque input

and car speed output described by the transfer function: G(s) = mls/i 7

where m is the mass of the car, d is the slope of the drag curve vs.

velocity, and 7 is the radius of the wheel. Assume the following values:

m = 1500 kg, » = 0.3 m, d = 25 kg/s.

(a) Solve and sketch the impulse response of the system.

(b) Solve and plot the car response to engine torque input of 500u(t).

(c) Compute steady-state car response to a sinusoidal input: u(t) =
sin0.17t .
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Analysis of State Variable Models

Learning Objectives

1. Formulate and analyze state variable models of dynamic systems.

2. Solve state equations in time-domain using the state-transition matrix.

3. Obtain the modal matrix and determine the stability of the model.

4. Obtain state-space realization of a transfer function model in alternate
forms.

This chapter introduces the algebraic methods to analyze state variable mod-
els of dynamic systems. These models are described in terms of first-order
ODE:s involving time derivatives of a set of state variables (Chapter 1), that is,
the natural variables associated with the energy storage elements or alternate
variables used to describe the system.

In this chapter, we focus on the single-input single-output (SISO) systems
that are described by a rational transfer function G(s). However, the meth-
ods presented can be easily generalized to include multi-input multi-output
(MIMO) systems (see references).

The state equations can be collectively integrated using a matrix exponen-
tial as an integrating factor. The matrix exponential defines the state-transition
matrix of the system that contains the modes of system response and plays a
fundamental role in the evolution of system trajectories. The solution to the
homogeneous state equation includes a weighted sum of the columns of state
transition matrix multiplied by initial conditions on state variables.

The state-transition matrix can be computed as the sum of an infinite
series that is convergent for stable system models. The matrix can be alter-
natively computed using inverse Laplace transform of the resolvent matrix
associated with the state variable description.

The solution to the state equations in the presence of an input is given as a
convolutional integral that involves the state-transition matrix of the system.

63
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The impulse response of the system can be similarly described in terms of its
state-transition matrix.

Given a state variable model of the system, a transfer function model can
be obtained by applying the Laplace transform. The degree of the denom-
inator polynomial in the transfer function normally equals the number of
state variables. However, in the unlikely event of a pole-zero cancellation,
the transfer function may be of a lower order than the state variable model of
the same physical system.

A given transfer function model can be realized into a state variable model
in multiple ways, that is, the choice of state variables for a given transfer
function model is not unique, and different choices of state variables accord
different structures to the system matrix. The state variable vectors for these
alternate models are related through bilinear transformations.

Specific realization structures may be preferred for ease of computing the
system response or for determining its stability characteristics. For example,
the modal realization reveals the natural modes of system response. The
controller form realization facilitates the controller design using state variable
methods. The diagonal representation decouples the system variables into a
set of independent first-order ODE’s that can be easily integrated.

This chapter describes the analysis techniques for state variable models
of the continuous-time systems. These techniques are later extended to state
variables models of sampled-data systems later in Chapter 7.

3.1 State Variable Models

The state equations of a system comprise first-order ODEs that describe
dynamic system behavior in terms of time derivatives of a set of state
variables. The number of state variables is selected as the minimum number
of variables required to adequately describe the system behavior, which also
equals the degree of its characteristic polynomial.

The natural variables associated with the energy storing system compo-
nents are commonly selected as state variables, but alternate variables in equal
number can be selected. Their time derivatives are expressed in terms of state
and input variables. For linear time-invariant system models, the resulting
state equations are commonly expressed in vector—matrix form.

Let x(t) describe a vector of state variables, u(t) describe a scalar input,
and y(t) describe the output of a single-input single-output (SISO) system,
then the state variable model of a linear time-invariant (LTI) dynamic system
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is written in its generic form as:

x(t) = Ax(t) + bu(t)
y(t) = eI'x(t) + du(t).

In the above, A is an n X n system matrix, where n is the number of state
variables, b is a column vector that distributes the inputs, ¢! is a row vector
(1" denotes the transpose operation) that combines the state variables into the
output, and d is a scalar feedforward term contributing to the output.

In a more general case, the state variable model of a multi-input multi-
output (MIMO) system with m inputs and p outputs is described by state and
output equations given as:

x(t) = Ax(t) + Bu(t)
y(t) = Cx(t) + Du(t)

In the above equations, the variable dimensions are given as: x € R",
u € R™, and y € RP; the mappings defined by the matrices have the
following dimensions: A € R™*", B R"*™ C € RP*™, and D € RP*™,

In the following, we restrict our discussion to models of SISO systems.
Further, we assume that there is no direct contribution from input to output
(i.e., d = 0). We note that it corresponds to a strictly proper transfer function
for the ODE model.

3.1.1 Solution to the State Equations

We explore a time-domain solution to the state equations by integrating them
from O to ¢. In order to develop the desired time-domain solution, we may
begin with a scalar differential equation:

&(t) = az(t) + bu(t).

at

Using an integrating factor e~ %, the equation is written as a total

differential: p
E(e_atx(t)) = e "bu(t)
Next, we assume an initial condition: x(0) = xo, and integrate the

equation from 7 = 0 to 7 = ¢ to obtain:

t
e Yx(t) — xo = / e Thu(T)dr.
0
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Hence, the solution to the scalar ODE involving a single variable, x(t), is
obtained as:

t
z(t) = e™xq —I—/ e“(t_T)bu(T)dT.
0

We note that the above ODE solution contains two parts: the first term on
the right-hand side represents the system response to initial conditions and is
termed as the zero-input solution. The second term is a convolution integral
that describes the system response to input u(t) and is termed as the zero-state
solution.

Next, we explore the possibility to generalize this solution to the matrix
case. For this purpose, we define a matrix exponential function as:

At
eAt:ZT:I—i—At—i—-n
i=0

The infinite series defined above is convergent in the case of stable
systems. Further, it can be verified that the matrix exponential obeys the
matrix differential equation:

d

dt

Using the matrix exponential, the solution to the matrix equation,
x(t) = Ax(t) + bu(t), is written as:

(BAt) — A€At — €AtA.

t
x(t) = eMxo + / ACbu(r)dr.
0

The above time-domain solution has two parts: one that describes the
system response to initial conditions Xg, and the other that describes the
system response to the input, u(t).

In the absence of an input, that is, for u(t) = 0, the solution to the
homogenous state equation: X(f) = Ax(¢), and x(0) = Xp, is given as:
x(t) = eAlxg.

The matrix exponential eA? that relates x(t) to Xg is called the state-
transition matrix. Further, computation of the state-transition matrix consti-
tutes an important first step toward writing the time-domain solution to the
state equations.

3.1.2 Laplace Transform Solution and Transfer Function

Given the state variable model of a system, the Laplace transform can be used
to solve the state equations as follows: by assuming an initial condition on the
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state variables, ©(0) = x, and applying the Laplace transform to the state
equations results in:

sx(s) — xo = Ax(s) + bu(s).
Next, the state variable vector is solved as:
x(s) = (sT — A)"Ixg + (sI — A) " 'bu(s),

where I denote an n X n identity matrix.

The n x n matrix (sI — A)~! appearing in the Laplace transform solution
is called the resolvent matrix of A. Further, we note that the first term on the
right hand side (rhs) involves the initial conditions on «, while the second
term involves the input.

The application of the inverse Laplace transform then reveals the time-
domain solution to the state equations that should match the matrix exponen-
tial solution obtained above. By comparing the two solutions, we arrive at the
following relations:

L[eA] = (sT— A)~!
L [/Ot eA(t_T)bu(T)dT:| = (sI — A) " 'bu(s).

The first equation above can be used to compute the state-transition matrix

- Al = L7(sT—A)7Y].

Assuming zero initial conditions, the second equation is used to solve for
the system input response as:

y(s) = T (sT — A)"'bu(s).

Since for a transfer function description, y(s) = G(s)u(s) describes the
input—output relation, by comparing the two, the system transfer function is
obtained from its state variable description as:

G(s) =cl(sT—A)"'b.

Using the inverse Laplace transform, the impulse response of the system,
that is, its response to a unit-impulse, 6(t), is obtained as:

g(t) = L7YG(s)] = ¢ éAlb.
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Further, in terms of the impulse response, the input response of the system
is given by the convolution integral:

y(t) = /0 g(t — T)u(r)dr.

In the more general case of a MIMO system, G(s) represents a p X m
transfer matrix, given as:

G(s) =C(sI—A)"'B+D.

By applying the inverse Laplace transform, the impulse response matrix
is given as:
G(t) = CTeAB + Do(2).
Alternatively, using the Rosenbrock system matrix and the concept of

transmission zeros (see references), the transfer matrix of a MIMO system
can be obtained as:

sI-A -B
det[ C D]

Gls) = —qai=a)

Next, we discuss the properties of the state-transition matrix.

3.1.3 The State-Transition Matrix

The state-transition matrix, !, describes the time evolution of the state
vector, (t). In order to explore the properties of the state-transition matrix,
we may consider the homogenous state equation:

x(t) = Ax(t), x(0)=xp.

The solution to the homogenous equation is given as: x(t) = eAfxq.

The state-transition matrix of a linear time-invariant (LTI) system can be
computed in the following ways:
1. eAt = L7(sT — A)7]
Al = o % (assuming series convergence)
. By using the modal matrix (see Section 3.1.4)
. By using the fundamental matrix (see References)
. By using the Cayley—Hamilton theorem (see References)

DN W
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Its Laplace transform, the resolvent of A, can be computed in the
following ways:

L (sI-A)l=s1T+s1A+-)

2. (sT— A)7! = 50D

Characteristic Polynomial of A. The characteristic polynomial of A is an
nth order polynomial obtained as the determinant of the characteristic matrix
(sI — A), that is,

A(s) = |sI — Al

The roots of the characteristic polynomial are the eigenvalues of the
system matrix A. Assuming no pole-zero cancellations, the characteristic
polynomial matches the denominator polynomial in the transfer function,
G(s), where the latter is obtained as:

_ rpadj (sl —A),  n(s)
Gls) =" SI—A] 7 dls)

In the event of a pole-zero cancellation between the numerator and the
denominator, the order of the denominator polynomial, d(s), in the transfer
function representation is less than n. Hence, the zeros of d(s) form a subset
of the eigenvalues of A.

Obtaining State-Transition Matrix in MATLAB. The state-transition
matrix for a state variable description (A, B, C) may be obtained using
symbolic algebra using the MATLAB Symbolic Math Toolbox. Assuming
an A matrix has been defined, the state-transition matrix can be obtained in
one of the following ways:

1. Using the matrix exponential, by using the following MATLB com-

mands:
syms t % declare symbolic variable t
eAt=expm (t *A) % get state-transition matrix

2. Using the inverse Laplace transform, by using the following MATLAB

commands:
syms s % define symbolic variable s
rA= inv (s*eye(n)-A); % get resolvent of A

eAt=ilaplace (rA) % get state transition matrix



70  Analysis of State Variable Models

Obtaining System Transfer Function in MATLAB. The system transfer
function, G (s), for the state variable description, (A, B, C), where A is an
nxn matrix, can be obtained in the following ways:

1. Using the resolvent matrix by issuing the command:

G (s)=Cxinv (sxeye (n)-A) *«B % system transfer function
2. Using the Rosenbrock system matrix by issuing the following command:

G(s)= det ([s*xeye(n)-A -B;C 0])/det (sxeye(n)-A) % transfer function

3.1.4 Homogenous State Equation and Asymptotic Stability

The stability in the case of state variable model depends on the homogenous
part of the state equation, which is described as:

x(t) = Ax(t), x(0) =xp

We assume that the A matrix has a full set of eigenvectors; these can be
obtained by solving: (\;] — A)v; = 0,4 = 1,...,n, where )\; denotes an
eigenvalue of A.

The system natural response modes are described by e*t, i = 1,... n.
Using arbitrary constants, c;, the homogenous response of the system is

described as: .
xp(t) = Z civieit
i

The Modal Matrix. The modal matrix associated with a system of linear
equations, Ax = b, is the n x n matrix whose columns are the eigenvectors
of A. Accordingly, let M = [v1, vg,...,v,] denote the modal matrix of
eigenvectors of A and define: e = diag([eM?, e?2t, ... e ?]) as the diago-
nal matrix of the natural response modes; then, using an arbitrary constant
vector ¢, the general solution to the homogenous system of equations is
given as:
x;(t) = MePe

Assuming the known initial conditions: x;(0) = xg = Mec; we have,
¢ = M~ !xq, that is, the particular solution to the homogenous system for the
assumed initial conditions is given as:

xp(t) = MMM !xq.
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Therefore, the state-transition matrix can be computed from the modal
matrix as:

Al = MeAMM L.

Asymptotic Stability. The modal matrix can be used to describe the stability

of the homogenous state variable equation described by: x(t) = Ax(t),
x(0) = xo.
The homogenous state equation is said to be asymptotically stable if

limy_,o X(t) = 0. Further, since x(t) = eA'xg, the homogenous system is

asymptotically stable if lim;_, o, eA? = 0.

Using the modal decomposition, eA* = MeAM™1!, the homogenous
system is asymptotically stable if lim; ,, e = 0. Further, since e =
diag([eMt,e?2t ... eM?]), the above condition implies that Re[)\;] < 0,
where \; represents the roots of the characteristic polynomial:

A(s) = |sI— Al.

Thus, the concept of asymptotic stability in the case of state variable
models matches that of the BIBO stability in the case of transfer functions
(Chapter 2).

Modal Matrix in MATLAB. The modal matrix containing eigenvectors of
A is obtained by using the “eig” command in MATLAB. The eigenvectors
so obtained are normalized to unity. Further, the state-transition matrix can
be obtained from the modal matrix by using commands from the MATLAB
Symbolic Math Toolbox as follows:

sympref ('FloatingPointOutput',true); % set output format

syms t real % declare symbolic variable t
[M,D]=eig(A); % modal matrix and eigenvalues
eAt=Mxexpm (t+D) /M % state-transition matrix

The computation of modal and state transition matrices is illustrated using
the following examples.

Example 3.1: The mass—spring—damper system.

We consider the mass—spring—damper model (Example 1.8); the position
of the mass, x(t), and its velocity, v(t) = &(t) are selected as state variables.
Then state variable model comprises the state and output equations as:

R ERA | RENA
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Then, characteristic matrix of the model is given as:

s -1
sI— A=
kvt

The resolvent matrix of A is computed as:

a5 [

m

b k
A(s) =8>+ —s+ —.
m m
The computation of the modal and state-transition matrices is considered

separately when the characteristic polynomial A(s) has real or complex roots.

Polynomial with Real Roots. We assume that: m = 1, £k = 2, andb = 3;
then, the characteristic polynomial is: A(s) = s? + 3s + 2, which has real
roots: sy, sg = —1, —2.

-1 -1

1 2}LetA:

The modal matrix of eigenvectors is given as: M = [

[_(1] _(2)} ; then, A = MAM ! and eA? = MeA'M ™. The resulting state-

transition matrix is given as:

A 9e—t _ p=2t ot _ o2t
T |2e72t — 2t 2e72t _ e t|”

We note that the entries in the state transition matrix comprise the natural
response modes: {e~t, e~ 2} of system response. Further, we can verify that:
lim; oo €AY = 0; hence, the homogenous state equation is asymptotically
stable.

Polynomial with Complex Roots. Alternatively, let m = 1, k = 2, and
b = 2; then, the characteristic polynomial is: A(s) = s? 4+ 25 + 2,
which has complex roots: s1,s2 = —1 &£ j1. The complex eigenvectors are

1 _ 1 L -1 _
1ij1} Indeed, let V. = [_1 i1 —j]’ then VT"AV =
diag(s1, s2).

In this case, the complex algebra can be avoided by constructing a modal

matrix from the real and imaginary parts of eigenvectors. Accordingly, let

given as: [
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. 1 0], 1 -1 1
M = [_1 1],deﬁneM AM = [_1 1

and eA* = Me*M~!. The resulting state-transition matrix is given as:

] = T'; then, A = MI'M !

AL _ [et (cost + sint) e tsint ]

—2e tsint e t(cost —sint)

The entries in the state-transition matrix similarly comprise the nat-
ural response modes: {e ‘sint,e ‘cost}. Further, we can verify that:
lim;_,» €** = 0; hence, the homogenous state equation is asymptotically
stable.

The state-transition matrices for systems with real and complex eigenval-
ues can be obtained in the MATLAB Symbolic Math Toolbox by issuing the
following commands:

syms t real % define symbolic variable t

Al=[0 1; -2 -31; % define system matrix

eAt=expm (Alxt) % state transition matrix

A2=[0 1; -2 -2]; % define system matrix

[M,D]=eig (A2); % modal matrix and eigenvalues
eAt=Mxexpm (t+D) /M; % state-transition matrix
eAt=simplify (eAt) % simplify state-transition matrix

Example 3.2: The DC motor model.

We consider the small DC motor model, where the following component
values are assumed: R = 1 Q, L = 10 mH, J = 0.01 kgm?, b = 0.1 g—z,
ki = kp = 0.05.

The state variables for the DC motor are selected as the armature cur-
rent, i,(t), and the motor angular velocity, w(t). Then, the state and output
equations for the DC motor are given as:

d |ig —100 =5 |ig 100 iq
dt[w]_[ 5 —10} [w o | Vew=10 15
The computation of the resolvent matrix, the transfer function, and the
state transition matrix proceeds as follows:

s+ 10 -5
5 s+ 100

1

(sI—A)"1 = NG

)

A(s) = s 4+ 110s + 1025
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500
T -1
= I-A)"'b=
Gls) = e (sI=4) 2+ 1105 + 1025
A _ 1.003  0.056 99,72t —0.003 —0.056 o108
—0.056 —0.003 0.056  1.0003
where {e=99:72 ¢~10-281 represent the system’s natural response modes.

These modes correspond to the electrical and mechanical time constants of
the DC motor: 7. = 0.01 s, 7., = 0.1 s.

The state-transition matrix and the transfer function above were obtained
by using the following MATLAB commands:

declare symbolic variable s
declare symbolic variable t

syms s
syms t real
A=[-100 -5; 5 -10];
[M,D]=eig (A);
eAt=Mxexpm (t+D) /M state-transition matrix
B=[100;0]; C=[0 1]; define input and output matrices
G (s)=Cxinv (sxeye (2)-A) B % system transfer function

o° o oP

define system matrix

o

modal matrix and eigenvalues

o

© oo

3.1.5 System Response for State Variable Models

In this section, we consider the system response of a state variable model to
initial conditions, as well as its response to impulse and step inputs.

Having obtained the state-transition matrix of the system, the initial
condition response of the system is computed as:

x(t) = ey

i.e., the initial condition response is obtained from the homogenous state
equation.
The input response of the system with zero initial conditions is obtained

' y(s) = Gs)u(s) = ¢ (sT — A) "bu(s)

For an impulse input, we have: u(t) = 6(¢), u(s) = 1. Then, the system
response in Laplace domain is given as:

Yimp(s) = ! (sI — A)7'b
The unit-impulse response in time-domain is obtained as:

Yimp(t) = cleAlp



3.1 State Variable Models 75
For a step input, we have: u(t) = 1(¢),u(s) = 1/s. Then, the time
derivate of the system response in Laplace domain is given as:
se(s) = (sT — A)"'b

The unit-step response in time-domain is obtained as:

t
ystep(t) — CT (/ EA(t_T)d7'> b
0

Alternatively, the step response can be obtained by integration of the
impulse response as:

t
ystep(t) = /0 Yimp (T) dr

Example 3.3: The DC motor model.

We consider the small DC motor model in Example 3.2, where the
following component values are assumed: R = 1 2, L = 10 mH, J =
0.01 kgm?, b=0.1 &5k, = k; = 0.05.

rad’
The state-transition matrix for the dc motor model is given as:

AL [ 1.003 0.056] 99721 [—0.003 —0.056

6_10'2&,
—0.056 —0.003 0.056  1.0003

. .. 0 .
We assume an initial condition: xg = [1] on the state variables; then, the

system response is given as:

x(t) = eMay =

0.056 (6—99.715 _ 6—10.3t)
1.003¢~103¢ — 0.003e—99-7t]
The impulse response of the DC motor is computed as:
g(t) = LeAth = 5.6 (6—99.715 _ 6—10.315)
Next, let V,(t) = wu(t); then, the step response of the DC motor is

computed as:

t
y(t) = / g(t—7)u(r)dr =0.488 + 0.056¢ 7" — 0.544¢ =105
0

The DC motor state variable response to initial conditions and its output
response to impulse and step inputs are plotted below (Figures 3.1 and 3.2).
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] System Response to Initial Conditions
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x1: armature current
x2: motor speed
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Figure 3.1 DC motor: state variable response to initial conditions.
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Step Response
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Figure 3.2 DC motor: impulse response (a) and step response (b).

Assuming that the state variable model of the DC motor has been defined
(Example 3.2), the initial condition response of the DC motor was obtained
and plotted by using the following MATLAB commands:

t=0:.005:1; % define time variable
x0=[0;1]; % define initial conditions
x=subs (eAt*x0) ; % obtain state variables
plot (t', x) % plot state variables

The impulse and step responses were plotted by using the following
MATLAB commands:

yimp=Cxsubs (eAt*B) ; obtain impulse response
plot (t',subs(yimp)),grid plot impulse response
ystep=int (yimp, 0, Inf) +int (yimp); % obtain step response
plot (t',subs (ystep)),grid plot step response

do oo

o

3.2 State Variable Realization of Transfer Function
Models

In this section, we discuss the problem of realizing a transfer function model
as a state variable model. Since the state variables for a physical system can
be selected in multiple ways, the resulting state variable models have diverse
model structures. Two useful structures, that is, the controller and the modal
form structures, are discussed in detail in this section.
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Obtaining a state variable description from a transfer function model
is facilitated by first realizing the ODE model as a simulation diagram as
discussed below.

3.2.1 Simulation Diagrams

A simulation diagram realizes an ODE model into a block diagram rep-
resentation using static gains, integrators, summing nodes, and feedback
loops. Simulation diagrams were historically used to simulate dynamic sys-
tem models on analog computers that comprised integrators, summers, and
potentiometers representing scalar gains.

There are multiple ways to realize a system model into a simulation
diagram. All such diagrams are equivalent in that they represent the same
input—output relationship described by the system transfer function. The two
common realizations are described below.

Serial Realization. A serial chain of integrators can be used to realize the
output of an ODE. To illustrate this idea, we consider a general second-
order system model with complex poles described by its input—output transfer
function:

y(s) _ K _ n(s)

u(s)  s242Cwpstw?  d(s)
where n(s) and d(s) represent the numerator and denominator polynomials.

The transfer function is converted into an ODE representation by cross-

multiplying to obtain, d(s)y(s) = n(s)u(s), followed by the application of
inverse Laplace transform. The result is:

§(t) + 2¢wn (t) + wiy(t) = Ku(t)
Next, we write an expression for the highest derivative in the equation as:
i(t) = =2Cwny(t) — way(t) + Ku(t)

The resulting simulation diagram realizes the highest derivative using
a summing node and uses a series of integrators to obtain the lower order
derivatives and the output (Figure 3.3(a)).

Parallel Realization. A second-order transfer function, where the denomina-
tor polynomial has real roots: s1 2 = —a1, —ag, is as a transfer function:

y(s) K

u(s) 82+ (a1 +ag) s + araz
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1
s

» K2

n|=

a2«

(b)
Figure 3.3 Simulation diagram for realization of second-order transfer function: serial
realization (a); parallel realization (b).

Using the partial fractions expansion (PFE), the above transfer function

is expanded as:
y(s) K Ky

+
u(s) s+ar  s+as

In the case of parallel realization, the system output is expressed as:
y(s) = y1(s) +y2(s), where the two output components obey their respective
ODEs: a;y;(t) + vi(t) = Kju(t), ¢ = 1,2, and share a common input, u(t).
The resulting parallel form realization is shown below (Figure 3.3(b)).
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Having obtained the simulation diagram associated with an ODE model
of a physical system, we designate the outputs of the integrators as state
variables and their inputs as time derivatives of state variables, that is, the
state equations.

The state equations resulting from the serial realization of a given transfer
function acquire a structure known as the controller form; those resulting
from the parallel realization acquire a modal structure. These structures are
explained below in Sections 3.2.2-3.2.5.

3.2.2 Controller Form Realization

Having drawn a simulation diagram for the serial realization of a SISO
system transfer function, a controller form state-space realization is obtained
by selecting the outputs of the integrators as the state variables. The name
controller form refers to the ease of designing a state feedback controller for
the resulting state variable model (Chapter 10).

To illustrate the controller form realization, we consider a third-order
transfer function: )

G(S): 3b15 —;bzsﬁ-bg ‘
S$° + a15° + ass + as
The above transfer function corresponds to the following ODE:

Y (1) + ar1(t) + azy(t) + azy(t) = bri(t) + baa(t) + bau(t)

Since the right-hand side includes derivatives of input variable, we use an
auxiliary variable, v(t), to split the ODE in two parts:

(1) + ard(t) + az0(t) + azv(t) = u(t), y(t) = byo(t) + byv(t) + byv(t)

The highest derivative term in the first ODE is realized using a summing
node:
v (1) = —a19(t) — ag0(t) — azv(t) + u(t)

The lower order derivative terms are realized using integrators. Once the
simulation diagram for the first ODE is completed, the second ODE can
be directly realized by summing the outputs of the integrators using gain
elements (Figure 3.4).

Next, we designate the outputs of the integrators as state variables.
Accordingly, let z1(t) = v(t), z2(t) = 0(t), z3(t) = ¥(t).
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Figure 3.4 Simulation diagram for controller form realization of the transfer function model.

Then, we obtain the following state equations from the diagram:

i‘l = I3
.%"2 = I3
T3 = —azxr1 — Ao%o — a3T3 + u

The output equation is given as:
y = biz1 + bazg + bywg

The above equations are assembled in the vector—matrix form to describe
the state variable model of the system:

d %t 0 1 0 T 0
22| = 0 0 1 To| + |0f u;
t I3 —a3 —a —ai I3 1
T
y=[b1 by bs] |x2
3

General Controller Form Structure. To generalize the above controller
form realization to n variables, we assume that the system transfer func-

tion is expressed as: G(s) = Zéj)), where d(s) = s" + a;s"! +
- + ap—1S + an. Then, by selecting the output variable and its
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derivatives: y(t), (), . . .,y 1) (t), as state variables, we obtain the follow-
ing controller form structure for the state variable model of the system:

0 1 0 0
0 0 1 0
A — , b =
1
—an —Qp-1 ... —ai 1

We make the following observations about the controller form structure:

1. In the controller form realization, the coefficients of the characteristic
polynomial appear in reverse order in the last row of the system matrix.

2. The output equation contains the coefficients of the numerator polyno-
mial.

3. The integrator outputs in the simulation diagram can be numbered from
right to left (as above), or from left to right; the latter numbering
reorders the state variables, so that the coefficients of the characteristic
polynomial instead appear in the first row.

4. Given a transfer function model that is strictly proper, the associated
controller form realization can be written by inspection.

Controller Form Realization in MATLAB. In the MATLAB Control Sys-
tems Toolbox, the controller form realization can be obtained by using the
following commands. The state variables ordered from left to right, so that
the coefficients of the denominator polynomial are placed in the first row of
the system matrix:

G = tf (num, den); % define plant transfer function
ss (G) % obtain controller form realization

Example 3.4: Mass—spring—damper system.

We consider the mass—spring—damper system, with the system transfer
function given as: G(s) = 5,75

Then, using the above MATLAB commands, we obtain a controller form
state variable model, given as:

d 1| -2 =2 I 1 o T
o R e R L Ol
We note that the MATLAB supported realization numbers the integrators

in the simulation diagram in reverse order. Hence, z; represents the velocity
and x> the position of the inertial mass.
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3.2.3 Dual (Observer Form) Realization

We assume that a state variable realization of a physical system model is

given as:
X(t) = Ax(t) + bu(t), y(t) =cx(t).

Then, its dual realization is defined by the following state variable model:
2(t) = ATz(t) +cu(t), y(t)=bTzt).

We note that both the original and the dual models share the same scalar
transfer function, that is:

G(s) =cT(sI—A)"'b = bT(sI — AT) 'c = GT(s)

When the original state variable model is in the controller form, its dual
appears as the “observer form realization,” named so because of its use in the
design of state observers.

Observer Form Realization in MATLAB. In the MATLAB Control Sys-
tems Toolbox, the observer form realization is termed as the companion form.
The MATLAB command “canon” (for canonical) is used to transform a given
model into its companion form, as given below:

G=tf (num, den); % define plant transfer function
canon (G, 'companion') % transform into companion form

Example 3.5: Mass—spring—damper system.

We consider the mass—spring—damper system, with the system transfer
function given as: .G(s) m Then, using the apove MATLAB
commands, we obtain an observer form state space model, given as:

d Tl 0 -2 T 1 o)
dt|:l‘2:| o |:1 —2:| |::E2 T 0 b y_[o 1] T2 ’
We may note that ; and x5 in the above state variable model represent
the dual variables, however, x> represents the position of the inertial mass.

3.2.4 Modal Realization

The modal realization represents a parallel structure for the system model
composed of the first- and second-order factors. These factors, respectively,
contain the real and complex eigenvalues of the system matrix. In order to
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develop the modal realization, the transfer function is first expanded into the
first- and second-order factors using the PFE.

The second-order terms in the PFE contain complex roots, which may be
realized in their controller form. Alternatively, the denominator of a second-
order factor in the PFE is expressed as: (s + 0)? + w?, which can be realized
as a 2 x 2 block containing the real and imaginary parts of the eigenvalue as:
A= 7 L

—w o

The state variables representing individual factors are concatenated to
obtain the modal realization for the system. The resulting modal matrix is
block diagonal, that is, it consists of 1 x 1 and 2 x 2 blocks that correspond to
the first- and second-order factors. The eigenvalues in these blocks represent
the natural modes of system response. Further, they are represented in the
system output, y(t), through the output matrix.

The construction of the modal realization is illustrated in the following
example.

Example 3.6: Modal realization.

To illustrate the modal realization, we consider a third-order system
model with one real and two complex poles, which has the following partial
fraction expansion:

2(s2 +s+1) 3 s+ 2

G(s) = (s+2)(s%+2s + 2) T st+2 (s +2s+2)

Both factors can be realized individually in controller form and the results
concatenated to obtain the following modal form realization:

d T -2 0 0 T 1 o
T To| = 0 0 1| |x2| + |0 w; y:[B -2 —1] To
s 0 -2 —2| |23 |1 3

The 2 x 2 block corresponding to the quadratic factor in the PFE can
be alternatively realized using real and imaginary parts of the complex
eigenvalue. The resulting state variable model is given as:

d I —2 0 0 x| 1 I
2| =1 0 -1 1 faa| 410 wy=[3 -1 —1] |z
z3 0 -1 -1 x3 1 xs3

Further, we can verify that the two modal realizations share the same
transfer function.
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Modal Realization in MATLAB. The modal realization is obtained in the
MATLAB Control Systems Toolbox by using the “canon” command, as
illustrated below:

num=2*[1 1 1]; % define numerator polynomial

den= conv ([l 2],[1 2 2]); % define denominator polynomial
G=tf (num, den); % define plant transfer function
canon (G, 'modal') % obtain modal form realization

3.2.5 Diagonalization and Decoupling

In the event when the denominator polynomial in the system transfer function
has real and distinct roots, its modal matrix is a diagonal matrix with its
eigenvalues placed on the main diagonal. The resulting state equations are
described by a set of decoupled first-order ODEs that can be easily integrated,
as illustrated by the following example.

Example 3.7: DC motor model.

We consider the transfer function of a small DC motor, given as:

52+10s+1025
A PFE of the transfer function gives: G(s) = 5.59 [S+110.28 — s+919.72].

The modal realization is given as:

m] _ [_93.72 _18.28] Eﬂ + m Va,w=[-5.59 5.59] [ij

We note that the eigenvalues appearing on the main diagonal of the system
matrix correspond to the DC motor electrical and mechanical time constants.
The resulting DC motor model is described by first-order ODEs, given as:

i‘l(t) = —99.72%‘1(25) +V,
ia(t) = —10.2825(t) + V,
w(t) = 5.59(s(t) — 21(£))

We further note that the state variables in the diagonal realization are
different than the armature current and motor speed originally used to model
the system. In fact, the new state variables represent linear combinations of
the original variables.

In the following, we discuss a general procedure to transform a given state
variable model when we linearly combine the state variables to define a new
set of variables.
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3.3 Linear Transformation of State Variables

State variable models of dynamic systems can be transformed into equivalent
models with different structures by changing the choice of variables. To study
this phenomenon, we consider the general state variable model of a SISO
system, described as:

x(t) = AX(t) + bu(t)
y(t) = " x(t)

Linear transformation of the state variable vector x(¢) involves multipli-
cation of the state variable vector, x(¢), by a constant invertible matrix P,
resulting in a new set of state variables defined by z(t). Accordingly, let

z=Px, x=P 'z

Using the above relations, the state and output equations are written in
terms of the new state variable, z, as:

Plz=AP 'z+bu, y=c'Plz

Multiplying on the left by P results in an alternate state variable model,
given as:
z=PAP 'z+ Pbu,y = /P 'z

We note that the two models share the same transfer function, that is,
G(s) = c'P71(s1 — PAP™!)"'Pb = T (sT — A)"'b.

We also note that the transformed system matrix acquires an altered
structure. This fact can be exploited to impart a desired structure to the
system matrix through specifically defined linear transformation of the state
variables.

To elaborate, let A = PAP~!, b = Pb; the first equation is expressed as:
AP = PA. Given A, b, and the desired structure of A, b, the above relations
may be used to define an appropriate transformation matrix, P. In particular,
the transformation to the controller and modal forms is explored below.

3.3.1 Transformation into Controller Form

A necessary condition to find a linear transformation matrix P to convert a
given state variable model into controller form is that the system model is
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controllable, which is indicated if the following controllability matrix has
full rank:
M¢ = [b,Ab,... A" 1b].

We note that for the SISO systems, the controllability matrix is n x n.

The controllability matrix is guaranteed to be of full rank if the transfer
function description of the system has the same order, n, as the number of
state variables used to model the system in state space.

To proceed further, we assume that the controllability matrix is of full
rank, indicating that an equivalent controller form representation is attainable.

Let the controllability matrix for the desired controller form represen-
tation be given as: M¢or. We note that Mop contains the coefficients of
the characteristic polynomial and can be written by inspection. Then, the
matrix that transforms the given state-space model into its controller form
representation is given as:

Q=P ' =McM}.
Transformation of a given state variable model into controller form is
illustrated by the following example.
Example 3.8: DC motor model.

The state and output equations for a small DC motor model are given as:

d [i,] _ [-100 =57 [is] . [100 B i
1 R e g o A O
The controllability matrix for the model is given as: M¢ = [b, Ab] =
100 —10*
0 500

We can verify that the controllability matrix is of full rank; hence, the
model is controllable. Next, from the transfer function description of the DC

motor, G(s) = %, we obtain the controller form realization as:
. 0 1 0
X = {_1025 —110} X + M Vo, w=1[500 0]x.

The controllability matrix for the controller form realization is given as:

0 1
Mer = [1 —110}
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Then, the state transformation matrix for the DC motor model is com-
puted as:

-1 [1000 100 [0 0002
Q=P _[500 o ¥=loo1 —o002]

Indeed, A = PAQ matches the system matrix in the controller form.

3.3.2 Transformation into Modal Form

A matrix that has a full set of eigenvectors is diagonalizable by a linear
transformation matrix P when the eigenvectors of A are selected as the
columns of P~1.

The resulting state variable description, given as: A = PAP~! b = Pb,
has a diagonal structure.

In the event when the A matrix has complex eigenvalues, its eigenvectors
are also complex. However, by placing the real and imaginary parts of the
eigenvector into columns of P~!, the matrix is transformed into modal form
with real entries, where the corresponding 2 x 2 block contains the real
and imaginary parts of the complex eigenvalues. This is illustrated using the
following example.

Example 3.9: The mass—spring—damper system.

We consider the mass—spring—damper system with mass position x(¢) and
velocity v(t) selected as state variables. The state and output equations of the
system for a particular choice of system parameters are given as:

atle] =% B [l om0l

The eigenvalues of the system matrix are: —1 + j1; the complex
: 1
eigenvectors are: [1 ijl}
By choosing P~! = [_11 (ﬂ , the modal form system matrix is obtained

-1 1
. -1 _
as: PAP™ " = [1 1].

Example 3.10: DC motor model.
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We consider the state variable model of a small DC motor (Example 3.2),
given as:

d lig| [—100 =51 [iq 100 o i
2] =[5 Sl ]+ [t m 2]
Next, we use the MATLAB “eig” command to obtain the P matrix to
diagonalize the state variable model as:

A=[-100 -5; 5 -101; % define system matrix
[V,D]=eig (A7) % diagonalize system matrix

—0.9985  0.0556
0.0556  —0.9985

is then used to transform the system matrix A, and the input b and output ¢’
vectors. The result is a decoupled state variable description, given as:

@] [-99.72 0 [xi]  [~100.47
|:i2:| = { 0 —10.28} [:cJ + { 56 ] Va,

w=[0.056 —0.998] |"}|.
z2

The matrix V=P~ ! = [ } obtained from MATLAB

The decoupled system of equations includes two scalar ODEs that can be
easily integrated. Assuming, for example, a unit-step input, the solution to the
state variables is given as:

z1(t) = 1.0075 + (w19 — 1.0075)e /9072
2o(t) = 0.545 + (x99 — 0.545)eH/10-28,

In the above, x19, x2¢ represent the initial conditions on the state vari-
ables.

The system output represents a weighted sum of state variables and is

computed as:
w(t) = 0.056x1(t) — 0.998x2(t).

The original DC motor state variables are recovered as: L‘j =
P! [xl],thatis,
T2

ia(t) = —0.99851 () + 0.055675(t)
w(t) = 0.0556z1 () — 0.99855(t).
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Skill Assessment Questions
Link to the answers:
http://www.riverpublishers.com/book_details.php?book_id=449

1. The state variable model of a simple pendulum is given as:

RN

Assume the following parameter values: m = 1, g = 10.

(a) Find the characteristic polynomial and the modes of system’s natural
response.

(b) Find the modal and state-transition matrices for the model.

(c) Transform the state variable model into modal form.

2. The state equation for the simplified model of a DC motor is given

d |6 0 1 0 0
il =lo ][]+ 4]
Assume the following parameter values: R = 1,J = 0.01,b =

0.1,k = ky = 0.02.

(a) Find the characteristic polynomial and the modes of system natural
response.

(b) Find the state-transition matrix for the model.

(c) Compute and plot the state variables in response to a step input.

3. A series RLC circuit is described by the following equations, where
i1, vo represent the inductor current and the capacitor voltage:

di(t) av, .
—C — (¢t
dt a
Assume the following parameter values: R = 1), L = 1mH, C = 1uF

L

+ Ri(t) + Ve(t) = Vs(1),C

(a) Develop a state variable model of the circuit.
(b) Find the modes of system natural response.
(c) Find the modal and state-transition matrices for the model.

4. A band pass RLC network is described by the following equations,
where i1, vo represent the inductor current and the capacitor voltage:
dve  Vs—vo . dig,

e _ | il 2
di R P T
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Assume the following parameter values: R = 1Q), L = 1mH, C = 1uF

(a) Develop a state variable model of the circuit.
(b) Find the modes of system natural response.
(¢) Find the modal and state-transition matrices for the model.

. The approximate model of an industrial process with delay is obtained

as: G(s) = 72(%%;?.15);)'

(a) Find the modes of system natural response.

(b) Draw simulation diagrams for serial and parallel realizations of the
model.

(c) Obtain controller and modal form realizations for the model.

. The postural dynamics in the sagittal plane are modeled as a rigid
inverted pendulum, given as: G(s) = ﬁ, where £ = 0.01,
Q = 3rad/ sec.

(a) Find the modes of system natural response.
(b) Draw simulation diagrams for serial and parallel realizations of the

model.
(c) Obtain controller and modal form realizations for the model.
: < o . _ 05 0.1
. The model of a flexible structure is given as: G(s) = => + ZTsr100

(a) Find the modes of system natural response.
(b) Draw a simulation diagram for the parallel realization of the model.
(c) Obtain the modal form realization for the model.

. Consider the following transfer function model: G(s) = S(Sj%)(ls%)

(a) Find the modes of system natural response.

(b) Draw simulation diagrams for serial and parallel realizations of the
model.

(c) Obtain controller and modal form realizations for the model.

. Consider the following transfer function model: G(s) = 8(8%2;2)

(a) Find the modes of system natural response.

(b) Draw simulation diagrams for serial and parallel realization of the
model.

(c) Obtain controller and modal form realizations for the model.
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10. Consider the following transfer function model: G(s) = %.

(a) Find the modes of system natural response.

(b) Draw simulation diagrams for serial and parallel realization of the
model.

(c) Obtain controller and modal form realizations for the model.
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Feedback Control Systems

Learning Objectives

1. Characterize feedback controller models for single-input single-output
(SISO) systems.

2. Characterize the PID controller in terms of the three basic control modes.

3. Characterize rate feedback controller for a SISO.

A control system is designed to monitor and regulate the response of a phys-
ical system, such as an automobile or an airplane. Automatic control systems
invariably involve feeding back the output to compare with a reference input
that the output is expected to follow. A comparator generates an error signal
that is expected to go to zero in stead-state.

The traditional design of a single-input single-output (SISO) control
system involves a controller, K (s), in cascade with the plant, G(s), in the
feedback loop (Figure 4.1). The controller suitably conditions the error signal,
e = r — Hy, obtained from a comparator that monitors and compares the
measured output, H y(t), where H represents the sensor gain, against the
reference input, ().

The elementary controller for the SISO system is a static gain controller,
K, that suitably affects the closed-loop characteristic polynomial and thereby
the output of the system (Figure 4.1(a)). The static gain controller is simple
to design and is effective in diverse control problems, such as regulation and
reference tracking problems. If, however, the static gain controller does not
meet the control objectives, then instead a dynamic controller, K (s), may be
considered.

A dynamic controller, described by the controller transfer function, K (s),
represents a dynamic system in its own right. The input to the dynamic
controller is the error signal, e(¢), and its output, u(t), is the input to the plant.
A proportional-integral-derivative (PID) controller that comprises three basic
modes of control is an example of the dynamic controller. Further, a dynamic
controller is similar to a frequency selective filter.

93
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- o0 ) ” y(®) @
| H(s) |«
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) e(t) o~ “(t)# &(s) vt :Czl)
| H(s) |«

(b)

Figure 4.1 Feedback control system with static gain controller (a); with dynamic controller
K(s), plant G(s), and sensor H (s) (b).

The output feedback controller design has limited potential to affect
the behavior of the closed-loop system, which it does through modifying
the closed-loop characteristic polynomial. Pole placement using full state
feedback is a more powerful controller design method that is employed with
state variable models and allows arbitrary placement of closed-loop poles of
the system (more on this topic in Chapter 9).

Rate sensors, such as rate gyros and tachometers, are commonly
employed in position control applications. A feedback controller with rate
feedback offers additional design flexibility in terms of transient as well as
steady-state response improvement.

The cascade and rate controllers for transfer function models can be
designed by using root locus technique or frequency response design meth-
ods. These are discussed in later in Chapters 6 and 9, respectively. The advent
of digital computers in recent years has popularized alternate time-domain
design methods that employ state variable models of control systems (more
on this topic in Chapter 7).

The dynamic controllers designed using conventional methods are tradi-
tionally implemented using frequency selective filters built with operational
amplifier circuits and RC networks. Nowadays, however, both filters and
controllers are implemented using microcontrollers and industrial comput-
ers. The time-domain controller design methods also facilitate computer
implementation of the controller (more on this topic in Chapter 8).
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In this chapter, we will limit our discussion to the cascade and rate
feedback controllers of the static and dynamic types. These controller are
described below.

4.1 Static Gain Controller

A static gain controller consists of placing an amplifier with static gain, K, in
cascade with the plant (Figure 4.1(a)) that affects the loop gain and hence the
coefficients of the characteristic polynomial that determines the closed-loop
system response. The gain K can be selected keeping in view the desired
and/or achievable root locations of the closed-loop characteristic polynomial.

The advantage of a static controller is its simplicity and ease of use in
designing control systems. Its disadvantage is its limited ability to affect the
behavior, that is, it offers a limited choice of achievable closed-loop pole
locations.

Nevertheless, static controller is the first choice of the control systems
designer in an effort to suitably modify the plant behavior to meet the

transient response and/or steady-state error specifications.

_ n(s)
d(s)

describe the plant transfer function, and let K (s) = K describe the controller.
Then, assuming H (s) = 1, the closed-loop transfer function is given as:

To assess the effectiveness of the static gain controller, let G(s)

W) KGs) _ Kn(s)
r(s) 1+ KG(s) d(s)+ Kn(s)

The resulting closed-loop characteristic polynomial is given as:
A(s,K) =d(s) + Kn(s).

Further, the error transfer function from the reference input to the
comparator output is given as:

e(s) __ d(s)

r(s) d(s)+ Kn(s)

From the above relations, we note that:

1. The closed-loop poles are the roots of the characteristic polynomial,
given as A(s, K) = d(s) + Kn(s), and are affected by the choice of K.

2. The static controller does not affect the zeros of the plant, that is, the
roots of the numerator polynomial. In particular, any unstable zeros are
not affected by the static controller.



96 Feedback Control Systems

3. It is generally advantageous to choose a large K to increase the loop
gain in order to reduce the steady-state tracking error, but this may
have undesirable consequences. In particular, a high loop gain reduces
the dynamic stability, that is, it makes the system response prone to
oscillations.

Example 4.1: Environmental control system.

We assume that a model for an environmental control system is given as:
G(s) = ﬁ.

Then, using a static gain controller in the feedback loop, the characteristic
polynomial the closed-loop system is obtained as: A(s, K) = 20s + 1 + K.

Let a desired characteristic polynomial be given as: Ages(s) = 20(s + 5).
Then, by comparing the coefficients, we obtain the static controller as:

K =99.
Example 4.2: Position control system.

We consider the model for a position control system given as: G(s) =
1

s(0.1s+1) "
Then, using a static gain controller in the feedback loop, the charac-

teristic polynomial of the closed-loop system is obtained as: A(s, K) =
5(0.1s+1) + K.

We can equivalently express the characteristic polynomial as: A(s, K) =
5?4 10s + 10K.

Let a desired characteristic polynomial be given as: Age(s) = s>+
10s + 50.

Then, by comparing the coefficients, we obtain the static controller as:
K =5.

4.2 Dynamic Controllers

A dynamic controller is a dynamic system described by a transfer function,
K (s), that suitably conditions the error signal to generate the plant input
signal, thus affecting the closed-loop system response.

To proceed further, we assume that the plant is described by its transfer

function, G(s) = 28 , and the dynamic controller is described by its transfer

function, K(s) = ZEE‘:;, then, the closed-loop characteristic polynomial is

given as:
A(s) = d(s)dc(s) + n(s)n(s).



4.2 Dynamic Controllers 97

The closed-loop transfer function from the reference input to the plant
output is given as:
y(s) _ n(s)ne(s)
r(s)  d(s)de(s) +n(s)n.(s)’

The error transfer function from the reference input to the comparator
output is given as:

A(s) = d(s)de(s) + n(s)n(s).

e(s) _ d(s)dels)
#(5) ~ d()dels) + n(s)ne(s)

From the above relations, we observe that:

1. The closed-loop characteristic polynomial, A(s) = d(s)d.(s) + n(s)
ne(s), allows greater flexibility in the choice of closed-loop poles
compared to the static gain controller.

2. The closed-loop input-output transfer function includes controller
zeroes. This fact may be used to choose controller zeros at undesirable
but stable plant pole locations to exclude them from the loop transfer
function. However, such pole-zero cancellations are only good on paper
and should absolutely be avoided in the case of unstable plant poles.

In the following, we discuss the characteristics of some common struc-
tures used to design dynamic controllers.

4.2.1 First-Order Phase-Lead and Phase-Lag Controllers

Traditionally, first-order dynamic controllers are categorized as phase-lead or
phase-lag type. The lead and lag terms refer to the phase contribution from
the controller to the Bode phase plot of the loop transfer function, defined as:
L(s) = KGH(s) = K(s)G(s)H(s). The phase contribution is positive for
phase-lead controller and negative for phase-lag controller (Figure 4.2).

The positive phase from the phase-lead controller increases the phase
margin and adds to dynamic stability. The negative phase from the phase-lag
controller compromises stability, and is kept to a minimum while increasing
the system error constants.

Both phase-lead and phase-lag controllers are first-order controllers, that
is, they add a pole-zero pair to the loop transfer function, and can be
described by a generic transfer function description:

K(s+ z.)

K(s) = s+p
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Figure 4.2 Phase contribution from first-order controllers; phase-lead (a); phase-lag (b).

where the phase-lead controller is characterized by z. < p., and the phase-
lag controller is characterized by z. > p.. Further, the phase contribution
of the controller is given as /K = 6, — 0,, where ¢, and 6, denote the
angles subtended by the controller pole and zero at the desired closed-loop
pole location.

As an example, a dynamic controller given as K(s) = 83:110 is of
phase-lead type, whereas K(s) = ssioo.bl1 is of phase-lag type. The phase
contribution of the two controllers is shown below (Figure 4.2).

A lead-lag controller is a second-order controller that combines a phase-
lead section with a phase-lag section and thus has the form:

K(s) = K(s+z1)(s+ zz).
(s +p1)(s+p2)
For example, a lead-lag controller is given as: K(s) = %

Example 4.3: Position control system.

We consider the a model for a position control system given as: G(s) =
1
s(0.1s+1) "
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Let a phase-lead controller for the feedback control system be defined as:

K(s) = K <00.'0128;—r+11 :

Then, the characteristic polynomial for the closed-loop system is obtained
as: A(s, K) = 5(0.02s+1)+ K, or equivalently, A(s, K) = s?+50s+50K.

Let a desired characteristic polynomial be given as: Age(s) = 52 +50s+
1000.

Then, by comparing the coefficients, we obtain the controller gain as:
K =20.

Hence, the dynamic controller for the system is given as: K(s) =

0.1s4+1
20( 0.0253—:—1 )

4.2.2 The PID Controller

The PID (proportional-integral-derivate) controller is a general-purpose con-
troller that combines the three basic modes of control, that is, the proportional
(P), the derivative (D), and the integral (I) modes.

The PID controller with input e and output u is described by the relation:

u(t) = kp + kd%e(t) + ki /e(t)dt

or by its Laplace transform equivalent:
u(s) = ky + kas + ki/s.

The constants, {ky, k4, k;}, in the above equations represent the con-
troller gains for the three basic control modes, that is, the proportional, the
derivative, and the integral modes (Figure 4.3). Of these, the proportional

O ¥

P fudt

Figure 4.3 Three basic control modes represented in the PID controller.
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mode mimics the static gain controller that affects the roots of the closed-
loop characteristic polynomial. The derivative term, similar to the phase-lead
controller, speeds up the system response; and the integral term, similar to the
phase-lag controller, improves the steady-state error response of the system.

PID controllers are popular in the industrial settings for process control
applications. Often, the controller has to be tuned in response to changes
in the process parameters. Industrial process controllers are manually tuned
using control knobs on the control boxes, which involves selection of the
controller gains: {k,, k4, k; }. Empirical tuning rules, for example, Ziegler—
Nicholas rules (see References), are available and often employed for the
tuning of industrial process controllers.

The control system design objectives may require using only a subset of
the three basic controller modes. These choices include the proportional con-
trol, proportional and derivative (PD) control, and proportional and integral
(PI) control, as described below.

Proportional (P) Controller. A proportional controller, K(s) = k,, is
similar to the static gain controller.

Proportional-Derivative (PD) Controller. A PD controller is described by
the transfer function:

K(s) =kp+kgs =kq (s—&-%).
ka
A PD controller thus adds a single zero to the loop transfer function that
helps speed up the system response. A pure PD controller has the undesirable
effect of amplifying high-frequency noise. A filter pole farther (4 or 5 times)
to the left of the controller zero is normally added to limit the loop gain at
high frequencies to suppress the high-frequency noise.
The modified PD controller is described by the transfer function:

kas _ (kpTy + ka)s + kp

K = =
(S) kp * Tfs +1 Tfs +1

The modified PD controller adds a zero and a pole to the loop transfer
function and is similar to a phase-lead controller, that is:

K(s+ z)
(S +pc)

A PD controller, like the phase-lead controller, is employed to improve
the transient response of the system.

K(S) — 9 pc > ZC'
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Proportional-Integral (PI) Controller. A PI controller is described by the
transfer function:

ki kp(s+ kifky)

S S

K(s) =k, + .

The PI controller adds a pole at the origin (i.e., an integrator) and a
finite zero to the feedback loop. The controller zero is normally placed
close to the origin in the complex s-plane. The presence of the integrator
in the loop forces the steady-state error to a unit-step input to go to zero;
hence, the PI controller is commonly used in designing tracking systems and
servomechanisms.

The presence of a pole—zero pair close to the origin adds a closed-loop
pole with a large time constant that results in the addition of a relatively slow
mode to the system response. This mode normally has a small coefficient and
hence does not appreciably degrade the speed of response.

Proportional-Integral-Derivative (PID) Control. The PID controller is
described by the transfer function:

ki kas* +kps+k;
K(s) = ky + kas + = = A

S

The PID controller includes both PD and PI parts; hence, it adds two zeros
and an integrator pole to the loop transfer function. The zero due to the PI part
may be located close to the origin; the zero due to the PD part is placed at a
suitable location for desired transient response improvement.

A PID controller is alternatively described by a cascade of PI and PD
sections, given as:

k; k.
K(s) = (kzp + l) (1+Fkgs) or K(s)=(kp+kgs) (1 + Z).
S s
For noise suppression, a first-order lag is added to the derivative term in
the PID controller resulting in the modified controller transfer function, given

as:

The lag has the additional desired effect of making the controller transfer
function proper and hence realizable by a combination of a low-pass and
high-pass filters.
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The PID controller imparts both transient response and steady-state
response improvements to the system response. Further, it delivers stability
as well as robustness to the closed-loop system.

PID Controller in MATLAB. In the MATLAB Control System Toolbox,
a PID controller object is created using the “pid” command. The MATLAB
software additionally includes a built-in function for the tuning of PID con-
trollers. The relevant commands for creating and tuning PID controllers are
given as follows:

CO0 = pid(Kp,Ki,Kd, Tf); % create PID controller object
C=pidtune (sys, CO0); % tune PID controller

In the above, the argument “sys” denotes a dynamic system object and
CO is a baseline controller. A dynamic system object is created by one of the
following MATLAB commands: “tf” (for transfer function), “ss” (for state
space), and “frd” (for frequency response design).

The MATLAB PID controller tuning algorithm aims for a 60° phase
margin, which results in a moderate 8—10% overshoot in the closed-loop
system response to a step reference command.

Example 4.4: PID controller for the DC motor model.

For a small DC motor, the following parameter values are assumed:
R=1Q, L=10mH,J =0.01lkg -m% b = 0.135 and k = k, = 0.05;
the transfer function of the DC motor from armature voltage to motor speed
is given as:

w(s) 500

Va(s)  (s+100)(s+10) +25°

We use the MATLAB Control System Toolbox to design and tune a PID
controller for the DC motor model and plot the step response of the closed-
loop system. The MATLAB commands for this example are given below:

G=tf (500, [1 110 10251); % define DC motor transfer function
CO0=pid(1,1,1,.1); % create PID controller object
C=pidtune (G, CO0) % tune PID controller for DC motor
T=feedback (CxG, 1) % formulate closed-loop system

step (T),grid % plot step response

The resulting step response of the PID-controlled DC motor is shown in
Figure 4.4. We make the following observations from the step response plot:

1. The step response has about 7.5% overshoot.
2. The response settles in about 0.3 s.
3. The steady-state error of the step response is zero.
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Figure 4.4 Step response of the DC motor with cascade PID controller.
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Figure 4.5 The rate feedback controller: basic rate feedback configuration (a); equivalent
PD compensator in the feedback loop (b).

4.2.3 Rate Feedback Controllers

In position control applications, rate feedback signal is generally available
using a tachometer or a rate gyro and can be employed to further improve the
response of the closed-loop system.

The basic rate feedback configuration is shown in Figure 4.5(a), where
k; denotes the rate constant. The closed-loop transfer function for the
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rate feedback configuration can be obtained by applying Mason’s gain rule
defined for signal flow graphs.

For simple block diagram configurations involving both output and rate
feedback, the gain rule is stated as:

y(s) _ Fis)
r(s) 1= Li(s)

where F;(s) denotes the forward path gain from an input node to an output
node, and ) L;(s) denotes the sum of the loop gains.

Rate Feedback as PD Controller. The effective loop gain in the case or rate
feedback configuration (Figure 4.5(a)) is computed as:

ZLi(S) =—G(s) (kps+ K) = —KG(s) <1 + l;?)

The overall loop gain thus includes the plant transfer function in cascade
with a PD controller with the compensator zero located at: s = —kﬁ. Hence,

rate feedback control configuration is identical to placing a PD controller in
the feedback loop (Figure 4.5(b)).
_ n(s).

To explore further, let the plant transfer function be given as: G(s) = sy
then, the closed-loop transfer function for the rate feedback configuration is

described as:
y(s) Kn(s)

r(s)  d(s)+ (kps+ K)n(s)’

that is, the resulting closed-loop characteristic polynomial is given as:

A(s) =d(s) + (kgs + K)n(s).

Rate Feedback with Cascade PI as PID Controller. The rate feedback in
conjunction with a cascade PI controller can effectively implement a PID
controller. Let the cascade PI controller be defined as: K (s) = k, + % Then,
the effective loop gain is obtained as (Figure 4.6(a)):

D Li(s) = - (/-sp + % + k:fs> G(s).

Hence, the effect of using a cascade PI controller with rate feedback is
equivalent to placing a PID controller in the loop (Figure 4.6(b)). Further, let
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Figure 4.6 The rate feedback with cascade PI controller: basic controller configuration (a);
equivalent PID compensator in the feedback loop (b).

the plant transfer function be: G(s) = Z((j)) ; then, the resulting closed-loop

characteristic polynomial is given as:

A(s) = d(s) + (kp + % + k:fs> n(s).

Example 4.5. Mass—spring—damper system.

We consider the mass—spring—damper system where the transfer function

is given as: G(s) = ?8 = m’

values: m = 1,b=2,and k = 2.
The designs of rate feedback controller and rate feedback with cascade PI
controller are given below:

and assume the following parameter

Rate Feedback Controller Design. The closed-loop characteristic polyno-
mial for the rate feedback configuration is given as:

A(s) =s*+ (ky +2)s + K + 2,

where K and kj are the controller parameters. Let a desired characteristic
polynomial be selected as: Ages(s) = (s? + 4s + 10). Then, by comparing
the coefficients, the required controller gains are given as: K = 8, ky = 2.
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Figure 4.7 Step responde of the mass—spring—damper system: rate feedback (a); rate
feedback with cascade PI (b).

The unit step response of the resulting closed-loop system is shown in
Figure 4.7(a).

Rate Feedback with Cascade PI Controller Design. The closed-loop char-
acteristic polynomial for the rate feedback configuration with cascade PI
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controller is given as:
A(s) = 8%+ (ky +2)s* + (kp +2)s + ki

The controller gains {ky, k,, k;} can be selected for the desired closed-
loop performance. Let a desired closed-loop characteristic polynomial is
given as: Ages(s) = (s? + 4s + 10)(s + 2). Then, the controller gains are
selected as: ky = 4, k, = 20, and k; = 16. The unit step response of the
resulting closed-loop system is shown in Figure 4.7(b).

By comparing the step responses for the two controllers, we make the
following observations:

1. The step response of the closed-loop system with only rate feedback
controller has about 6.5% overshoot and 20% steady-state tracking error.

2. The step response of the closed-loop system with rate feedback and
cascade PI controller has a larger 27% overshoot with zero tracking
error. The overshoot can, however, be reduced by moving the real root
in the desired characteristic polynomial closer to the origin.

3. In both cases, the unit-step response settles in about 2 s.

The MATLAB script for this example is given below:

G=tf(1,[1 2 2]1);
Kl=pid(8,0,2);
Tl=8xfeedback (G,K1) ;
step(T1l),grid plot step response
K2=pid(16,20,4); PID controller design
K3=pid(16,20,0); % PI controller design
T2=K3xfeedback (G,K2) ; closed-loop system
step(T2),grid % plot step response

system transfer function
PD controller design
closed-loop system

o® o° o o

oe

> oo
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Skill Assessment Questions

Link to the answers:
http://www.riverpublishers.com/book_details.php?book_id=449

1. The model of a hydraulic reservoir level control system is given as:
G(s) = WIH' The model is connected in a unity-gain feedback
configuration with a static controller in the loop.

(a) Obtain the expression for the closed-loop characteristic polynomial.
(b) Design a static gain controller for a desired characteristic polyno-
mial: Ages(s) = s+ 2.

2. The model of a position control system is given as: G(s) = m.

Assume that the plant is connected in unity-gain feedback configu-
ration with a controller, K (s). Obtain the closed-loop characteristic
polynomial for the following controller choices:

@) K(s) = K
(b) K(s) = K (54?150)
(© K(s) = K (g3

@) K(s) = K (54?150) (0%??1)

3. Consider the model of the position control system in Question 2. Assume
that the plant is connected in a unity-gain feedback configuration with a
static controller in the loop. Design a static gain controller for a desired
characteristic polynomial: Age,(s) = s% + 5s + 10.

4. The simplified model of a DC motor with voltage input and position
output is described by the following equations: e, = Raia + Kpw;
Kiiy = Jw+ Dw; w = 6. The following parameter values are assumed:
R, =1,J = 0.01, D = 0.05, and Kt = K}, = 0.1. The motor is
connected in unity-gain feedback configuration with a controller K (s)
in the loop. Obtain the closed-loop characteristic polynomial for the
following controller choices:

(@) K(s) = K

(b) K(s) = K(s + 10)

(©) K(s) = K (5+ )

d) K(s)=K (5+s+1)
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5. Consider the DC motor model in Question 4. Use MATLAB ‘pidtune’
command to design a PID controller for the motor. Plot the step response
of the closed-loop system.

6. A model of human postural dynamic while standing is given as:
G(s) = 8859. The model is connected in unity-gain feedback config-
uration with a controller, K (s). Obtain the closed-loop characteristic
polynomial for the following controller choices:

@) K(s) = K
) K(s) = K <ﬂ)

s+b
(c) K(s) =kp+ kqs + %
7. Consider the model of human postural dynamics in Question 6. Use

MATLAB ‘pidtune’ function to design a PID controller for the model.
Plot the step response of the closed-loop system.
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Control System Design Objectives

Learning Objectives

1. Characterize the stability of a feedback control system.

2. Characterize performance goals for transient and/or steady-state
response improvement.

3. Characterize the disturbance rejection problem in feedback control
systems.

4. Determine the sensitivity of the closed-loop system to parameter
variations.

The goal of the control system design is to find a controller to condition the
input to a physical system in order to obtain a desired behavior at its output,
where the physical system may be an automobile, an airplane, a DC motor, an
industrial process, etc. In addition, the controlled system is expected to work
autonomously without human intervention, much like the cruise control of an
automobile.

An automatic control system invariably involves feedback of the output
to the input side. The feedback is beneficial in several ways: it permits precise
control of the overall system gain and hence its time and frequency responses;
it makes the system robust against parameter variations and unmodeled
dynamics; and, it can compensate for signal distortions and nonlinearities.

The feedback control system model considered in this chapter
(Figure 5.1) includes a plant G(s), an observation model H (s), and a con-
troller, K (s), that suitably modifies the error signal; the latter is obtained by
comparing the feedback against a reference signal. The static controller is
defined by a constant gain, K, that acts as a design parameter and affects the
closed-loop behavior of the system.

The static gain controller, however, has its limitations and may be
replaced by a dynamic controller, for example, a PID controller. A dynamic

111
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roor e(t) u(t) y(t) y

K(s) G(s) »(1)

A 4

| H(s) [«

Figure 5.1 Feedback control system with plant G(s), sensor H(s), and controller repre-
sented by K (s).

controller is described by a transfer function, K (s), that contributes to the
overall feedback loop transfer function.

The feedback controller design for a given system model is aimed to
realize a set of design objectives. The common design objectives include
closed-loop system stability, transient response shaping, steady-state error
reduction, and sensitivity reduction to disturbance inputs and model param-
eter variations. These objectives are discussed in the remaining of this
chapter.

The control system design objectives involve inherent trade-offs. For
example, a static gain controller cannot simultaneously improve the transient
response and reduce steady-state error to a unit-step input. Similarly, dis-
turbance rejection and reference tracking pose conflicting design objectives.
When faced with such situations, it is not always easy to find the right balance
in meeting design objectives. Hence, the control system design is more of an
art than an exact science, that is, it relies much on the skills of the designer.

5.1 Stability of the Closed-Loop System

Ensuring the closed-loop stability is the first and foremost control system
design objective. Even though the physical plant, G(s), may be stable, the
presence of feedback can cause the closed-loop system to become unstable.
This would happen for high-loop gains when the plant transfer function is at
least third order (more on this in Chapter 6).

To explore the closed-loop system stability, we begin by formulating and
analyzing the closed-loop characteristic polynomial.

5.1.1 Closed-Loop Characteristic Polynomial

The block diagram of the feedback control system with controller in the loop
is shown in Figure 5.1. In the diagram, G(s) represents the plant transfer
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function, H (s) defines the sensor transfer function, and K (s) represents the
controller.

The overall system transfer function from input, (), to output, y(t), can
be obtained by considering the error signal, that is,

e=r—Hy=r—KGHe.

Further, the output is expressed as:

KGr
=KGe= ————.
Y ‘T 1+KGH
The resulting closed-loop transfer function is given as:
KG(s)

1) = T RGH):

For sensitivity analysis, we also define an error transfer function, from r

to e, given as:
1

T 1+ KGH(s)

These two transfer functions obey an important identity: S(s) + 7'(s) = 1,
which serves as a fundamental constraint in the design of robust control
systems.

The determination of stability is based on the closed-loop characteristic
polynomial:

S(s)

A(s,K) =14+ KGH(s).

In particular, let G(s) = Z((j)) ,and let K (s) = K define a static controller;

then, the resulting characteristic polynomial is given as:

A(s,K) =d(s) + Kn(s).

In a more general case, we may replace the static controller with a

dynamic one described by: K (s) = Zféjg . Then, the characteristic polynomial
assumes the form:

A(s) = d(s)de(s) + n(s)ne(s).
In the following, we assume that A(s) is a polynomial of degree n,

expressed as:

1

A(s)=s"4+a1s" "+ +an—15+ an.
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5.1.2 Stability Determination by Algebraic Methods

The stability determination for the characteristic polynomial uses algebraic
methods to characterize its root locations based on the coefficients of the
polynomial. A stable (Hurwitz) polynomial has its roots located in the open
left-half plane (OLHP).

A necessary condition for stability of the polynomial is that all coeffi-
cients of the polynomial are nonzero and are of same sign.

A sufficient condition for polynomial stability is obtained through the
application of either of the following equivalent criteria:

The Hurwitz Criterion. Consider an nth order polynomial, s™ + a;s™ 1 +
-+ + apn. According to the Hurwitz’s criterion, the polynomial is stable, that
is, it has its roots in the OLHP, if and only if the following determinants have
positive values:

ay as as
a; as
la1], 1 , 1 ax a4,...
@2 0 a1 a
1 3

The Routh’s Criterion. The Routh’s criterion involves construction of a
Routh’s array, where the first two rows in the array are filled by alternating
polynomial coefficients.

s 1 a9
snfl
ay ag
N
C1 C2
Sl
SO

The entries appearing in the third and subsequent rows are computed as
follows:
1

by=——
ai

1
) b2::‘_‘4
a3

1
b1

1 as
ap a2

as Qg
as as

ap as
b1 by

, €1 = , etc.

The Routh’s stability criterion states that the number of unstable roots of
the polynomial equals the number of sign changes in the first column of the
array.

Stability Determination for Low-Order Polynomials. Low-order poly-
nomials (i.e., polynomials of degree n = 2,3) are often encountered in
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model-based control system design. The Routh or Hurwitz can be simpli-
fied when applied to such polynomials. Using either criterion, the stability
conditions for low-order polynomials are given as:

Second-order polynomial (n = 2): a; > 0, as > 0.
Third-order polynomial (n = 3):a; > 0, ag > 0, az > 0, ajas—asz > 0.

The above stability conditions may be used to determine the range of
controller gain, K, that would ensure that the roots of the closed-loop
characteristic polynomial, A(s, K), lie in the OLHP.

The stability conditions affecting the controller gain are illustrated
through the following examples.

Example 5.1: A second-order system.

Let G(s) = s(siliz) H(s) = 1; then, A(s, K) = s? + 25 + K. By using

the above stability criteria, A(s) is stable for K > 0.
Example 5.2: A third-order system.

Let A(s, K) = s + 352 + 25 + K. Then, by using the above stability
criteria, A(s) is stable if the following conditions are met: X > 0 and
6 — K > 0. Accordingly, the range of K for closed-loop stablity is given as
0< K <6.

Example 5.3: PID controller for simplified model of a DC motor.

The simplified model of a small DC motor is given as: G(s) = V) =

10
s(s+6) "

Let a PID controller be selected as: K (s) = ky + kqs + %” and assume
that the motor is connected in a unity gain feedback configuration, that is,
H(s) = 1. Then, the closed-loop characteristic polynomial is given as:
A(s) = d(s)dc(s) + n(s)n.(s), or,

A(s) = s%(s+6) +10(kgs* +kps+k;) = s34+ (64+10kq)s* + 10k, s+ 10k;.

The resulting constraints on the PID controller gains to ensure the stability
of the third-order polynomial are given as:

kp, ki, 64+ 10kq > 0
kp(G + 10kd) —k; > 0.

We may choose, for example, k, = 1,k; = 1, k4 = 1 to meet the stability
requirements.
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5.1.3 Stability Determination from the Bode Plot

The frequency response of the loop transfer function in a feedback control
system can be used to determine the stability of the closed-loop system as
follows: given the closed-loop transfer function, 7'(s), the magnitude of the
closed-loop frequency response (in dB) is obtained as:

20log |T (jw)| = 201log | KG(jw)| — 201og |1 + KGH (jw)|

The closed-loop frequency response will have a discontinuity at the zeros
of the closed-loop characteristic polynomial, that is, for 1 + KGH (jw) = 0,
or when KGH (jw) = —1. Hence, the stability of the closed-loop system
can be inferred from the frequency response of the loop transfer function:
KGH (jw), relative to the 1/4-180° point on the complex plane. The stability
determination is done using the following relative stability criteria defined on
the Bode plot of the frequency response:

Gain Margin. It is the factor by which the loop gain, | KGH (jw)|, can be
increased without compromising the closed-loop stability. The gain margin
(GM) is computed as:

GM = —’KGH(jpr)’dB,

where wy, denotes the phase crossover frequency, defined by ZKGH (jw) =
—180°.

Phase Margin. It is the additional phase angle that can be added to
/KGH (jw) without compromising the closed-loop stability. The phase
margin (PM) is computed as:

PM = ZKGH (jwg.) + 180°,

where wy. denotes the gain crossover frequency, defined by |[KGH (jwyc)| 45
= 0dB.

Let the plant transfer function be given as: G(s) = %, where n(s)
and d(s) are, respectively, mth and nth order polynomials; then, we may
observe that the phase crossover becomes relevant when the pole excess,
that is, the difference of the number of poles and zeros, exceeds two, that is,
n—m > 2.

Hence, for low-order plant models (n < 2), the loop gain, KGH (s),
displays an infinite GM as long as the plant transfer function, G(s), is stable.

Similarly, the PM becomes relevant when | KGH (50)|45 > 0 dB.
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Both gain and phase margins are required to be positive to ensure closed-
loop stability of the characteristic polynomial. In addition, the phase margin
should be adequate to ensure dynamic stability, that is, to ensure that any
oscillations in the system response die out in a reasonably fast time.

The relative stability margins can be easily obtained in the MATLAB
Control Systems Toolbox by using the “margin” command, as illustrated by
the following examples.

Example 5.4. DC motor with velocity output.

The model of a small DC motor, with an amplifier with a gain of 3 is

given as:
w(s) 1500

Va(s)  (s+100)(s + 10) + 25°
The relative stability margins for the model are given as: GM =
o0o; PM = 127° (Figure 5.2(a)). These margins were obtained by using the
following MATLAB commands:

G=tf (1500, [1 110 1025]); % define plant transfer function
margin (G),grid % obtain relative stability margins

Example 5.5. DC motor with position output.

The model of a small DC motor including an amplifier with a gain of 3
is used in a position control application, where the plant transfer function is

given as:
0(s) 1500

Va(s)  s[(s+100)(s + 10) + 25]
The relative stability margins, obtained by using the following MATLAB
commands, are given as: GM = 37.5dB; PM = 81.1° (Figure 5.2(b)).

G=tf (1500, [1 110 1025 01]); % define plant transfer function
margin (G),grid % obtain relative stability margins

5.2 Transient Response Improvement

The closed-loop system should be stable, that is, its transient response should
die out with time; in addition, the closed-loop poles must have adequate
damping to ensure dynamic stability, so that any oscillations in the output
response die out in a reasonably short time.

The transient response of a dynamic system constitutes a weighted sum
of system’s natural response modes, which are defined by the roots of the
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Bode Diagram
Gm = Inf dB (at Inf rad/s) , Pm =127 deg (at 10.9 rad/s)
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closed-loop characteristic polynomial (Section 2.1.2). These roots can be real
or complex, distinct or repeated. Accordingly, the system natural response
modes are characterized as follows:

Real and Distinct Roots. Assume that the n roots of the characteristic
polynomial are real and distinct, so that the polynomial can be factored as:
A(s) = (s —p1)(s — p2)...(s — pn). Then, the system natural response
modes are given as: {eP1t P2t . ePnt]

Real and Repeated Roots. Assume that the characteristic polynomial has
real and repeated roots, that is, it contains factors of the form: A,,(s) =
(s —s1)™. Then, their contribution to system natural response modes is given
as: {e*1t tes1t ... tmTlesit)

Complex Roots. In this case, each quadratic factor with complex roots can
be written as: A.(s) = (s + 0)? + w?. The corresponding natural response
modes are given as: {7 cos wt, e ! sin wt}.

General Expression. To generalize, we assume that for an nth order system,
the system natural response modes are given as: ¢ (t),k = 1,...,n. Then,
using arbitrary constants, c, the transient response of the closed-loop system

is given as: y(t) = > p_; cor(t).

5.2.1 System Design Specifications

The system design specifications are commonly stated in terms of one or more
of the following parameters with reference to the step response of the closed-
loop system (Figure 5.3): (a) rise time (¢,.), (b) settling time (¢;), (¢) damping
ratio (¢), and (d) percentage overshoot (%0.S).

The rise time is defined in multiple ways: when system response asymp-
totically reaches its steady-state value, the rise time is defined as the time to
reach from 10% to 90% of the final value. For a system that has an overshoot
in the step response, the rise time is defined as the time when the step response
first reaches 100% of its final value.

The rise time is related to the closed-loop system bandwidth, wp, through
wpt, ~

The settling time is defined as the time when the system step response
settles to within 1% (2%, according to some authors) of its final value. Since
1 — e~ 22 0.99, we may approximate the settling time as: ts = 4.57, where
T is the time constant for the dominant real or complex roots, that is, the roots
closest to the imaginary axis.
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Step Response

Amplitude

O 1
0 0.5 1 1.5 2 25
Time (seconds)

Figure 5.3 Step response of the closed-loop simplified DC motor model (Example 5.6).

Prototype Second-Order System. In order to relate the design specifications
to the system step response, we consider the closed-loop system represented
by a prototype second-order transfer function, given as:

2
n

T 2+ 2wns + w2

w

T(s)

The denominator polynomial above is assumed to have complex roots
at: s = —(wy, * jwg, where wy = wpy/1 — (2 represents the damped
natural frequency, that is, the frequency of oscillations of the system
output.

For the prototype second-order system, the transient response quality
indicators are defined as (Section 2.2):

_ — 2
tT‘:Tr ¢, (b:tanillig
Wd ¢
4
ts =2 —, 0 = Rels]
|o|

%0S = 100 e ™ /@ ¢ = ((%0S).
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In particular, the step response overshoot and the normalized rise time,
wpty, are functions of the damping ratio, ¢. A short table of { versus the
%0S and wy,t, is given below:

¢ 0.9 0.8 0.7 0.6 0.5
%0S 02% 1.5% 4.6% 95% 163%
wptr 554 418 33 2.76 242

A low (< 10%) overshoot in the step response is often desired that
translates into ¢ > 0.6.

Example 5.6: Simplified model of a DC motor.

The simplified model of a small DC motor is given as: G(s) = ‘fa((ss)) =

10 Using a static gain controller, the closed-loop transfer function is
s(s+6)

obtained as: T'(s) = %.

Then, for K = 3, the closed loop roots are located at: s = —3 + j4.58.
The resulting damping ratio is: ¢ = 0.55, which results in a step overshoot of
13%.

The system rise time is t, = 0.47s with w,t, = 3, and the settling time
istg = 1.06 s (Figure 5.3).

The following commands from the MATLAB Control Systems Toolbox
were used to obtain the step response. The peak time and settling time

characteristics were added by right clicking on the plot.

G=tf (30, [1 6 30]); % define system transfer function
step (G),grid % plot step response

5.2.2 The Desired Characteristic Polynomial

The controller design specifications given in terms of rise time (¢,), settling
time (¢5), damping ratio ({), and/or percentage overshoot (%0.5) of system’s
step response can be used as a guide to choose the root locations for a desired
closed-loop characteristic polynomial.

Using the prototype second-order system, we can translate the design
specifications, specified as a subset of {¢,, ts, ¢, %OS}, into the desired real
part (o), magnitude (w,), and angle (§ = cos™'(¢) of the closed-loop root
locations. Accordingly, we may choose:

4.5 2

o> -2 w,>—, O=cos '
ls tr
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Pole-Zero Map
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Figure 5.4 Pole locations for the desired characteristic polynomial (Example 5.7).

Example 5.7: Assume that the design specifications in terms of desired step
response are given as: t, < 0.5s, t; < 3.0s, and %0OS < 10%. These
specifications translate into the following constraints on the closed-loop pole
locations: o > 1.5, w, > 4, and { > 0.6.

Then, we may choose, for example, the desired closed-loop characteristic
polynomial as: Ages(s) = (s + ) + w? = 52 4 65 + 20.

In the MATLAB Control Systems Toolbox, the constant w,, circles and
constant ¢ lines can be displayed in the form of a grid. For the above example,
this is done using the following MATLAB commands (Figure 5.4):

pzmap (t£(1, [1 6 20])), grid % show grid for control system
axis([-4.5 .5 -4 41]) % adjust axes ranges

Controller Gain Selection. Since the closed-loop characteristic polyno-
mial includes the static controller gain as a parameter, we may choose the
controller gain to satisfy the performance objectives by comparing the coef-
ficients with those of the desired characteristic polynomial. This is illustrated
by the following examples.
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Example 5.8: Static gain controller.

Let A(s, K) = s? +2s + K represent the characteristic polynomial for a
control system with static controller, where the objective is to choose K for
¢ = 0.7. For the choice of (, a desired characteristic polynomial may be given
as: Ages(s) = s + 25 + 2. Hence, we may choose K = 2 for the desired
damping ration.

We may note that this choice would result in: t,, = 1.5s and ts =2 4.5s.

Example 5.9: Rate feedback controller.

Let A(s, K, K1) = s>+ K15+ K represent the characteristic polynomial
for the rate feedback controller configuration. The objective is to choose
K, K; for %0S < 5% (¢ = 0.7) and ts < 2.5s. A desired characteristic
polynomial for ¢ = 0.7 and Cw,, = 2 is given as: Age,(s) = (s + 2)% + 22
Accordingly, K1 =4, K = 8.

5.2.3 Optimal Performance Indices

An alternate way to characterize the transient response of the closed-loop
system, and to choose a desired characteristic polynomial, is to define a per-
formance index and choose the controller gain K that minimizes that index.
Any such performance index includes the whole of the transient response
component of the system response.

Toward this end, three popular performance indices have been defined as:

ts

TAE: / e(t)|dt
0
ts

ISE:/ e(t)2dt
0
ts

ITAE: / He(t)|dt.

0

The ITAE index, in particular, has been commonly used to evaluate the sys-
tem performance in industrial process control. Using a second-order system
with a step input (r(s) = 1), minimization of the ITAE index results in an
optimal design with ¢ = 0.7 (%0S = 4.6%).

The optimum coefficients of the desired characteristic polynomial for
low-order systems based on the ITAE index are given below:

S+ wnp,
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$2 4+ 1.4 wps +w?
§% 4 1.75 wps? +2.15 w2s + w?
s+ 2.1 wps® +3.4 w287 +2.7Twis + w3,

These coefficients are used as a guide to select the desired characteristic
polynomial in controller design. This is illustrated by the following example.

Example 5.10: Industrial process control.

The first-order plus dead time (FOPDT) model of an industrial process
is given as: G(s) = g% We desire to select a controller gain to control
the process in a unity feedback gain configuration in accordance with ITAE
index.

In order to obtain a rational transfer function, we employ first-order Pade
approximation of the delay term: e~% = g—jr‘; to write G(s) & (SJF%;(;FQ)

The resulting characteristic polynomial for a unity feedback gain control
system is given as: A(s) = (s +1)(s +2) + K(2 — s).

Using ITAE index, let the desired second-order polynomial be:
A(s) =s% + 1.4 wps + w?. Then, by comparing the coefficients, we obtain
a pair of equations that are solved for a positive value of w,, = 1.76%.
The desired controller gain is obtained as: K = 0.54.

5.3 Steady-State Error Improvement

The steady-state response of the closed-loop system is required to have
a low-tracking error in response to a constant (i.e., unit step) or linearly
varying (i.e., unit ramp) reference input. The desired tracking error tolerance
may be specified as percentage of the reference input magnitude. We may
additionally require that the system response to a constant disturbance input
stays small.

5.3.1 The Steady-State Error

Let T'(s) denote the closed-loop transfer function; then y(s) = T'(s)r(s), and
the resulting tracking error is specified as:

e(s) = (1 =T(s)r(s))-

To characterize the tracking error, we may consider a unity gain feedback
system (i.e., let H(s) = 1). Then, e(s) = r(s) —y(s) = r(s) — KGe(s).
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The tracking error, e(s), in response to a reference signal, r(s), is

given as:
1

6(8) = mT(S).
Then, using the final-value theorem (FVT), the steady-state tracking error

is computed as:

e(o0) = lg% se(s).

In particular, for a step reference signal, (r(s) = 1), itis given as:

1

o) = T Ra0)

Whereas, for a ramp reference signal, (r(s) = S%), it is given as:

1
~ sKG(s)|s=0

e(o0)

5.3.2 System Error Constants

Traditionally, the steady-state tracking error for a unity-gain feedback con-
trol system is characterized in terms of system position and velocity error
constants, which are defined with reference to the dc gain of the feedback
loop as:

K, = lim KG(s),
s—0

K, = lim sKG(s).
s—0

In terms of the above error constants, the steady-state tracking error to a

step (7«(3) = %) or a ramp (r(s) = S%) input is evaluated as:

1
11K,

e(oo)‘step =

e(oo = —.
(00 amy = -

Integral control, that is, K(s) = % is often employed to reduce the
steady-state error. The presence of an integrator in the loop forces K, — oo,
and hence, the steady-state error to a step input goes to zero, as shown in the
following example.
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Example 5.11: A second—order system.
Let KG(s) = yiigy- Then, K = 0o, K, = 4.
Therefore, e(00)|step = 0, €(00)|ramp = %

Example 5.12: DC motor model.

We consider the model of a small DC motor, where the following compo-
nent values are assumed: R = 1 Q, L = 10 mH, J = 0.01 kgm?, b = 0.1
rad’kt = kp = 0.05.

The transfer function for the DC motor is given as: G(s) = ——-200
so that G(0) = 0.5, K, = 0.5K, and K%) = 0. H(en)ce, f(ééﬁi;;ozi
%, e(00) | ramp = 00.

5.3.3 Steady-State Error to Ramp Input

Assuming that the feedback loop contains an integrator, so the steady-state
error to a step input is zero, an alternate expression for the steady-state error
to a ramp input can be developed. Let the steady-state error to a ramp be
expressed in terms of the closed-loop transfer function as:

e(s) = [~ T()r(s): r(s) = .

The steady-state error is found by the application of FVT as:

. 1-=T(s)
€(00) ramp = lim ———.
Further, by using the I’ Hospital’s rule, we have:

e(0Nramy = limy (=)

s—0

To evaluate the RHS, we use the natural logarithm to write:
1 dT(s)
—1 = .
ds () T(s) ds

Since hm T'(s) = 1 by the integrator assumption, we have:
s—0

d
lim —InT7'(s) = lim

s—0 ds s—0 ds

To proceed further, we assume that 7'(s) is expressed in the factored

form as:
K(s—2z1)...(s— zm)

(s—p1)...(s—pn)

T(s) =



5.3 Steady-State Error Improvement 127

Linear Simulation Results
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Figure 5.5 Steady-state error to a ramp input (Example 5.13).

Then, we have:

InT(s) an+Z ) 2(3_291')

d
—-InT(s) an+Zs—zZ_Zs—

It follows that:

6 ’mmp Z — - —

where z; are the closed-loop zeros (same as open loop zeros), and p; are the
closed-loop poles.

Example 5.13: Steady-state error to ramp input.

Let KG(s) = ; then, the closed-loop transfer function is: T'(s) =

W. Assuming that the controller gain is selected as: K = 1, the closed-
loop poles are located at: s12 = —1, —1. The steady-state error to a ramp
input is given as: e(00)|rgmp = p%, = 2.

The above result can be verified by computer simulation of the closed-
loop system response using the following commands from MATLAB Control
Systems Toolbox (Figure 5.5):

T=tf(1,[1 2 1]); % define system transfer function
1sim(T,0:.01:10,0:.01:10),grid % simulate the ramp response legend
("ramp response')
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5.4 Disturbance Rejection

Disturbance inputs are unavoidable in the operation of physical systems.
Common examples of disturbance inputs include road bumps while driving,
turbulence in airplanes, machinery vibrations in mechanical plants, etc.

In order to characterize the effects of adding a disturbance input to the
feedback control system, we consider a modified block diagram (Figure 5.6).

Let r(t) denote a reference input, and d(t) denote a disturbance input;
then, the system output in the presence of both the reference and disturbance
inputs is given as:

KG(s) G(s)
) = T ke ™ T T ReEE )

In particular, we focus on the unity feedback gain configuration
(H(s) = 1); then, the tracking error, e(s), is computed as:

1 G(s)

‘)= 1Txaw Y T TF KRG

d(s).
Using the FVT, the steady-state error to a step reference (r(s) = 1/s) in
the presence of a disturbance input (d(s) = 1/s) is computed as:

1 G(0)

) =17k, 1Tk,
p p

d(c0).

In order to reduce the effects of a constant input disturbance on the output,
the loop gain should be large. A large loop gain also reduces steady-state error
to a step reference input. The control system designer can affect the loop gain
by choosing a large K in the case of a static controller.

In a more general case of tracking a time-varying reference input,
the loop gain should be large over the frequency band represented in the

d 4

) e(t) u(t) y(t) y

K(s) G(s) »(1D)

| H(s) |«

Figure 5.6 A feedback control system with reference and disturbance inputs.
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reference signal (low frequency restriction). Loop gain should also be high
in the frequency band of the disturbance input (high frequency restriction).
In between, the loop gain should have a moderate slope around the gain
crossover frequency.

A large controller gain, however, generates a large magnitude input signal
to the plant, which may cause saturation in the actuator devices (amplifiers,
mechanical actuators, etc.). Thus, the control effort needs to be limited. This
objective is explicitly formulated in linear optimal control problems (see
References).

A large loop gain also tends to reduce damping and undermine the
closed-loop stability. With the static gain controller, a design trade-off exists
between having adequate stability margins and achieving good disturbance
rejection. More complex controller models may be employed to ensure that
the competing design objectives are suitably met (Chapter 6).

Internal Model Control. To analyze the control requirements for simultane-

ous tracking and disturbance rejection, let G(s) = Z;’ ((j)) represent the plant,

and let K(s) = Zz((g represent the controller. Then, the plant output in the
presence of referece and disturbance inputs is given as:
dp(s)de(s) np(s)de(s)

yls) = np(s)ne(s) + dp(s)dc(s)r(s) ~ np(s)ne(s) + dp(s)de(s)

Then, the requirements for asymptotic tracking and disturbance rejection
are given as follows:

d(s).

Asymptotic tracking. For asymptotic tracking, d,(s)d.(s) should contain
the unstable poles of (). As an example, an integrator in the feedback loop
ensures zero steady-state error to a constant reference input.

Disturbance Rejection. For disturbance rejection, n,,(s)d.(s) should contain
the unstable poles of d(s). For example, a notch filter centered at 60 Hz helps
remove the powerline noise from the signal.

Example 5.14: A small DC motor.

Consider the model of a small DC motor, where the following component
values are assumed: R =1 ), L = 10 mH, J = 0.01 kng, b=0.1 g—z,
ki = kp = 0.05.

: . _ 500

The transfer function of the DC motor is: G(s) = s 370,57025- S0 that

the DC gain of the system is: G(0) = 0.5, and the position error constant is:
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K, = 0.5K. Then, for a step reference input and/or step disturbance,

1 05
S _ 0 (o).
e(0) = T o5 ()~ T osr )

We may choose a large K to reduce the steady-state tracking error to
a reference input, as well as improve the disturbance rejection. A large
value of K, however, reduces damping in the closed-loop system and results
in an oscillatory response of the DC motor. The closed-loop characteristic
polynomial is given as: A(s, K) = s + 110s + 1025 + 500K.

The resulting damping ratio is computed as: { = \/ﬁ.

In order to limit the damping to, say ¢ < 0.6, the controller gain is limited
to: K < 14.75. We may choose, for example, K = 14, which results in:

e(00) = gr(00) — f=d(c0).

5.5 Sensitivity and Robustness

The robustness in a control system refers to its ability to withstand parameter
variations, and/or unmodeled dynamics in the plant transfer function, and
still maintain the stability and performance goals. Robustness to parameter
variations is characterized in terms of the sensitivity of the closed-loop
transfer function 7'(s) to variation in one or more of the plant parameters.

System Sensitivity Function. The system sensitivity function is defined as
the ratio of the percentage change in the closed-loop transfer function to a
percentage change in the plant transfer function, that is:
ST_@T/T_@TG_ 1
7 0G/G T 8GT 1+ KGH(s)
We note that the system sensitivity function matches the error transfer
function, that is:
e(s) 1
r(s) 1+ KGH(s)
Hence, increasing loop gain in a feedback control system by choosing
a larger controller gain K simultaneously helps reduce its sensitivity to
parameter variations. Further, the sensitivity function is frequency-dependent.
Hence, low sensitivity in the desired frequency band can be aimed.
The sensitivity of the closed-loop transfer function to percentage change
in some parameter « that is represented in the plant transfer function G(s) is
given as:

= S(s).

ST — §Ls¢
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The sensitivity and robustness calculations are illustrated via the follow-
ing examples.

Example 5.15: parameter sensitivity.

Let KG(s) = ﬁ, H(s) = 1, where the parameter a may vary over a
range of values. Then,
K s(s+a)
() s(s+a)+K "9 s(s+a)+ K’
a a T as

“ T Tsta © 7 s(sta)+ K’

Thus, increasing the loop gain (i.e., by choosing a large K') reduces the
sensitivity of 7'(s) to variations in a.
Example 5.16: A small DC motor.

Consider the model of a small DC motor, where the following component
values are assumed: R = 1 €, L = 10 mH, J = 0.01 kgm2,
b=0.125k =k, =0.05.

rad’
The transfer function of the DC motor is given as: G(s) =
kt _ 500
(Js+b)(Ls+R)+keky, — s24+110s+1025°
1

Then, S’g = 17035k

Next, we illustrate how we can use the MATLAB Symbolic Math Toolbox
to find the sensitivity of the closed-loop transfer function, 7'(s), to torque
constant, k;, where S,Zt = SgSth.

The MATLAB script is given as follows:

R=1; L=.01; J=.01; b=.1; kb=.05;
syms s K kt

G(s)=kt/ ((Jxs+b) * (Lxs+R) +kt xkb) ;
dG=diff (G, kt);

S(s)=1/(1+K*G) ;

Skt=SxdG*kt/G;

do

define model parameters

define symbolic variables

DC motor transfer function
differentiate transfer function
DC motor sensitivity function
CL sensitivity function

o© o o° o

o

kt=.05; % define nominal value
subs (Skt) % substitute in the expression
simplify (ans) % simplify the result

The answer is: S} = (5% + 1105 + 1000) /(s> 4 110s + 500K + 1025).



132 Control System Design Objectives

Skill Assessment Questions

Link to the answers:
http://www.riverpublishers.com/book_details.php?book_id=449

1.

2.

The characteristic polynomial of a closed-loop system is given as:
s(s+1) (s +2) + K = 0. Find the range of K for stability.

Use the proto-type second-order system to determine the desired char-
acteristic polynomial for the following design objectives:

(@) w, =124; ¢ =0.8
(®) w, = 1%; %0S = 5%

©) b, = 0.5s; ¢ = 0.7
d) ts = 2s; %0OS = 5%

. Find the steady-state error to a unit-step input for the following transfer

functions. For (b) and (d), also find the steady-state error to a ramp
input.

@ G(s) = 77
(b) G(s) (sil)
(©) G(s) = (s+1)1(s+2)
@ G(s) = 55
. Assume that a plant with KG(s) = W{;%) is connected in unity

gain feedback configuration.

(a) Express the closed-loop characteristic equation and find the range of
K for stability.

(b) Find the steady-state error to: (i) step input, (ii) step disturbance,
(iil) ramp input.

. Let KG(s) = [;(S+a) , H(s) = 1; find the sensitivity S! of the closed-

(s41)>
loop system to variations in a.

. Consider the model of human postural dynamics described as an inverted

L, where m is the mass, h is the height

pendulum: G(s) = m R

of center of mass, I is the moment of inertia about center of mass, g is the
gravitational constant, and % = I_le ]22 . Assume that the control system
is connected in a unity-gain feedback configuration. Find the sensitivity

of the closed-loop transfer function to variations in m, I, and h.
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6

Control System Design with Root Locus

Learning Objectives

1. Sketch the root locus of a given loop transfer function with respect to
the controller gain K.

2. Use root locus to design static output feedback controller for a given
plant transfer function.

3. Use root locus to design first-order dynamic controllers for transient
and/or steady-state response improvement.

4. Realize the controller design using analog operational amplifier circuits.

Beginning with this chapter, we discuss the techniques for designing con-
trollers for feedback control systems. The various controller design tech-
niques include the root locus (RL) technique (covered here), full state
feedback design (covered in Chapters 7 and 8), and frequency response design
(covered in Chapter 9). This chapter focuses on the design of control systems
using the RL technique.

The structure of the feedback control system for the RL design
(Figure 6.1) includes the process to be controlled (the plant), a sensor that
measures the output, and a cascade controller. The plant and the sensor
are described in terms of transfer function models, G(s) and H (s), respec-
tively. The controller, represented by static gain K(s) = K, multiplies
the error signal. The resulting feedback loop transfer function is given as:
KGH(s).

We focus on the selection of static gain, K, as a parameter in the closed-
loop characteristic polynomial, where K takes on positive values. The root
locus technique allows graphical representation of achievable closed-loop
pole locations. The controller gain is selected based on its ability to meet
the design specifications.

133
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roor e(t) u(t) y(t) y

K » G(s) »(1)

‘ H(s) [«

Figure 6.1 Feedback control system with plant G(s), sensor H(s), and a static gain
controller represented by K.

The control system is designed for closed-loop stability and desired
transient and/or steady-state response improvements. The desired transient
response improvements are measured in terms of step response parameters
(tr, ts, %0OS, etc.), while the steady-state tracking error requirements are
given in terms of the relevant error constants (K, K,).

The root locus plot of a given loop transfer function, KGH (s), constitutes
n branches in the complex s-plane, where n is the order of the denominator
polynomial. These branches commence at the open-loop (OL) poles and
proceed towards finite zeros of the loop transfer function, or asymptotically
toward infinity. All root locus plots bear common characteristics that are
referred as root locus rules. These describe the location of real-axis locus,
break points, asymptote directions, etc.

The root locus plots for simple loop transfer functions can often be
sketched by hand. More commonly, they are drawn using computer software
like MATLAB. Having obtained the root locus plot, the controller gain for a
desired root location can be computed by evaluating the loop transfer function
at that location. In MATLAB, the controller gain can be read by clicking on
the RL plot.

The root locus design technique can be extended to dynamic controllers
of phase-lead, phase-lag, lead—lag, PD, PI, and PID types. The dynamic
controller introduces poles and zeros that modify the original RL to bring
about the desired improvements in design. With the availability of a rate
sensors (rate gyroscope and tachometer), rate feedback design that includes
the design of inner and outer feedback loops may be considered.

The static and dynamic controllers designed for process improvement
can be implemented with electronic circuits built with operational ampli-
fiers, resistors, and capacitors. The realization of the controller transfer
function in terms of electronic circuits is discussed toward the end of the
chapter.
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6.1 The Root Locus

The root locus (RL) constitutes a graph of the closed-loop root locations, that
is, the roots of the closed-loop characteristic polynomial, with variation in
the controller gain. In order to develop the RL plot, we consider a feedback
control system (Figure 6.1) with a static gain controller K, where G(s) is
the plant transfer function and H (s) is the sensor transfer function. We will
assume H (s) = 1, unless otherwise specified.

6.1.1 Roots of the Characteristic Polynomial

The loop transfer function represents the gain along the feedback loop from
the output of the summer along the feedback path back to the summer. The
loop gain includes the controller, the plant, and the sensor and is given as:
L(s) = KG(s)H(s) = KGH(s).

The characteristic polynomial of the closed-loop system is defined in
terms of loop transfer function as:

A(s,K) =14 KGH (s).

The roots of A(s, K) vary with the controller gain, K, and can be plotted
in the complex plane for the various values of K. The loci of all such
roots locations, as K varies from 0 — oo, constitute the root locus for the
characteristic polynomial in the feedback control system.

A generalized RL is an extension of regular RL that constitutes the loci
of all root locations of the characteristic polynomial for K € (—o0,00) and
is obtained by extending the RL to the negative values of K.

The variation of the closed-loop roots by varying controller gain, K, is
illustrated in the following examples.

Example 6.1: Let G(s) = SJ%l, H(s) = 1. Then, the loop gain is: KG(s) =
5%. The closed-loop characteristic polynomial is given as: A(s) = s+1+K.
The polynomial has a single root at s; = —1 — K. Hence, the root locus, as

K varies from 0 to oo, traces a line that proceeds from ¢ = —1 along the
negative real-axis to infinity (Figure 6.2(a)).

Example 6.2: Let G(s) = 5(5712)’ H(s) = 1. Then, the loop gain is:
KG(s) = 5(57{12) The closed-loop characteristic polynomial is given as:

A(s, K) = s% + 25 + K. The roots of the characteristic polynomial are real
for K < 1 and are complex for K > 1, where the complex roots are given as:
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s12 = —1 £ /1 — K. The closed-loop roots for a range of K are tabulated
below.

K Roots of A(s, K)
0 0,—-2

0.5 ~0.29, —1.71
1.0 ~1,-1

1.5 —1+350.71

2.0 1441

2.5 —1451.22

3.0 144141

The loci of these roots, as K varies from 0 — oo, comprise two branches
that commence at the open-loop (OL) poles located at {0, —2}, proceed
inward along the real-axis, meet in the middle at 0 = —1, then split and
extend along the 0 = —1 line in both upward and downward directions to
s = —1 &£ joo. These directions are called the RL asymptotes. The RL plot
is shown in Figure 6.2(b).

6.1.2 Root Locus Rules

All RL plots share common properties, which are referred as the root locus
rules. The prominent rules are described below:

1. The RL has n branches, where n equals the order of the denominator
polynomial in the loop transfer function KGH (s). These branches com-
mence at the OL poles of the system (for K = 0); of these, m branches
terminate at OL zeros (as K — o0). The remaining n — m branches
follow the RL asymptotes to infinity (as K — oo) in the complex plane.
The RL branches for K < 0 proceed from infinity and/or OL zeros
toward the OL poles.

2. The RL plot is symmetric with respect to the real-axis (this is a conse-
quence of the fact that for a real polynomial, the complex roots occur in
conjugate pairs).

3. The real-axis locus, that is, the section of RL plot that aligns with the
real-axis, lies to the left of an odd number of poles and zeros for K > 0;
it lies to the right of an odd number of poles and zeros for K < 0.

4. The real-axis locus that lies in between a pair of poles, or zeros, con-
tains a break point where the two RL branches split, or join together.
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Figure 6.2 The root locus plot for G(s) = ?11’ H(s) = 1 (a); the root locus plot for

G(s) = sy H(s) = 1 (b).
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The real-axis break points for both X > 0 and K < 0 are found among
. . . 1 1 _
the solutions to the equation: » o — ) o = 0.

5. The n — m RL asymptotes assume angles: ¢, = 2£t1(180°), k =

n—m

0, 1,...,n—m —1, (for K > 0), and angles: ¢, = %(360")7 k=
0, 1,....,n —m — 1 (for K < 0). These asymptotes intersect at a

common point on the real-axis, given as: 0, = %

The above rules suffice to sketch the RL by hand for low-order plants.
Additional rules to further refine the RL plot, including the angles of
departure/arrival at complex poles/zeros, can be defined (see References).

6.1.3 Obtaining Root Locus Plot in MATLAB

The MATLAB Control Systems Toolbox provides the “rlocus” command to
plot the root locus of the loop transfer function with respect to the controller
gain, K. The “rlocus” command takes a dynamic system object as an argu-
ment. A dynamic system object may be defined in MATLAB by any of the
following commands:

(a) Use the “tf” command to define a transfer funciton model.

(b) Use the “zpk” command to define a transfer function model in factored
form.

(c) Use the “ss” command to define a state variable model.

(d) Use the “frd” command to define a frequency response model.

The “grid” command adds constant damping ratio and constant natural
frequency contours to the RL plot. The constant  lines depict the achievable
damping ratios for the closed-loop roots lying on the RL branches.

The grid contours assume a prototype second-order transfer function:

T(s) = i with roots located at: s = —Cwy, = wny/T — C2.

52+24w7;s+w72l ’
. . P ¢
The constant ( lines are characterized by the relation: & = F i In
the s-plane, these constitute radial lines at angles defined by # = cos™! (.
The following examples illustrate the sketching of the RL plot for the

given loop transfer functions.

Example 6.3: Let KGH (s) = IS(((SS:;’)) ; then, the characteristic polynomial is

given as: A(s, K) = s? + (K +2)s + 3K. The RL plot can be sketched
using the following steps:

1. The RL plot has n = 2 branches and n — m = 1 asymptote. The RL
branches start at the OL poles at 0, —2 (for K = 0). One of the RL
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branches terminates at the zero at s = —3; the other follows the RL
asymptote along the negative real-axis as K — oc.

2. The real-axis locus lies in the intervals: o € (—oo0, —3] U [—2,0] (for
K >0).

. : . .1 1o 1
3. The break points are given as the solution to: - + =5 = .3 that
reduces to: 02 + 60 + 6 = 0; the equation has two solutions at:

o = —1.27 (break-away) and —4.73 (break-in).
4. The asymptote angle is given as: £180° (for K > 0), where g, = 1.
The resulting RL plot (for &K > 0) can be sketched by hand. A computer-

ized RL plot is generated with the help of the following MATLAB commands
(Figure 6.3(a)):

G = zpk([-3],[0 -21,1) % define plant transfer function
rlocus (G), grid % plot the root locus
axis equal % set aspect ratio to equal

Example 6.4: Let KGH(s) = S(STIM;

mial is: A(s) = s + 352 + 2s + K. The corresponding RL plot is sketched
using the following steps:

1. The RL has three branches and three asymptotes. The RL branches start
at the OL poles (for K = 0) and follow the asymptotes as K — oc.

2. The real-axis locus lies along o € [—1,0] (for K > 0).

3. The break points are given as the solution to: % + %ﬁ-l + o%r? = 0, which
reduces to: 302 4+ 60 + 2 = 0, and has solutions at o = —0.38, —2.62.
The first solution defines the break-away point for X > 0; the second
one defines the break-in point for K < 0.

4. The asymptote angles are given as: £60°,180° (for K > 0) and their

common intersection point is o, = —% =—1.

The resulting RL plot (for K > 0) can be sketched by hand or generated
with the help of following MATLAB commands (Figure 6.3(b)):

G = zpk([], [0 -1 -21,1) % define plant transfer function
rlocus (G), grid % plot the root locus

then, the characteristic polyno-

6.1.4 Stability from the Root Locus Plot

In the event when some of the RL branches cross the jw-axis, the controller
gain K at the stability boundary can be determined by clicking on the
MATLAB plot at that location, from the polynomial stability conditions, or
by using the Routh’s array.



140  Control System Design with Root Locus
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Figure 6.3 The root locus plot for G(s) = s((sjfz)) (a); the root locus plot for G(s) =

1
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Impulse Response
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Figure 6.4 The impulse response of the third-order system for K = 6.

For Example 6.4, the closed-loop characteristic polynomial is given as:
A(s) = s + 3s% + 2s + K. The stability conditions for the third-order
polynomial reduce to: K > 0,6 — K = 0. Thus, the range of K for stability
is: 0 < K < 6.

For K = 6, the closed-loop characteristic polynomial, A(s) = s>+ 352+
25 + 6, has roots at: s = —3, =j+/2. Thus, when excited, the closed-loop
system for K = 6 oscillates at a frequency of\/2 rad/sec, as can be verified
by using the following MATLAB commands to plot the impulse response
(Figure 6.4):

G = zpk([], [0 -1 -21,1) % define plant transfer function
T = feedback (6%G, 1) % closed-loop transfer function
impulse (T),grid % plot the impulse response

6.1.5 Analytic Root Locus Conditions

The analytic RL conditions refer to the conditions that are satisfied by the
points that lie on the RL plot and are the poles of the resulting closed-loop
characteristic polynomial.

In order to define the analytic conditions, we assume that the loop transfer
function KGH (s), including any poles at the origin, is given in the factored
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form as:
K(s—z1)...(s = 2m)

n>m.
(s—p1)...(s—pn) ’
Then, for a point s = s; to lie on the RL, and hence constitute a root of
the closed-loop characteristic polynomial, it must satisfy:

KGH(Sl): K(sl—zl)...(sl—zm) - 1

(s1—=p1)..- (51 —Dpn)

The above relation defines two conditions, called the magnitude and the
angle conditions, that are given as:

KGH(s) =

Magnitude condition:

Kls1 —z1|...]s1 —
KGH (sy)| = K=l =zl
|51 —p1]...[s1— pul

Angle condition:
ZKGH (s1) = Z(s1 —21) + ...+ Z(51 — 2m)
—Z(s1—p1) — ... — Z(s1 — pn) = £180°.

From the magnitude conditions, |[KGH (s1)| = 1, the controller gain,
K, to achieve a desired root location, s1, on the RL is obtained as:

_[s1—=pil.. . Js1 — pal

K= .
|s1— 21| ... |81 — zm]|

We may note that the individual magnitude terms |s; — p;| and |s1 — z;]
in the above relation represent the Euclidean distances from the poles and
zeros of the loop transfer function to the desired root location, s = s1, in the
complex plane.

Let 0,, 0, denote the angles from the plant zeros and poles to the point
s1 on the RL plot; then, from the angle condition, the designated point on the
RL plot satisfies the equalities:

> 6., —> 6, =+180° (for K > 0), and

> 0., =Y 0, =0° (for K <0).

The magnitude and angle conditions are satisfied by the points lying on
the RL plot. These points define the achievable closed-loop root locations
when using static output feedback.
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6.2 Static Controller Design

The static controller design involves the selection of the controller gain, K,
from the RL plot of the loop transfer function, KGH (s). The RL plot dis-
plays achievable root locations for the closed-loop characteristic polynomial,
A(s) =1+ KGH (s), as the controller gain K varies from 0 — oo.

The controller design K is selected based on the design specifications
defined with respect to the step response of the closed-loop system (Section
5.2). Typical unit-step response specifications include an acceptable over-
shoot (e.g., OS < 10% that translates as ¢ > 0.6) and an acceptable settling
time ¢4, where ¢t = ﬁ, o = Re[s].

The design specifications define a region in the complex s-plane where
the closed-loop transfer function roots must lie. In particular, the settling time
constraint dictates that the real part of the close-loop roots satisfy: o < —%,
and the damping ratio constraint requires that: # < 4 cos™! ¢, where @ is the
angle of the desired root location from the origin.

For example, assume that the design specifications are: 0.7 < ¢ < 1
and 5 < 2s. Then, the s-plane region for the acceptable closed-loop root
locations is bounded by: 0 < —2 and § < £45° (Figure 6.5).

Assuming that a RL branch passes through a desired closed-loop root
location, sj, the associated controller gain K can be obtained from the
MATLAB generated RL plot by clicking on that location. The dialog box that

Pole-Zero Map

Imaginary Axis (seconds")

-8 -7 -6 -5 -4 -3 -2 -1 0 1
Real Axis (seconds'1)

Figure 6.5 The desired region for closed-loop pole placement for 0.7 < ¢ < 1 and t; < 2s.
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appears provides additional information on the damping, the step overshoot,
and the natural frequency of the closed-loop roots for the choice of K (see
Figures 6.5 and 6.6). Further, the dialog box can be dragged along the RL
branch to check design alternatives.

The range of K to ensure closed-loop stability can be obtained from the
RL plot by clicking on a RL branch intersection with the stability boundary,
that is, the jw-axis. Even though the physical plant model may be inherently
stable, a high static controller gain would result in closed-loop system being
unstable if the physical plant model has n — m > 2.

For example, in the case n — m = 3, the RL asymptotes are along 6, =

+60°, 180°. Hence, high controller gain will inevitably lead to instability, as
shown by the following example.
Example 6.5: Let G(s) = m, H(s) = 1; then, the closed-
loop (CL) characteristic polynomial is given as: A(s,K) = s(s + 1)
(s + 2) + K. The polynomial is stable for 0 < K < 6. From the RL plot
(Figure 6.3(b)), the RL branches corresponding to the complex poles cross
the jw-axis and enter the unstable region at K = 6.

Assume that we desire the closed-loop system to have a damping ratio:
¢ = 0.7. Then, From the RL plot (Figure 6.3(b)), we may choose a controller
gain, K = 0.65, to choose closed-loop root locations that satisfy the damping
ratio requirement. The resulting CL characteristic polynomial is factored as:
A(s) = (s + 2.235)(s% + 0.765s + 0.291), and has dominant CL roots at:
—0.38 £ 0.38 (¢ = 0.7).

Further, we can use the MATLAB Control Systems Toolbox to compute
the closed-loop transfer function, plot its step response, and check that
the closed-loop roots have the desired damping, by issuing the following
commands:

G = zpk([], [0 -1 -2],1) % define plant transfer function
T = feedback (.65%G, 1) % closed-loop transfer function
damp (T) % show damping and natural freqg

The results show a damping of ¢ = 0.7 for the poles of the closed-loop
transfer function.

6.3 Dynamic Controller Design

In the event that the existing RL plot does not pass through a desired root
location s;, as determined from the design requirements, we explore the
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possibility of adding a dynamic controller to the feedback loop that would
suitably modify the existing RL and cause it to pass through s;.

The dynamic controller K (s) (aka dynamic compensator) adds poles and
zeros to the loop transfer function and thus alters both the root locus plot and
the characteristic polynomial.

In particular, we explore the effect of adding a first-order dynamic con-
troller to the feedback loop, where the controller is defined by: K(s) =
%ZC). The modified loop transfer function is given as: K (s)G(s)H (s).

The first-order controller adds a zero located at —z. and a pole located
at —p. to the loop transfer function. In general, addition of a finite zero to
the loop transfer function causes the RL branches to bend towards it; hence,
placing a zero to the left of the existing RL branches (when designing a PD
or phase lead controller) adds dynamic stability to the closed-loop system by
pulling the RL toward it.

The addition of a finite pole to the loop transfer function adds a new
branch to the RL plot. When placed to the left of the plant poles, it repels
nearby RL branches toward the imaginary axis, compromising the stability
margins. When placed to the right of the plant poles, it adds a slow mode
to system natural response. Placing the controller pole and zero close to the
pole together diminishes the contribution of the slow mode toward system’s
natural response.

In the case of phase-lag or PI controllers, the controller pole-zero pair
is placed close together satisfying (p. < 2. < s1) so as: (a) not to
appreciably disturb the existing RL branches and the dominant closed-loop
pole locations, (b) not to compromise the existing range of K for stability;
and (c) to minimize the contribution from the closed-loop pole with a large
time constant to the system natural response.

In the following, we describe the transient and steady-state response
improvements obtained by using first-order dynamic controllers.

6.3.1 Transient Response Improvement

To bring about transient response improvement in a system, a phase-lead
controller may be added to the feedback loop. A similar transient response
improvement can be brought by adding rate feedback or a PD controller.

Phase-Lead Controller. The dynamic controller used for the transient
response improvement is the phase-lead controller, where the lead refers to
the positive phase contributed by the controller to the Bode phase plot of the
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loop transfer function. The phase-lead controller is described by:

K(s+z
Klotz)
S+ Pe

K(s) =
The locations of the controller pole and zero are selected with the help of
RL angle condition, as illustrated in Examples 6.6 and 6.7.

Proportional-Derivative (PD) Controller. In the limiting case of p. — oo,
the phase-lead controller changes into a proportional-derivative controller,
described by: K(s) = K (s + z.). The location of the controller zero can be
selected from the RL angle condition.

The PD controller has the undesirable effect of amplifying high-frequency
noise entering the system. Hence, to achieve noise suppression, it is replaced
by a phase-lead design with p. > z..

Example 6.6: Let G(s) = )
are for the closed-loop system to have: { = 0.7, t; = 2s. We first check if a
static controller can satisfy the design specifications.

For the static controller, the CL characteristic polynomial is given as:
A(s) = s2+2s+ K. The resulting CL roots are at: s12 = —1++/4 — K. The
RL plot shows two branches that break away from the real-axis at s = —1
(for K = 4) and extend to —1 4+ joo as K — oo.

Using the static controller, the estimated settling time for the CL system
response (for K > 4) is: t; = % = 4 s, that is, the static controller cannot
meet the settling time requirement.

PD Design. A PD controller is defined by: K(s) = K (s+ z.). In order
to design the controller, let the desired root location for the closed-loop
characteristic polynomial be selected as: s; = —4 £ j4. Since the existing
RL plot does not pass through this location, we must add a zero to the loop
transfer function to cause the RL to bend toward s;.

The zero location is selected from the RL angle condition applied to the
compensated system, which states that: 60, — > 6, = 0, — 116.6° —
135° = +£180°.

By applying the above angle condition (Figure 6.6), the angle subtended
by the controller zero at s; is given as: 6, = 71.6°, which translates into a
real-axis zero location: z. = —5.33. The resulting PD controller is given as:
K(s) = K (s +5.33).

With the inclusion of the PD controller, the loop transfer function is given

; we assume that the design requirements

as: KGH (s) = % The closed-loop characteristic polynomial is given
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Figure 6.6 Application of the angle criteria to choose the PD controller zero at the desired
root location s1: 6, — 0,1 — 02 = +180°.

as: A(s) = s(s +2) + K(s + 5.33). Indeed, for K = 6, the polynomial:
A(s) = s% + 8s + 32 has the dominant roots at the desired pole location
(—4 + j4) (Figure 6.7(a)).

Phase-Lead Design. The phase-lead controller adds a pole—zero pair to the
loop transfer function, where, from the angle condition, ¢, — ¢, = 71.6°. We
may arbitrarily choose a location for either z. or p. and use this constraint to
determine the other.

For the above example, we may choose: z. = —5, p. = —30 to obtain
the following phase-lead controller: K (s) = %.

The resulting closed-loop characteristic polynomial is given as: A(s) =
53 + 32s% + (60 + K)s + 5K. Then, for K = 200, the equation has
dominant closed-loop roots at —4.8 + j4.6 (¢ = 0.72) that meet the design
specifications (Figure 6.7(b)).

The MATLAB commands for the above PD and phase-lead controller
designs are given below:

o

G=zpk ([1, [0 -2],1)
Kpd=zpk (-5.33, []1,1)
Klead=zpk (-5,-30,1)
rlocus (Kpd*G), grid
rlocus (Klead*G), grid

define plant transfer function
define PD controller

o

define phase-lead controller
root locus with PD controller
RL with phase-lead controller

o° o

o



148  Control System Design with Root Locus
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Example 6.7: Let G(s) = m; we assume that the design spec-
ifications for a response to unit-step input are given as: %0S < 10%,
ts < 2s.

An RL plot of the loop transfer function: K G(s) shows that for K’ = 8.8,
dominant closed-loop roots located at: = —0.76 £+ j1.01 (¢ = 0.6,0S8 =
10%), with a settling time of ¢; = 5.3 s. Thus, the static gain controller is
inadequate in meeting the settling time requirement.

Phase-Lead Design. In order to meet the settling time requirement, let the
desired dominant CL root locations be selected as: s = —2+52.5 (¢ = 0.62).
We consider a phase-lead controller of the form: K (s) = Ks(izc), and use
the angle condition to determine the phase contribution from the controller
as: 0, — 0, = —180° + 129° 4 90° + 40° = 79°.

We arbitrarily choose a controller zero location: z = 2, and use the

angle condition to obtain: p = 15, that is, K(s) = Ks(jjs ). The RL plot
of K(s)G(s) (Figure 6.8(a)) has, for K = 150, dominant closed-loop roots
located at s = —2.06 + 72.28 (¢ = 0.67).

The resulting closed-loop characteristic polynomial: s + 20s? + 75s + 165,
has a third root located at s = —15.87.

The MATLAB commands for the above phase-lead design are given

below:

G=zpk ([], [0 -2 =-5],1) % define plant transfer function
rlocus (G), grid, hold % plot the root locus

Klead=zpk (-2,-15,1) % define phase-lead controller
rlocus (KleadxG), hold % RL with phase-lead controller
T=feedback (150+«Klead*G, 1) ; % closed-loop transfer function
pole (T) % closed-loop pole locations

In the above example, in order to meet the angle constraint for dominant
complex poles with the required ¢, the controller zero should be placed at or

to the left of the plant pole at s = —2. In fact, the controller zero may be
selected in the interval: [—2.4, —2].
We note that the selected controller zero location, z. = —2, coincides

with a plant pole, the loop transfer function involves a pole—zero cancellation
and simplifies to: KGH (s) = Wm Such pole—zero cancellations are
permissible as long as they are restricted to the open left-half plane (OLHP)
excluding the imaginary axis.

A pole—zero cancellation in the model-based controller design, however,
does not imply the same in practice. In fact, modeling inaccuracies in the
plant and the component tolerances in realizing the controller make the exact
pole—zero cancellation an unlikely event in practice.
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Figure 6.8 RL improvement with phase lead design (a); steady-state velocity error constant
improvement with phase-lag design (b).
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6.3.2 Steady-State Error Improvement

The steady-state tracking error characterizes the long-term behavior of the
closed-loop control system when a constant step reference input or a linearly
varying ramp reference input is applied (Section 5.3). For a given plant
described by its transfer function, G(s), the steady-state tracking error to a
step or a ramp input is computed using the position and velocity error con-
stants. These constants are defined in terms of the low-frequency loop gain as:

K, = lim KGH (s)
5—0

K, = lim sKGH (s).
5—0

In the case of unity-gain feedback configuration (H(s) = 1), the steady-
state tracking errors to step and ramp inputs are computed as:

1
e(00)|step = K
D
1
e(00) | ramp = o
v

The controller design for steady-state error improvement aims to boost
K, and/or K, by adding a PI or a phase-lag controller to the feedback loop.
Both controllers add a pole—zero pair to the loop transfer function and are
described by:

K(s+ z.)
(s +pe)
where p. = 0 denotes the PI controller.

With the addition of the phase-lag or PI controller, the position error
constant is modified as: K, = (z¢/pc) K, > K.

The PI controller, in particular, adds an integrator to the loop; hence,
K]’D = 00, which results in e(00)|step = 0.

The pole—zero locations selected for the phase-lag or PI controller design
must obey: p. < z. < s1, where s; denotes the dominant closed-loop
root location for an acceptable transient response. As a result, the angle
contributed by the controller pole—zero pair stays small, that is, 8, — 6, ~ 0°.
Hence, the controller does not to appreciably affect the existing RL plot that
is assumed to pass through the desired pole location s;.

On the flip side, the closed-loop pole added by the phase-lag or PI
controller is located close to the origin, which introduces a natural response
mode with a large time constant. Nevertheless, the contribution of this mode

K(S) = ) pC < ZC?
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to the overall system response remains small due to the close proximity of the
closed-loop pole to the controller zero.

Example 6.8: Let G(s) = S(STM; we assume that the design specifica-
tions are: ¢ > 0.6, €45 |ramp < 0.1.

We first note that the transient response requirement can be met with a
static controller (X = 8), which results in the closed-loop roots at: s =
—0.78 £ 592 (¢ = 0.65).

Next, using KG(s) = S(ST[M, we obtain a velocity error constant,
K, = K/10, and for the selected design (X = 8), we obtain: K, = 0.8.

Since we desire to increase K, to 10, we may consider the a phase-lag
controller: K(s) = figzblg)’ so that the compensated system has a velocity
error constant: K, = lim_,0 sK(s)G(s) = 1.25 K. Then, for K = 8, we
have K, = 10, with egg|rqmp = 0.1.

The resulting CL roots are given as: —0.11, —5.43, —0.79 £ j0.93 (¢ =
0.65); the dominant poles have a settling time of ¢, = 5.6s.

The MATLAB commands for the phase-lag design are given below

(Figure 6.8(b)):

G=zpk ([],[0 -2 =-51,1) % define plant transfer function
rlocus (G), grid, hold % plot the root locus
Klag=zpk(-.1,-.008,1) % define phase-lag controller
rlocus (KlagxG), hold % RL with phase-lag controller

6.3.3 Lead-Lag and PID Designs

When the controller design specifications require simultaneous improvements
to transient response and steady-state tracking error, a lead-lag or a PID
controller may be considered. A lead-lag controller represent a cascade of a
phase-lead stage and a phase-lag stage. A PID controller similarly combines
PD and PI controllers.

The design steps for a lead-lag/PID controller design are given as
follows:

1. Obtain a desired dominant pole location (s;) from the transient response
specifications.

2. Check the RL plot for the loop transfer function to determine if a static
controller suffices.

3. If necessary, design a phase-lead or PD controller for the system. Plot
the RL for the compensated system and verify that it passes through the
desired location (s;). Determine the RL gain at (s;).
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Figure 6.9 Root locus improvement with lead—lag compensation (a); RL improvement with
PID compensation (b).
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4. Evaluate the relevant error constant to determine if steady-state error
specifications are met. If needed, design a phase-lag or PI section to
boost the error constant.

5. Plot the RL for K (s)G(s), where K(s) = Kjeqa(s)Kiaq(s), or equiv-
alently, K(s) = Kpp(s)Kpr(s), and verify that it passes through the
desired location (s;). Also check the RL gain, K, and verify that error
constant requirements are met.

Example 6.9: Let G(s) = WM; we assume that the design specifi-
cations are: %0S < 10%, ts < 2, €gs|ramp < 0.1. These translate into:

¢>0.6, |0 >2, K, > 10.

Lead-Lag Design. The steps for a lead-lag design are given as follows
(Figure 6.9(a)):

1. ARL plot of KG(s) shows dominant closed-loop roots at s = —0.76 +
j1.01(¢ = 0.6) with t; = 5.3 s. Thus, a static gain controller does not
suffice.

2. Assume that the desired closed-loop pole locations are: s = —2.24 52.5
(¢ = 0.65). Use the angle condition to obtain: #, — 0, = —180° +
131° 4 95° 4 42° = 88°.

3. Phase-lead Design: let z, = 2, p. = 20, Kjcqq(s) = KS(j;FOQ)

The RL plot of Kjeqq(s)G(s) has, for K = 220, dominant CL roots
at: s = —2.15+ 5j2.49 (¢ = 0.65). We may note that this is a “ballpark”
design that approximately satisfies the angle condition.

4. Phase-lag Design: For K .q(s)G(s) with K = 220, we obtain K, =
2.25, that is, we need to improve K, by a factor of 4.5; accordingly, let
20 = 0.09, pe = 0.02, Ky (s) = KEH009),

5. The RL plot of Kjeuq(5)Kiaq(s)G(s) has, for K = 225, dominant CL
roots at s = —2.12 £ j2.46 ({ = 0.65). The resulting eys|rgmp <
0.099 (K, = 10.13).

6. The final lead-lag controller is given as: K (s) = K (s40.09)(s+2)/(s+
0.02)(s + 20), K = 225.

The MATLAB commands for the above lead-lag are given below
(Figure 6.9(b)):

G = tf(1, [1 7 10 01); % define plant transfer function
Klead = tf([1 2], [1 20]); % define phase-lead controller
rlocus (GxKlead), grid, hold % RL with phase-lead controller
Klag = tf([1 .09],[1 .02]1); % define phase-lag controller

rlocus (GxKleadxKlag), hold % RL with Lead-lag controller
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Figure 6.10 Step response of phase-lead plus PI compensated system (Example 6.10).

PID Design. Alternatively, the steps for a PID design are given as follows
(Figure 6.9(b)):

1. PD design: let z. = 2.05; Kpp(s) = K(s + 2.05).

2. The RL plot of Kpp(s)G(s) has, for K = 12.5, dominant CL roots
at s = —24 + 52.5 (¢ = 0.69). For the PD compensated system,
K, =1.25.

. PIdesign: let z. = 0.05,p, = 0, Kpr(s) = K(s+ 0.05)/s.

4. The RL plot of Kpp(s)Kpr(s)G(s) has, for K = 12.5, dominant
CL roots at s = —2.4 £ j2.5(¢ = 0.69). The resulting ess|rgmp = 0
(K, = o0).

5. The PID controller is given as: K (s + 0.05)(s 4+ 2.05)/s, K = 12.5.

The MATLAB commands for the PID design are given below

(Figure 6.9(b)):

98]

G=tf (1, [1 7 10 0]); % define plant transfer function
Kpd = tf£([1 2.05],1); % define PD controller
rlocus (GxKpd) % root locus with PD controller
Kpi = t£([1 .05],([1 01); % define PI controller
rlocus (G*KpdxKpi) % root locus with PID controller

When designing controllers for simultaneous transient and steady-state
response improvement, we can also combine the phase-lead and PI designs,

as shown by the following example.

Example 6.10: Let G(s) = 5(57}&-2); we assume that the design require-
ments are for the closed-loop system to have: %0S < 10%, ts < 2s,
ess’mmp <0.1.
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The design steps are given as follows:

1. A RL plot of KG(s) shows that static gain controller is inadequate.
2. Phase-lead Design. Assume that the desired closed-loop pole location

is given as: s = —4.5 £ j4.5 (¢ = 0.7); then, the desired phase-
lead controller is given as: Kjeqq(s) = Sj_zz (Example 6.6). Further,
for K = 40, we obtain the closed-loop poles at s = —4.5 + 74.45
(¢ =0.71).

3. PI Design. For the phase-lead compensated system, K.qq(s)G(s) with
K = 40, we obtain K, = 4.44. In order to improve the K, we propose
a PI controller, where Kpy(s) = M.
K(s$0-1(s+2) g
s(s+9)
40. The resulting closed-loop characteristic polynomial is: A(s) = 5%+
952 4 40s + 4, which has roots at: s = —4.45 4 j4.4, —0.102.
The step response of the CL system shows that the response settles
to within 2% of the final value in about 1.2 s and to within 1% in about

4.5 s (Figure 6.10).

We note that both phase-lag and PI designs result in one of the closed-
loop roots located close to the origin at 0 = —0.102. This root introduces a
natural response mode with a long time constant of 7 = 10 s. However, the
contribution of this mode toward system step response is relatively minor due
to the close proximity of the CL transfer function zero.

Using partial fractions followed by inverse Laplace transform, the output
of the compensated system to a unit-step input is given as:

4. The overall controller design is given as: K(s) =

y(t) = 1.0003 + 0.0235¢ 01020 _ 10238445
(cos 4.393t + 1.0123sin 4.393t)
Hence, the slow response mode with 7 = 10s contributes only about 2%

to the unit-step response. The following MATLAB commands are used to
check the performance of the controller:

G=zpk ([]1,[0 -2],1) % define plant transfer function
K=zpk ([-2 -.1],[0 -9],1) % define phase-lead controller
T=feedback (40+G*K, 1) % closed-loop transfer function
step (T) % plot the step response

axis ([0 5 0 1.2]) % set axis limits

6.3.4 Rate Feedback Compensation

A rate feedback controller (Section 4.2, Figure 4.4), similar to a PD controller,
improves relative stability and transient response of the closed-loop system.
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In order to analyze the rate feedback control system, let the plant transfer

function be given as: G(s) = dé )) then, the closed-loop transfer function for

the rate feedback configuration is obtained as:
y(s) Kn(s)

r(s)  d(s)+ (kgs+ K)n(s)

The resulting closed-loop characteristic polynomial is given as: A(s) =
d(s)+ (kgs+ K)n(s). The closed-loop system poles can be placed at desired
locations through the choice of K and k. The use of rate feedback offers
additional flexibility in controller design, as shown by the following example.
Example 6.11: Let G(s) = m; we assume that the design requirements
are for the step response of the closed-loop system to have: %0S < 10%,
ts < 2s.

The desired CL pole locations are selected as: s = —4.5+ 4.5 ((=0.7).
These locations corresponds to a desired closed-loop characteristic polyno-
mial: Ages () = 52 + 9s + 40.5.

Then, by comparing the polynomial coefficients with those of the rate
feedback characteristic polynomial: A(s) = s?+(k ++2) s+ K, we determine
the controller gains as: ky = 7, K = 40.5.

The RL technique can be used to accomplish the design of rate feedback
controller in two steps: in the first step, the inner (minor) loop is designed
for desired closed-mirror-loop pole locations; then, in the second step, those
locations serve as open-loop pole locations for the outer loop design. The
two-step design is explained below.

Minor Loop Design. The loop transfer function for the minor loop design is

given as: G(s)kss. Let G(s) = "8 ; then, the resulting closed-minor-loop

n(s)
d(s)+n(s)kss”

Outer Loop Design. The loop transfer function for the outer loop design is
given as: K G (s). The resulting closed-loop transfer function is given as:

T(s) = (o)

d(s)+n(s)(krs+K)"
Example 6.12: Let G(s) = m; we assume that the design requirements

are for the unit-step response to achieve: %0S < 10%, t; < 2s.

transfer function is obtained as: G,,,(s) =

Minor Loop Design. The minor loop gain is: so that the closed-minor

kys
5(s+2) ’
loop transfer function is: G (s) = By choosing, for example,
ky = 2, we obtain: Gmu(s) = 3(3714)-

root locus plot (Figure 6.11(a)).

1
s(s+2+kys)"
The gain selection is performed on the
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Figure 6.11 Rate feedback design for Example 6.12: minor loop design (a); outer loop
design (b).



6.3 Dynamic Controller Design 159

Outer Loop Design. From the RL plot for KG,,;(s) in Figure 6.11(b), we
may choose, for example, K = 8, for the overall closed-loop roots located at:
s =—24j2.

The MATLAB script for the two stage design is given below:

G=tf (1, [1 2 01); % define plant transfer function
s=tf('s'); % rate feedback transfer function
rlocus (G*s), grid, hold % root locus plot for loop gain
axis([-6.5 .5 -3 3]) % set axis limits

Gml=feedback (G, 2*s) % minor loop transfer function
rlocus (Gml), hold % root locus for outer loop design

We may note that although the minor loop transfer function, G(s)Ks,
includes a zero at the origin, this zero does not cancel any existing plant poles
at that location. In other words, closing the inner feedback loop through the
rate (derivative) term does not affect the system type, which is defined as the
number of open-loop poles at the origin.

In the above example, the plant transfer function is of type 1; this
categorization also holds for the closed-minor-loop transfer function, G,,,;(s).

Example 6.13: Let G(s) = m; we assume that the design speci-
fications for the step response are given as: %0S < 10%,ts < 2 s; these

specifications translate into ¢ > 0.6, |o| > 2.

We consider the rate feedback design using H (s) = Kjs. The feedback

gain K is selected on the minor loop RL plot for Ks G(s) = %

Minor Loop Design. The minor loop RL (Figure 6.12(a)) contains two
branches that split at 0 = —3.5 (K; = 2.25) and follow the asymptotes
at £90°.

We may, for example, choose Ky = 15; the resulting closed-minor-loop
roots are located at: s = —3.5 & j3.57 (¢ = 0.7). The loop transfer function
for the outer loop design is given as:

K K

RGm) = v DD 1Ky s+ Ts 125

Outer Loop Design. From the outer loop RL (Figure 6.12(b)), we may
choose K = 34 for the resulting closed-loop roots at: s = —2.27 4+ 72.95
(¢ =0.61), witht; = 1.8 s.

The MATLAB commands for the rate feedback design are given below
(Figure 6.12):
G=tf(1, [1 7 10 0]); % define plant transfer function

s=tf('s'); % rate feedback transfer function
rlocus (Gxs), grid, hold % root locus plot for loop gain
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Figure 6.12 Rate feedback design for Example 6.13: minor loop design (a); outer loop
design (b).



6.3 Dynamic Controller Design 161

o0

axis([-6 1 -6 6]) set axis limits
Gml=feedback (G, 15*s) % minor loop transfer function
rlocus (Gml), hold % root locus for outer loop design

Analytical Rate Feedback Design. We note that the closed-loop character-
istic polynomial for the rate feedback configuration (Figure 4.4) is given as:
A(s) = s[(s +2)(s + 5) + k¢] + K. Hence, we can analytically choose
the controller gains, K and K, to achieve the desired closed-loop roots for
A(s). For example, choosing Ky = 15, K = 35, realizes the above design
with the resulting closed-loop roots at: s = —2:27 &+ j2:95(¢ = 0:61).

6.3.5 Controller Designs Compared

The feedback controller design choices presented in this chapter include:
static gain controller, phase-lag, phase-lead, lead-lag, PID, and the rate
feedback controller. Here, we compare the performance of these controllers
(Examples 6.5, 6.7, 6.8, 6.9 and 6.13) for the plant model: G(s) =
m. The controllers were designed to achieve a damping ratio
¢ = 0.6 for the dominant closed-loop roots. The controller designs are
summarized in Table 6.1.

The performance of the controllers is compared by plotting the step
response of the compensated system (Figure 6.13). The comparison includes
the overshoot, settling time, and steady-state tracking error for the six con-
troller types (Table 6.1). We make the following observations from the
table:

Table 6.1 A comparison of the unit step response of the compensated system for six different

compensator designs for G(s) = WM
Controller Controller Transfer Dominant Closed-loop  Rise Percentage  Settling
Type Function, K (s) Pole Locations Time  Overshoot  Time
Static 8.75 —0.77 £ 51.0 2.46s 9% 4.9s
8.75 1
Phase-lag L —0.72 £+ 50.95 2.17s  20% 17.4s
s+ .008
220 2
Phasedead 22005+ 2) 216+ j2.44 0.99s 6% 1.9s
s+ 20
22 2 1
Lead-lag 220(s +2)(s +.1) ~2.11 + j2.39 0.93s 10% 8.1s
(s + 20)(s + .008)
16.75(s% + 2.1s + .205
PID (57 4215+ 205) 12y ig99 0.66s 11% 1.6s

S

Rate feedback 15s + 35 —2.21 + 52.95 1.55s 1% 1.4s
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Figure 6.13 A comparison of the step responses for the various compensator designs.

1. The static gain and phase-lag controllers do not provide the desired
transient response improvement; hence, their step responses have long
settling times.

2. The PID controller has the fastest rise time followed by the lead-lag and
phase-lead designs.

3. The rate feedback controller offers the shortest settling time followed by
PID and phase-lead design.

4. The phase-lag controller has highest overshoot (20%); the rate feedback
controller has the lowest overshoot (1%).

5. The rate feedback controller offers the best overall performance. The
results, however, cannot be generalized.

Controller Design Using MATLAB SISO Tool. The MATLAB Control
System Toolbox provides a utility for controller design in the case of single-
input single-output (SISO) systems. The design tool is accessed by typing
“sisotool” on the command line interface or by entering the Control System
Designer App. For example, we may initialize the design tool as:

sisotool (tf(1,[1 2 0])) % start MATLAB SISO design tool

Subsequently, we can add controller poles and zeros under the controller
editor tab and observe the step response under the analysis plots tab. The
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interested readers may refer to the MATLAB Control Systems Toolbox
documentation for further details.

6.4 Controller Realization

The dynamic controlles of the phase-lead, phase-lag or PD, PI, PID types
represent frequency selective filters that may be realized by electronic
circuits built with operational amplifiers, resistors and capacitors. The general
procedure for realizing a given transfer function is described below.

Operational Amplifier Circuits. An operational amplifier in the inverting
configuration (Figure 6.14) has the input—output transfer function:

Vols) _ _ Z;(s)
Vis)  Zi(s)

where Z;(s) and Z;(s) denote the input and feedback path impedances.
These impedances comprise RC networks connected in series or in parallel
with their impedances computed as:

1 RCs+1

Series RC circuit: Zyo (s) = R4+ — — ——o "~
eries RC circui (s)=R+ Cs Cs
R/Cs R

Parallel RC circuit: Z,4,(s)

" R+& RCs+1

Z

f

Vi P

Figure 6.14 Operational amplifier in inverting configuration.
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6.4.1 Phase-Lead/Phase-Lag Controllers

A phase-lead or phase-lag controller is realized by selecting parallel RC
circuits in the input and feedback paths of an operational amplifier. The
resulting controller transfer function is given as:

Zs(s) Rf (R,Cis+ 1)
K(s) Zi(s) Ry (RfCys + 1)

The controller transfer function places a zero at: z, = ﬁ and a pole
at: p. = ﬁ. Hence, we may choose R;C; > R;Cy for the phase-lead and

R;C; < RyCy for the phase-lag design. For the sign correction, a resistive

op-amp circuit with R; = Ry, static gain: “59 = % = —1 can be employed.

Example 6.11: Let K(s) = (f:{(l]), then, we have R;C; = 1, R;Cy =

0.1, Ry/R; = 0.5. We may choose, for example, R; = 100 KQ Then,
Ry =50KQ, C; =10 puF, Cy =2 pF.

6.4.2 PD, PI, PID Controllers

These controllers may be realized by combining the following impedances:

R R
<%M@=—ZQ$: (R Cis+1)
par 7
__YCs 1 (RiCis+1)
Cri) =7 &)~ RC s
Gpip(s) = Zjeser(s) 1 (RiCis+1)(R;Cys +1)
Hee Zi—par(s)  RiCy 5 '

Further, in the case of the PID controller, the PID gains can be solved as
functions of component values as:
Ry C; 1

L B S o T——
PR Oy / ‘T R

Example 6.12: Let Gpip(s) = M; then, to realize it with RC

S

networks, we may choose, for example: R; = 100 KQ, R; = 1 MQ,
Ci=1upuF,Cy =10 pF.
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Skill Assessment Questions

Link to the answers:
http://www.riverpublishers.com/book_details.php?book_id=449

1.

Consider the model of a DC motor with shaft angular position output,

given as: G(s) = %. Assume that the motor is connected in

unity-gain feedback configuration.

(a) Sketch the root locus (RL) for the motor model.

(b) Choose a controller gain K to achieve ¢ = 0.7.

(c) Find the range of K for stability from the RL plot.

Let G(s) = #@; assume that the system is connected in unity-

gain feedback configuration.

(a) Plot the root locus for the system and find the range of K for
stability.

(b) Design a phase-lead controller for unity gain feedback to meet the
following specifications: w, = 2v/2,( = 0.7.

Consider the plant in Question 6.2 with the phase-lead controller.

(a) Add a phase-lag controller to boost the velocity error constant to
K, > 10.

(b) Plot the ramp response to verify e(00)|ramp < 0.1.

(c) Realize the controller using op-amp circuits.

Consider the simplified model of a flexible structure given as: G(s) =

% + %. Assume that the structure is connected in unity-gain

feedback configuration.

(a) Design a PID controller for the model (use the MATLAB “pidtune”
command)

(b) Realize the controller using op-amp circuits.

. Consider the model of the DC motor in Question 6.1.

(a) Design a rate feedback controller to achieve: w,, > 50%7 ¢ >0.6.
(b) Plot the step response of the closed-loop system.

. Consider the model of human postural dynamics in the sagittal plane

described as a rigid inverted pendulum, given as: G(s) = where

k =0.01,Q = 3 rad/ sec.

(a) Design a Phase-lead controller to stabilize the model and achieve the
following specifications: w, > 5%, £>0.8.

k
s2-Q2>


http://www.riverpublishers.com/book_details.php?book_id=449
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10.

(b) Add a phase-lag controller to achieve less than 2% steady-state error
to a step reference input.

. Consider the input-output model of room heating given by: G(s) =

B, where K = 0.2, 7 = 20.

(a) Design a PID controller for the model to achieve a settling time of
less than 10 sec with less than 5% overshoot.
(b) Plot the step response of the closed-loop system.

. The model of the pitch axis of a quad-copter with actuator is described

as: G(s) = =

ﬁ. It is desired to have the command response settle

in 3 sec.

(a) Design a Phase-lead controller to achieve the desired settling time.
(b) Plot the step response of the closed-loop system.

. Consider the input-output model of magnetic levitation of a small

metallic ball, given as: G(s) = 325+7KQO’ where K = 100.

(a) Design a PID controller for the model to achieve a settling time of
less than 1 sec with less than 20% overshoot.
(b) Plot the step response of the closed-loop system.

A servomechanism for position control is described by the plant transfer

function: G(s) = m. The system is desired to have a settling

time of 0.5 sec and less than 5% error to a ramp input.

(a) Design a phase-lead controller to achieve transient response
specifications.

(b) Add a phase-lag controller to achieve the steady-state error
specifications.

(c) Use op-amp circuits to realize the controller.
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Design of Sampled-Data Systems

Learning Objectives

1. Obtain pulse transfer function of a sampled-data system model.

2. Obtain unit-pulse and unit-step responses of sampled-data systems.
3. Analyze the stability of the closed-loop sampled data system models.
4. Design and emulate controllers for sampled-data system models.

The aim of the control system design is to improve the behavior of a
physical plant through the use of a controller that conditions an error signal
to generate the plant input signal. The controller designed using root locus
or other suitable techniques can be implemented using analog circuits or,
alternatively, in computer code using digital signal processing tools. The
measurement sensor may similarly generate sampled output for feedback.
This chapter explores controller design for implementation with clock-driven
devices, that is, microcontrollers and computers.

In contemporary control systems technology, data acquisition card (DAQ)
is used to sense, sample, and process plant output and other variables of
interest, and the process controller is implemented as a software routine
on a programmable logic controller (PLC), microcontroller, or digital signal
processor (DSP). The DAQ includes an analog-to-digital converter (ADC)
that samples, quantizes, and temporarily stores the variables. The output of
the DAQ is a sequence of numbers that represent quantities at multiples
of sampling period 7.

The control systems that involve sampled variables and software-based
controllers are analyzed using techniques designed for the sampled-data
systems. These discrete-time systems are modeled using difference equa-
tions that operate on number sequences. Besides a physical plant and a
digital controller, such systems include sample and hold elements represent-
ing data acquisition, and analog-to-digital and digital-to-analog conversion
(Figure 7.1).

167
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cmckCl_)_l
r £ KT kT t t y
r(t) ; e(t) 0 e(kT) KD u(kT) h u(t) o) IL()

Digital Digital-to-Analog Plant
Controller Converter

Analog-to-Ditigal
Converter

Figure 7.1 A closed-loop sampled-data system model.

The output of the digital controller is a discrete-time sequence:
u(kT), k =0,1,..., that represents the sampled values of a continuous sig-
nal u(t). Before applying it to the process, the controller output is converted
to a continuous-time signal using a hold device, such as a zero-order hold
(ZOH), that is, a device that holds its output constant for one time period.

The choice of the sampling period is an important consideration in digital
control system design. In general, the sampling frequency should be selected
4-10 times higher than the system bandwidth, approximated as the inverse
of the smallest time constant of the system. A lower sampling frequency
causes phase margin degradation, adversely affecting relative stability of the
closed-loop system.

The root locus design of the digital controller is based on the pulse
transfer function of the plant that is obtained using z-transform and describes
its input—output behavior at the sampling intervals. The rules for plotting the
root locus for the discrete-time systems in the complex z-plane are the same
as those for the continuous-time systems in the s-plane. The stability of the
closed-loop sampled-data system in the z-plane, however, requires that the
desired characteristic polynomial has its roots confined to the unit disk. The
controller design can be performed for desired settling time and damping ratio
of the closed-loop roots.

Controller emulation is a practical and time-saving approach to obtain an
approximate digital controller that emulates an already designed analog con-
troller for the continuous-time plant. Assuming a high enough sampling rate,
the digital controller obtained by emulation gives comparable performance to
the analog controller it mimics.

In this chapter, we will discuss models of sampled-data system, their
properties, stability characterization, time response, and the analysis and
controller design for such systems.
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7.1 Models of Sampled-Data Systems

The sampled-data systems operate on discrete-time, that is, the variables
change values at integral multiples of the sampling period. To model the
sampled-data systems, we consider an ideal sampler that samples a physical
signal r(t) every T" seconds and generates a series of impulses with weights
r(kT),k = 0,1,.... Mathematically, the sampler output, r*(t), represents
multiplication of r(¢) with a train of impulses and is given as:

r(t) = i r(KT)o(t — kT).

k=0

We apply the Laplace transform to the sampled signal r*(¢) to obtain:

r(s) = Z r(kT)e *FT,
0

As sampling time, 7', is constant, we may change the variable of interest
to: z = e*T, where z similarly represents a complex variable, to represent the

sampled signal as:
o

r(z) = Z r(kT)z7*.
0

In the above expression, where r(z) defines the z-transform of a sampled
signal, r(kT), that is represented by a sequence of numerical values.

7.1.1 Z-transform

The z-transform (see Appendix) is the sampled-data equivalent of the Laplace
transform used with continuous-time signals. The z-transform is related to
the discrete-time Fourier transform (DTFT) just as the Laplace transform is
related to the Fourier transform (FT). The domain of the z-transform includes
real- or complex-valued number sequences.

To proceed further, we assume that a number sequence, (k7"), is obtained
by sampling a real-valued signal r(¢). The time dependence may be sup-
pressed to represent the sampled sequence as: r(k) = {r(0),(1),...}. Then,
the transformed sequence is given as:

r(z) = 2[r(kT)] = > r(k)z".
0
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We note that the transformed sequence, 7(z), represents a rational
function of a complex variable (z), where z = |z|e??.

As an example, the z-transform of a unit-step sequence, given as: u(k) =
{1, 1, ...}, is computed as:

= —k 1 -1
u(z):Zz =11 |27 < 1.
0

The convergence of the above geometric series is conditioned on satisfy-
ing: |z~1| < 1, which defines its region of convergence (ROC). The ROC for
2~ in the above series corresponds to the inside of a unit circle, defined by:
e, 0 < 6 < 2m, centered at the origin in the complex z-plane.

Further examples of z-transform of sampled signals are given below:

Example 7.1: Let r(t) = e~%u(t); then

r(kT) = {1, e79T e72T 3}

1
—akT —k —aTl —
r(z)——g e "z ——7176761Tz71;|e“z <1
0

Example 7.2: Let r(t) = e/“!u(t); then

r(kT) = {1,e%T 29T}

oo
. _ 1 . _ _
T’(Z):Zejksz k:w; |€‘7sz 1’:|Z 1|<1.
0

The z-transforms of the sampled sinusoidal signals are obtained by apply-
ing the Euler’s identity to z-transform of e/**T and separating the real and
imaginary parts. The results are:

sin(wT)z

22 —2cos(wT) +1

z(z — cos(wT))
22 —2cos(wT) + 1
e~ sin(wT)z

22 — 2cos(wT)e 0T + ¢—2aT
2(z — e T cos(wT))

22 — 2 cos(wT) e=oT 4 ¢=2aT"

sin(kwT) &

cos(kwT) &

e~ T sin(kwT) &

e T cos(kwT) &
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We note from the above examples that in each case, the z-transform
representation includes the specified ROC. In fact, z-transform description
is incomplete without specifying the associated ROC.

We also note that although the definition of z-transform involves the
Laplace transform variable (through z = e*7), its actual computation has
no reference to s.

The z-transforms of other complex signals may be obtained by using its
properties of linearity, differentiation, and translation, etc. (see Appendix).

7.1.2 Zero-Order Hold

The zero-order hold (ZOH) represents a model of the digital-to-analog con-
verter (DAC) that reconstructs a continuous-time signal from its sampled
values. Specifically, it is a device that holds its output constant for one
sampling period, 7T'.

Assuming that the input to ZOH is a sampled signal, r(kT") = 7(t)|=k1,
its output is defined as:

r(t)=r((k—1)T) for (k—1)T <t<EkT.

The output of the ZOH to an arbitrary sampled input, r(k7T’), is a staircase
version of the analog signal, r(¢), delayed in time by an amount, 7'/2 (as can
be confirmed by visualizing the input as a ramp signal).

The impulse response of the ZOH is given as: Gzop(t) =1, 0 <t <1
(Figure 7.2).

Unit impulse response of ZOH

Amplitude

05F

0 0.5 1 1.5 2 25 3
time (nT)

Figure 7.2 Impulse response of the ZOH.



172 Design of Sampled-Data Systems

By applying the Laplace transform, its impulse transfer function is
obtained as: - -
1 e° 1—e°
Gzon(s) = - — =

s s 5
Further, the frequency response of the ZOH is computed as:

1 — e—dwT _ sin(wT/2) o—iwT/2
G wT'/2

G zon(w) =

We note that the frequency response of the ZOH contains a sinc function
with a delay term that contributes additional phase to the loop transfer
function when the ZOH is placed in the feedback loop. The added phase
from the ZOH reduces the available phase margin (Section 5.1.3); hence, the
presence of ZOH adversely impacts the stability of the closed-loop system.

We may recall that the phase margin (PM) can be read from the Bode
phase plot of the loop transfer function: KGH (jw). In particular, let wg,.
denote the gain crossover frequency, that is, the frequency at which the Bode
magnitude plot has unity gain: |KGH (jwge)|,z = 0dB; then, the PM is
computed as: PM = 180° — ZKGH (jwgc).

The presence of ZOH in the feedback loop reduces the phase margin
(PM) by an amount wy.1'/2. Hence, the desired sampling time 7" can be
obtained from the acceptable degradation in the PM accompanying the ZOH.
For example, if we want to limit the PM degradation to 5° (0.087 rad), the

sampling period should be selected in accordance with: 7' < %.

7.1.3 Pulse Transfer Function

To analyze a sampled-data system that includes a continuous-time plant
driven by a digital controller through the ZOH, we apply the z-transform to
obtain a transfer function description of the plant cascaded with the ZOH. The
resulting pulse transfer function, G(z), describes the input—output behavior
of the plant at the sampling intervals.

The pulse transfer function of a continuous-time plant, G(s), is
obtained as:

Glz) = = {WG(S)} — (=2 {G(S) } .

S S

where z{-} denotes the z-transform of a sequence obtained by sampling
a physical signal that represents the time integral of the impulse response:

[ g(t)dt.
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The conversion from Laplace domain to z-domain involves intermediate
steps, that is, inverse Laplace transform followed by signal sampling to obtain
a number sequence, and the application of z-transform. The z-transform
tables obviate this difficulty by providing z-transform and Laplace transform
of representative time signals side by side (see Appendix).

The computation of the pulse transfer function for given plant models is
illustrated through the following examples.

Example 7.3: A first-order system.
Let G(s) = ;15 then

G(z):(1—z1)z{s(sa+a)} :(1—zl)z{i—5_’1_a}.

From the z-transform table (see Appendix),

G(Z):z—l(zz z >:1—eaT

z -1 z—e ol z —e—al”

Example 7.4: A second-order system with a pole at the origin.

Let G(s) = ; then

s(s+a)

Glz)=(1— 271 z{sz(sa—i—a)} - (1—21)2{812 - 12“+ Slfa}.

Using the z-transform table,

G(z) = z;1 [<ZT21)2 - 2 (zil a z—z_“T)]

aT(z — e_aT) —(z=1)(1 - e_aT)
a(z —1)(z —e—aT) )

From the above examples, we make the following observations:

1. The order of the pulse transfer function, that is, the degree of the
denominator polynomial in G(z), matches that of the continuous-time
transfer function, G(s).

2. The poles of the pulse transfer function are related to the continuous-
time plant poles through z; = e%’,

3. The pulse transfer functions of the second- and higher-order systems
additionally include finite zeros.
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Pulse Transfer Function in MATLAB. The pulse transfer function, G(z),
for a given plant transfer function, G(s), can be easily obtained in the
MATLAB Control Systems Toolbox by using the “c2d” command and
specifying a sampling time (7). In addition to the ZOH (default), the c2d
command allows a choice of an input method from the following choices:
“zoh”, “foh”, “impulse”, “matched”, “tustin”, and ‘least-squares’.

The input argument to the c¢2d command is a dynamic system object
(DSO) created in the Control Systems Toolbox using one of the following
commands: “tf”, “ss”, “zpc”, and “frd”.

Given a continuous-time transfer function, the MATLAB commands to
obtain the pulse transfer function are invoked as follows:

G=tf (num, den); % define plant transfer function
Gz=c2d (G, T) % obtain pulse transfer function

The choice of the sampling time is guided by the natural frequency of the
system, or equivalently, the magnitude of the dominant poles of the system.
In particular, we may choose Ts < 1/w,, where w,, represents the natural
frequency. This is illustrated in the following examples.

Example 7.5: Let G(s) = 34%13 T = 0.2s. Then, the pulse transfer function
is obtained from MATLAB as: G(z) = -218L- We may note that, G(z) =

z—0.819"
1_670.2
2 e 02-
Example 7.6: Let G(s) = S(T{H)’ T = 0.2s; then, the pulse transfer function

is obtained from MATLAB as: G(z) = %.

Pulse Transfer Function in the MATLAB Symbolic Math Toolbox. The
pulse transfer function, G(z), of a continuous-time plant described by, G(s),
can be analytically obtained in the MATLAB Symbolic Math Toolbox by first
obtaining its unit-impulse response, followed by sampling at 7'sec intervals
and the application of z-transform.

As an example, the pulse transfer function for a first-order plant (Example
7.5) is obtained by issuing the following MATLAB commands:

syms s z define complex variables

syms t a T real define real-valued variables
syms n integer define integer-valued variables
sympref ('FloatingPointOutput',true); % define output format
G=1/ (s+1); % define plant transfer function
g=ilaplace (G/s); inverse Laplace transform
gn=subs (g, t,n*T); discretize the time function
Gz=(z-1) /z*ztrans (gn); obtain pulse transfer function
Gz=subs (Gz, 'T',0.2); specify sampling time
Gz=simplify (Gz) simplify the result

o o° oo

o° o

o° e

o
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Similarly, the pulse transfer function of a second-order system (Exam-
ple 7.6) is obtained by issuing the following MATLAB commands after
declaring the symbolic variables:

G=1/s/ (s+1) % define plant transfer function
g= 1laplace(G/s); % inverse Laplace transform
gn=subs (g, t,n*T); % discretize the time function
Gz=(z-1)/z*ztrans (gn); % obtain pulse transfer function
Gz=subs (Gz, 'T',0.2); % specify sampling time
Gz=simplify (Gz) % simplify the result

7.2 Sampled-Data System Response

The response of a sampled-data system, described by its pulse transfer func-
tion, G(z), to an input sequence, u(k), is represented as the output sequence,
y(k). In the z-domain, the system response is obtained as: y(z) = G(2)u(z).

Alternatively, we may use inverse z-transform to obtain an input—output
description in the form of a difference equation that can be iteratively solved
for a given input sequence to obtain the output sequence. This approach is
described next.

7.2.1 Difference Equation Solution by Iteration

A difference equation description of the plant at sampling intervals is

obtained from its pulse transfer function. Accordingly, let ygzg = G(z) =

Zéz)), where n(z) and d(z) are, respectively, mth order and nth order

polynomials, given as:

n
z) =2"+ E a;z" "
i=1

First, we cross-multiply 522 = Z((z)) to get: d(2)y(z) = n(z)u(z) and
rearrange the result to obtain an expression for z"y(z). Next, we apply
the inverse z-transform (see Appendix) to obtain a corresponding difference
equation, given as:

y(k+n) = Zazykz—i-n—z) Zbiu(k-i-m—i)
1=0
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As the system is linear and time-invariant, we can a time shift to obtain a
time-domain relation of the form:

y(k) = =Y aiy(k —i) + Y biu(k — i)
=1 =0

The above expression represents an update rule that can be programmed
on a computer to simulate sampled-data system response to an input
sequence, u(k), which is obtained by sampling an analog signal u(t), that
is, u(k) = w(t)|g=g7-

The iterative approach to solving for the sampled-data system output is
illustrated using the following examples.

Example 7.7: A first-order sampled-data system (continued from Exam-
ple 7.5).

Let G(z) = 522 = 29'&88119; after cross-multiplying, using inverse z-
transform, and applying a time shift, the sampled-data system is described by

the following time-domain input—output relation:
y(k) = 0.819y(k — 1) + 0.181u(k — 1).

Example 7.8: A second-order sampled-data system (continued from

Example 7.6).

_ 0.0187(2+0.936) .
Let G(z2) = (z—1)(2—0.819) ’
z-transform, and applying a time shift, the sampled-data system is described

by the following time-domain input—output relation:

then, after cross-multiplying, using inverse

y(k) = 1.819y(k — 1) — 0.819y(k — 2) + 0.0187u(k — 1) 4+ 0.0175u(k — 2).

In particular, we are interested in the unit-pulse and unit-step responses
of the sampled-data systems, which are described next.

7.2.2 Unit-Pulse Response

The unit-pulse response of a sampled-data system described by its pulse
transfer function G(z) is its response to a unit-pulse (k) = (k). Since
d(z) = 1, the unit-pulse response is computed from inverse z-transform of
G(z), that is, g(kT) = 2~ '[G(z)], where a sampling time of T = 1s is
assumed. Unit-pulse response for alternate sampling times can be obtained
by assuming §(z) = 4, so that g(kT) = £z 1[G(2)].
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Alternatively, given the time-domain input—output description of a
sampled-data system, its unit-pulse response is easily computed by iteration.

The unit-pulse response comprises the natural response modes of a
sampled-data system. Similar to the continuous-time system models, these
modes are derived from the roots of the denominator polynomial in the pulse
transfer function, G(z) = n(z)/d(z), and can be characterized as follows:

Real and Distinct Roots. We assume that the denominator polynomial, d(z),
has real and distinct roots: z;, 7 = 1, ..., n; then, its natural response modes
are given as: ¢;(k) = (z)¥,i = 1,...,n. We may note that these terms die
out with time if |z;| < 1, that is, if the root lies inside the unit-circle.

Complex Roots. We assume that the denominator polynomial, d(z), has
complex roots of the form: re*7%; then, its natural response modes are:
¢i(k) = {r¥ cosk®, r* sinkf}. We note that these modes similarly die
out with time if |r| < 1, that is, if the complex roots are inside the unit circle.

The commutation of unit-pulse response is illustrated through the follow-
ing examples:

Example 7.9: A first-order sampled-data system (continued from Exam-
ple 7.7).

Let G(z) = Z%i% = 28l where a sampling time: 7" = 0.2s was used.
The sampled-data system is described by the following time-domain relation:

y(k) = 0.819y(k — 1) + 0.181u(k — 1).

Since a sample time T = 0.2s was assumed, the discretized impulse input
is represented as: 6(k) = {5, 0, 0,...}. Assuming zero initial conditions, the
output is obtained by iteration. The following MATLAB script can be used to
obtain the first few terms of the unit-pulse response sequence:
y=zeros (1,10); % intialize response array
for n=2:10, y(n)=.819xy(n-1)+0.906* (n==2); end % iterative loop

The resulting impulse response sequence is given as:

y(k) = {0, 0.906, 0.742, 0.608, 0.497,0.407, 0.333, ..}

Example 7.10: A second-order sampled-data system (continued from Exam-
ple 7.8).

Let G(z) = %, T = 0.2s. Then, the sampled-data system is

described by the following time-domain input—output relation:

y(k) = 1.819y(k — 1) — 0.819y(k — 2) 4 0.0187u(k — 1) + 0.0175u(k — 2).
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Next, using u(k) = {5,0,0,...}, and assuming zero initial conditions,
the output is obtained by iteration. The following MATLAB commands are
used to obtain the first few terms of the impulse response:

y=zeros (1,10); % intialize response array
y(2)=.01873%5; % specify initial condition
y(3)=1.819%y (2)+.0175%5; % compute initial value

for n=4:10, y(n)=1.819+«y(n-1)-.819+«y(n-2); end % iterative loop

The resulting impulse response sequence is given as:
y(k) = {0, 0.0937, 0.258, 0.392, 0.502,0.593, 0.667, ...}

Unit-Pulse Response in MATLAB. The “impulse” command in the MAT-
LAB Control Systems Toolbox can be used to obtain and/or plot the
unit-pulse response of a sampled-data system.

The MATLAB commands to obtain the unit-pulse response of a transfer
function model are given below:

G=tf (num, den); % define plant transfer function
Gz=c2d (G, T); % obtain pulse transfer function
y=impulse (Gz) ; % obtain impulse response sequence
impulse (Gz) % plot the impulse response
__0.181 . :
For the first-order system, let G(z) = ;=559 then, by using the above

MATLAB commands, the unit-pulse response sequence is obtained as:

g(k) = {0, 0.906, 0.742, 0.608, 0.497,0.407, 0.333,
0.273, 0.224..}

For the second-order system, let G(z) = %

MATLAB the unit-pulse response sequence is obtained as:

; then, from

g(k) = {0, 0.094, 0.258, 0.392, 0.503, 0.593, 0.667,
0.727, 0.777,.. }.

The unit-pulse response sequences for the first- and second-order systems
obtained from MATLAB match those obtained previously through iteration.
The unit-pulse responses are plotted in Figure 7.3. The impulse response of
the continuous-time system is plotted alongside for comparison.

We note that for the second-order system, the integrator in the loop causes
the impulse response for both the continuous-time and discrete-time systems
to asymptotically approach unity in the steady-state.
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Figure 7.3 The unit-pulse response of a sampled-data system: First-order system (a);
Second-order system (b).

7.2.3 Unit-Step Response

The unit-step response of the sampled-data system is its response to the unit-

step sequence: r{kT} = {1,1,1...};r(z) = # The unit-step response
can be computed in the time-domain by iteration or in the z-domain by
G(2)

solving for the output as: y(z) = The inverse z-transform is then

applied to obtain y(k).

1—2-1"
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Unit-Step Response in MATLAB. The MATLAB “step” command from the
Control Systems Toolbox can be used to obtain and/or plot the step response
of the sampled-data system. The relevant MATLAB commands are given
below:

G=tf (num, den); % define plant transfer function
Gz=c2d (G, T); % obtain pulse transfer function
y=step (Gz); % obtain step response sequence
step (Gz) % plot the step response

The computation and plotting of the unit-step response in the case of sampled-
data systems is illustrated through the following examples:

Example 7.11: A first-order sampled-data system (continued from Exam-

ple 7.9).
Let G(s) = SJ%I; we use 7' = 0.2s to obtain: G(z) = 218 The
sampled-data system is described by a time-domain input—output relation:

y(k) = 0.819y(k — 1) 4 0.181u(k — 1).
G(2)

Analytically, the unit-step response is computed as: y(z) = —

_ 0.181z
y(z) = (z—1)(2—0.819) "
In order to take the inverse z-transform of the output we first expand

or

z
z—1

y(z)/z in partial fractions and multiply by z to obtain: y(z) =

z
z—0.819)'
Then, using the inverse z-transform, the step response sequence is given
as:
y(kT) =1—(0.819)%, k=0,1,...

For comparison, the step response of an equivalent continuous-time sys-
tem is obtained as follows: let G(s) = then, for r(¢) = u(t); we have:
y(t)=1—e7t, t>0.

The step responses of the continuous and discrete systems are plotted
alongside (Figure 7.4(a)). The MATLAB commands for this example are
given as follows:

1 .
s+1°

G=tf(1,[1 11); % define plant transfer function
Gz=c2d (G, 0.2); % obtain pulse transfer function
step (G, Gz) ,grid % plot step response

legend ('continuous-time', 'sampled-data') % figure legend

‘We note that the step response of first-order continuous-time and discrete-
time systems both asymptotically reach a value of unity.
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Figure 7.4 The unit-step response of a sampled-data system: First-order system (a); Second-
order system (b).

Example 7.12: A second-order sampled-data system (continued from
Example 7.10).

Let G(s) = ; we use 7' = 0.2s to obtain:

_ 1
s(s+1)

Glz) = 0.0187z + 0.0175
22 -1.8192 +0.819°
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Using the time-domain relation for the second-order sampled-data system
(Example 7.8), the first few terms of the step response are computed by using
the following MATLAB commands:

y=zeros (1,10); intialize step response array
y(2)=0.0187; 5, set intial wvalue
y(3)=2.819%0.0187+.0175; % set intial value
for k=4:10, y(k)=1.819%y(k-1)-0.819*y(k-2)+0.0363; end % loop

o

o

The resulting unit-step response sequence is given as:
{0, 0.0187, 0.0702, 0.149, 0.249, 0.368, 0.501, 0.647,0.802,0.965, ...}

The above unit-step response continues to increase out of bound due to
the presence of an integrator in the plant model.

Analytically, the unit-step response of the sampled-data system may be
obtained as follows: let 7(z) = %+ (unit-step); then, the output is given as:

z—1
__ 2(0.01872+0.0175)
y(z) = (z—1)(22—1.8192+0.819) °
In order to apply the inverse z-transform, we use the long division to

express the quotient as:

y(2) = 0.0187271 4 0.0703272 + 0.149273 + 0.2492% + 0.50127° 4 - .-

The resulting output sequence after application of the inverse z-transform
matches the one obtained by iteration. The following MATLAB commands
were used to obtain the quotient:

G=tf(1,[1 1 0]);

Gz=c2d (G, .2);

[num, den]=tfdata (Gz) ;
num=[num{:} zeros(1l,10)];
den=conv (den{:},[1 -1]);
g=deconv (num, den)

define plant transfer function
pulse transfer function (T=.2s)
obtain numerator and denominator
add zeros to numerator polynomial
add integrator to denominator
compute the quotient

o o

o

o\

ISR

For comparison with an equivalent continuous-time system, we may

consider an analog plant: G(s) = s(sil). Then, for input, r(s) = %, we
have: y(s) = WIH) = S% — % + #, or, in the time-domain,

y(t) = (t — 14 e Hu(t).

The step responses of the continuous-time and discrete-time systems are
plotted alongside (Figure 7.4(b)). The MATLAB commands for this example
are given as follows:

G=tf(1,[1 1 0]); % define plant transfer function
Gz=c2d (G, .2); % pulse transfer function (T=.2s)
step (G, Gz),grid % plot step response

legend ('continuous-time', 'sampled-data') % figure legend
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7.2.4 Response to Arbitrary Inputs

Given the unit-pulse response of the system, its response to an arbitrary input
sequence is obtained by convolution. Accordingly, let the unit-pulse response
sequence be given as:

{9(k)} = {g(1), 9(2), .. }

Then, using an arbitrary input sequence: {u(k)} = {u(1), u(2), ..}, the
output sequence is given by the convolution sum:

y(k) = g(k) = u(k) =Y g(k — i)u(i)
1=0

As an example, we obtain the output for a sinusoidal input below.
Example 7.13: A second-order sampled-data system.

Let G(z) = %; we assume a sinusoidal input, u(kT) =
sin(mkT).

Then, the output response is computed using the following MATLAB
commands (Figure 7.5):

G=tf(l,[1 1 01);
Gz=c2d (G, .2);

g=impulse (ss(Gz));
t=0:.2:5;

u=sin (pixt);
y=conv (g, u) ;
yl=1lsim(G,u,t);

plot (t,5*yl), grid, hold

o

define plant transfer function
obtain pulse transfer function
compute impulse response
define time range

define input

perform convolution

simulate contnuous-time system
plot cont-time system response

do o° o° o0 o o

o

stairs(t,y(1:26)), hold % plot discrete system response
legend('continuous-time', 'sampled-data') % figure legend
) Sinusoidal input response
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Figure 7.5 Sinusoidal response of a second-order sampled-data system preceded by a ZOH.
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7.3 Stability in the Case of Sampled-Data Systems

We recall that stability in the case of continuous-time systems requires that
the closed-loop system poles (roots of the characteristic polynomial, A(s))
are confined to the OLHP, where s = jw defines the stability boundary.

The z-plane stability boundary is obtained from the transform: z =
ed“T = 1/wT, which maps the jw-axis to the unit circle in the complex
z-plane, and the OLHP to the inside of the unit circle: 2| < 1.

Accordingly, the closed-loop sampled-data system is stable if and only if
the pulse characteristic polynomial A(z) has its roots inside the unit circle,
that is, if z; is the root of A(z), then the stability requirement is: |z;| < 1.

The analytical conditions for a z-domain polynomial, A(z), to have its
roots inside the unit circle are given by the Schur—Cohn stability test (see
References). When adapted to real polynomials, the Schur—Cohn test results
in a criterion similar to the Ruth’s test and is known as Jury’s stability test.

7.3.1 Jury’s Stability Test

To perform the Jury’s stability test, we assume that the nth order z-domain
polynomial to be investigated is given as:

A(2) = apz" + a12" '+ + an_12 + agsap > 0.

Next, we build the Jury’s table, which is given as:

Ay, ap—-1 ... ag
a ai PN Qp,
bn—1 bp—2 ... b
bo b1 ... bna
Cp—2 Cnp—-1 e Co
() C1 oo Cp—2

where the coefficients of the third and subsequent rows are computed as:

by = |“ Ikl 0 a1
ao Ap+1
b1 bp—a—k _
L = by b1 k=0,...,n—2, etc.

The necessary conditions for polynomial stability are:

A(1) > 0,(=1)"A(=1) > 0.
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The sufficient conditions for stability, given by the Jury’s test, are:
agp > |anl, |bp—1| > |bol, |cn—2| > |col,... (n — 1 conditions)

Stability Test for a Second-Order Polynomial. In the case of a second-order
polynomial, A(z) = 22 + a1z + ag, the Jury’s table is given as:

as QA 1
1 al az
b1 bo
bo b

The resulting necessary conditions are: 1 +a; +ag > 0,1 —a; +az > 0.
The sufficient conditions are: |ag| < 1,|1 + ag| > |a1].

7.3.2 Stability Through Bilinear Transform

The bilinear transform (BLT) defines a linear map from the s-domain to the
z-domain and vice versa. In order to develop the BLT, we use the first-order
Pade’ approximation for z = e*” to obtain:

T2 14 sT/2 22-1
z = = S = —
e=sT/2 1 —sT/2’ Tz+1

Since 7' has no impact on stability determination, we may use 1T’ = 2
for simplicity. Further, in order to distinguish the characteristic polynomial
obtained through BLT from the original A(s), a new complex variable, w, is
introduced. The updated BLT is given as:

14w z—1

T w YT

Application of the above BLT to A(z) returns the characteristic poly-
nomial A(w), whose stability is then determined through the application of
Hurwitz criterion (Section 2.5).

Stability of a Second-Order Polynomial. In particular, we consider a
second-order polynomial: A(z) = 22 + a1z + as. The application of BLT,
ignoring the denominator term in the result, gives:

Aw) = A(z)\zz% =(1—a1+a)w® +2(1 —ax)w + 1+ ay + az
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Then, application of the Hurwitz criterion for second-order polynomial
results in the following stability conditions for A(z):

ar+ar+1>0, as—a1+1>0, 1—as>0

These conditions match those obtained by the application of Jury’s
stability test.

Examples of stability determination are given in Examples 7.14-7.16
below.

7.4 Closed-Loop Sampled-Data Systems

A closed-loop sampled-data control system contains a comparator, a sampler,
a digital controller, a ZOH, a continuous-time plant, and a measurement
sensor (Figure 7.1). In particular, we consider a unity gain feedback con-
trol system, where a continuous-time plant is driven by a digital controller
through a ZOH. Further, we consider a static controller represented by a scalar
gain, K. Then, the closed-loop pulse transfer function is given as:

y(z) _ _KG(2)

@) =10 ~T¥ kG

Let G(z) = Z((j; ; then we have: T'(z) = #m-

7.4.1 Closed-Loop System Stability

The closed-loop system stability can be determined by applying the Jury’s
stability test to the closed-loop characteristic polynomial: A(z) = 1 +
KG(z). Alternatively, we may use the BLT to determine stability. The
stability determination is illustrated using the following examples.

Example 7.14: Let A(z) = z + 0.632K — 0.368; then A(z) is stable for
10.632K — 0.368] < 1,0r —1 < K < 2.16.

Example 7.15: Let A(z) = 22 + z + K then, from Jury’s stability test we
obtain the following stability condition: || < 1. Alternately, using BLT, we
obtain the characteristic polynomial as:

A(w) = A(2)],_1tw = Kw? +2(1 - K)w + 1+ K

The application of the Hurwitz criteria to A(w) reveals 0 < K < 1 for
stability.
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Example 7.16: Let G(s) = ﬁ, T = 0.2s; then, the pulse transfer

function is: G(z) = %. Further, the characteristic polynomial is:

A(2) = 22 + (0.0187K — 1.819)z + 0.0175K + 0.819.
The w-polynomial obtained through BLT is given as:

A(w) = (3.637 — 0.0012K )w? + (0.363 — 0.035K )w + 0.036 K

The application of the Hurwitz criteria to A(w) gives 0 < K < 10.34 for
stability.

The above results can be obtained by using the following commands from
MATLAB Control Systems and Symbolic Math Toolboxes.

syms z w % declare symbolic variables
syms K real % declare symbolic gain
G=tf(1,[1 1 01); % define dynamic system
Gz=c2d (G, .2); % discretize system

[num, den]=tfdata (Gz) ; % obtain numerator and denominator
pz=poly2sym(den{:},z); % use symbolic variables
pz=pz+K+poly2sym(num{:},z); % characteristic polynomial
pw=subs (pz, z, (1+w)/ (1-w)); % apply BLT

pw=simplify (pwx (w=1)"2); % simplify result

cw=coeffs (pw, w) ; % obtain coefficients

solve (cw(2),K) % solve for K

7.4.2 Unit-Step Response

Given the closed-loop pulse transfer function, 7'(z), we can compute its
response to a unit-step sequence, (k7)) = {1, 1, .. .}. The unit-step response
can be obtained by iteration, or analytically from the expression: y(z) =
T(z)r(z).

The unit-step response is explored in the case of first- and second-order
system below.

Example 7.17: A first-order sampled-data system (continued from Exam-
ple 7.11).

Let G(s) = S%; and, let 7" = 0.2s; then, G(z) = 29'5-88]59' Ne)?t, for a
static gain controller, K, the closed-loop pulse transfer function is given as:
T(z) = 0.6181K

2—0.819+0.181K

1 .
1—2—1>

For simplicity, we assume K = 1; further, let 7(kT") = 1,r(z) =

0.1812
(#—1)(2—0.638)

then, in the z-domain the system output is given as: y(z)
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In order to take the inverse z-transform, we expand y(z)/z in partial
fractions, then multiply the terms by z to obtain:

z z
y(z) =05 <z —1 - 0.638> ‘

Taking inverse z-transform, the sampled output sequence is given as:

y(kT) = 0.5(1 — 0.638%), k=0,1,...
The resulting output sequence is:
{0, 0.632, 0.465, 0.509, 0.498, 0.501, 0.5, 0.5...}.

In order to compare the unit-step response of the sampled-data system
with that of a continuous-time system, let: G(s) = ;11, H(s) = 1; then,

we have: T'(s) = ﬁ Let r(t) = wu(t); and assume K = 1; then, the
continuous-time system output is given as: y(t) = %(1 —e 2t > 0.

The step response of the sampled-data and the continuous-time systems
are plotted using the following MATLAB commands (Figure 7.6(a)):

G=tf(1,[1 11) % define plant transfer function
Gz=c2d (G, .2) % obtain pulse transfer function
T=feedback (G, 1) ; % obtain closed-loop system
Tz=feedback (Gz,1); % obtain closed-loop system

step (T, Tz),grid % plot step response

legend ('continuous-time', 'sampled-data ') % figure legend

Example 7.18: A second-order sampled-data system (continued from Exam-
ple 7.12).

Let G(s) = m; we use 7' = 0.2s to obtain: G(z) = %,

The closed-loop pulse transfer function is given as:
(0.0187z + 0.0175) K

T(z) = (z —1)(z — 0.819) 4 (0.0187z + 0.0175) K

We assume a controller gain, K = 1; then, the closed-loop pulse transfer
S ) _ 0.01872+40.0175 - ; .
function is given as: T'(z) = z2_1_§z++0.836 .Letr(z) = -5 (unit-step); then,

the system response is given as:

2(0.0187z + 0.0175)

V&) = T2 182 1 0.836)°
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Figure 7.6 The unit-step response of a sampled-data system: First-order system (a); Second-
order system (b).

In order to apply the inverse z-transform, we use the long division to
express the quotient as:

y(2) = 0368271 + 272+ 14273 14t 115270 -

Then, the step response at sampling intervals (1" = 1s) is given by the
following sequence:

y(kT) = {0, 0.368, 1, 1.4, 1.4, 1.15, ...}
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For comparison, the closed-loop transfer function for the corresponding

continuous-time plant is given as: T'(s) = Its unit-step response

: . ) _ 1 _ 1 1
is obtained as: y(s) = s T s SisD

y(t) = (1 — 1.15e795" 5in 0.866 ¢ )u(t).
The MATLAB script for this example is given as follows (Figure 7.6(b)):

1
§24s+1°
which transforms into:

G=tf(1,[1 1 0]) % define plant transfer function
Gz=c2d (G, 0.2) % pulse transfer function (T=0.2)
T=feedback (G, 1) ; % obtain closed-loop system
Tz=feedback (Gz, 1) ; % obtain closed-loop system
step(T,Tz),grid % plot step response
legend('continuous-time', 'sampled-data') % figure legend

By comparing the continuous-time and discrete-time system step
responses, we make the following observations:

1. While the continuous-time system step response with ( = 0.5 has
a 16.3% overshoot (Figure 7.6(b)), the corresponding sampled-data
system response has somewhat higher (18%) overshoot.

2. The settling time of the sampled-data system is longer than that of the
continuous-time system.

The higher overshoot in the case of sampled-data system occurs due to
the negative phase contributed by the ZOH that reduces the available PM by

an amount: A¢,, = w92“T. For this example, the continuous-time system has

a PM of 52° at wy. = 0.786%; hence, the reduction is phase margin is:
Ay, = 4.5°.

A table showing the estimated overshoot for various sampling times in
the case of the above second-order sampled-data system is given below. The
unit-step response of the sampled-data system for two values of 7' is plotted
(Figure 7.7):

Sample Time (T) Reduction in PM % Overshoot

0.1s 2.3° 16.5%

0.2s 4.5° 18%

0.5s 11.3° 30%
1s 22.5° 45%

7.4.3 Steady-State Tracking Error

The steady-state tracking error describes the long-term behavior of the
sampled-data control systems in response to a constant or linearly time-
varying reference input. Ideally, we would like to have: limy_, ., e(kT") = 0.



7.4 Closed-Loop Sampled-Data Systems 191

Step Response

T T T T T T
continuous-time
sampled-data

12+ P 4

T

Jost
2
g
& 06
0.4
0.2
0 L . . L . . L L
0 2 4 6 8 10 12 14 16 18
Time (seconds)
(a)
Step Response
1.4 T :
continuous-time
12k sampled-data | |
1r =
Bosrt
2
g
& 06 [
0.4
02}
0 . . . .
0 5 10 15 20 25 30
Time (seconds)
(b)

Figure 7.7 Step response of a second-order sampled-data system: 7' = 0.5s (a); T' = 1s (b).

In particular, the error, e(z), in response to a given reference input, r(z),
in the case of a unity feedback sampled-data system is computed as:

e(z) = r(2)(1 = T(2)).

The steady-state error in the time-domain is computed by applying the
final value theorem (FVT) in the z-domain, which is stated as:

lim e(k) = lim(z — 1)e(2).
k—o00 z—1

The steady-state error is commonly described using position and velocity
error constants. In the case of sampled-data systems, the error constants are
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defined as:

K, = llﬁ\H% G(z)

. (z—1)
K, = lim T G(z)

z—1

Using the error constants, the steady-state errors to step and ramp inputs
are computed as:

ess‘step - 1+ K
p

1
ess‘mmp = E
Computation of steady-state error in the case of sampled-data systems is
illustrated by using the following examples.

Example 7.19: A first-order sampled-data system (continued from Exam-
ple 7.18).

LetG(z) = %(T = 0.2s); then, the sample-data system error
constants are given as: K, = oo, K, = 1. Accordingly, ess|step = 0;

€ss|ramp = 0.2.

Alternatively, let G(z) = % (T = 1s); then, we have K, =

0o, K, = 1. Accordingly, ess|step = 0; €ss|ramp = 1.

7.5 Controllers for Sampled-Data Systems

Our goal in this section is to design a controller, K (z), for a given sampled-
data plant described by its pulse transfer function, G(z). We assume a
unity-gain feedback configuration, so that the closed-loop pulse characteristic
polynomial, is given as:

A(z) =1+ K(2)G(z)

The design of the digital controller for a sampled-data system model can
be performed by using the root locus technique. Designing a dynamic con-
troller using z-plane root locus can be challenging. Alternately, a controller
for a sampled-data system can be obtained by emulating (i.e., approximat-
ing) an available continuous-time controller design. These two methods are
described next.
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7.5.1 Root Locus Design of Digital Controllers

The root locus plot in the case of analog systems employs the open-loop
transfer function, KGH (s), to describe the locus of the roots of the closed-
loop characteristic polynomial: A(s) = 1 + KGH (s), with variation in the
controller gain, K.

The root locus for the discrete systems is plotted in the z-plane. The rules
for plotting the z-plane locus are similar to those for the s-plane locus. We do
not need to specify a sampling time for plotting z-plane root locus.

The z-plane RL describes the locus of roots of the closed-loop pulse
characteristic polynomial, A(z) = 14+ K G (), as controller gain K is varied.
A suitable value of K can then be selected form the RL plot. To ensure closed-
loop stability, the resulting pulse characteristic polynomial should have its
roots inside the unit circle.

In the MATLAB Control Systems Toolbox, “rlocus” command is used
to plot both the s-plane and z-plane root loci. The RL design of a digital
controller for sampled-data system is described below.

Design for a Desired Damping Ratio. Assuming that the controller design
specifications include a desired damping ratio, ¢, for the closed-loop poles,
we consider the z-plane root locus design based on the ¢ requirement. In
particular, we consider a prototype second-order analog transfer function:

2
T(s) = W’M, where s-plane roots are located at: s = o £ jw =

—Cwp £ wp/1—C2.
The constant ¢ lines in the complex plane are characterized by the rela-
tion: 7 = F i In the s-plane, these are radial lines at angles defined by

0 =cos™!(.
The constant ¢ lines in the z-plane are obtained by considering the
equivalence: z = e’ = e?Te™WT where 0 = F w. The resulting

Vi-¢2
plot, as w7 ranges from O to 7, gives the constant ( lines in the z-plane.
For example, let { = %; then 0 = Fw, and the constant ( line is defined

by z = e T/ 4+ wT, where wT ranges from 0 to 7.

Damping Ratio Design in MATLAB. In the MATLAB Control Systems
Toolbox, the “grid” command displays the constant ( lines in the complex
z-plane to help in the root locus design of sampled-data systems.

The z-plane grid additionally displays constant frequency (w,/7") con-
tours that are helpful in selecting a suitable sampling time (7") given the
natural frequency of the continuous-time model.
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The desired region for z-plane closed-loop root locations may be specified
as: 0.17 < w,T < 0.5m, ¢ > 0.6, which assumes a sampling frequency
between 2 and 10 times the natural frequency of the continuous-time system.
A sampling frequency higher than 10w, can be selected, but requires faster
processing and is generally unnecessary.

The root locus design of a sampled-data system is illustrated using the
following example.

Example 7.20: A second-order sampled-data system (continued from Exam-

ple 7.18)
Let G(s) = gy we use 7' = 0.2s to obtain: G(z) = EEFEEGOTE.
For static controller design, the closed-loop pulse characteristic polyno-

mial is given as:
A(z) = 22 + (0.0187 K — 1.819)z + 0.0175 K + 0.819.

The z-plane RL is plotted using MATLAB “rlocus” command. From the
RL plot, the controller gain where the z-plane RL crosses the ( = 0.7 line is
found as: K = 0.46 (Figure 7.8(a)).

The resulting pulse characteristic polynomial is: A(z) = 22 — 1.81z +
0.827, with closed-loop roots located at: z = 0.9 & 50.09.

We may use the MALTAB “damp” command to check the damping of
the closed-loop roots. The results show a damping ¢ = 0.7 with a natural
frequency w,, = 0.68 rad/s.

For comparison, the continuous-time system has a characteristic polyno-
mial: A(s) = s2 + s + K, and for the same controller gain K = 0.46,
the closed-loop roots are located at s = 0.5 &+ 50.46 with ( = 0.74 with
wp, = 0.68 rad/s.

The step responses for the continuous-time and discrete-time systems are
plotted below (Figure 7.8(b)).

The MATLAB script for this example is given below:

G=tf(1,[1 1 0]) % define plant transfer function
Gz=c2d (G, 0.2) % pulse transfer function (T=0.2)
rlocus (Gz),grid % plot root locus

Tz=feedback (0.46%Gz, 1) % closed-loop DT system
T=feedback (0.46%G, 1) % closed-loop CT system

damp (Tz) % check damping

step(T,Tz),grid % plot step response

legend ('continuous-time', 'sampled-data') % figure legend

Design for Settling Time and Damping Ratio. The settling time and
the damping ratio of the dominant closed-loop roots can be deduced
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Figure 7.8 Root locus design in the z-plane (a); step response of the closed-loop system (b).
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from the z-plane pole locations by making the following comparison
based on a prototype second-order system: reti? = e ~CwnTEjwaT
wg = wpy/1— 2

Separating the above expression into real and imaginary part gives two
equations: Inr = —(w,T and § = w47, which can be solved to obtain:

¢=—Inr/VIn?r + 62
wp = VIn?r +62/T

1 T
T=—=—-—.
Cwn Inr

Example 7.21: A second-order sampled-data system (continued from Exam-

ple 7.20).
Let G(s) = ﬁ; we select I" = 0.2s to obtain: G(z) = %.
Then, for K = 0.46, the z-plane closed-loop roots are located at: z =
0.905 + j0.0875 = 0.91 e*70-09 Next, we use the above relations to obtain:

(=07 w, =074, 7=21s, t, =4.67 =9.5s.

7.5.2 Analog and Digital Controller Design Compared

In this section, we intend to compare the analog and digital controller designs
using the root locus technique in the case of a DC motor model.

Example 7.22: DC motor model.

The analog transfer function of a small DC motor is given as: G(s) =
%. We assume that the design specifications for the motor step
response are given as: %05 < 10%(¢ > 0.59), ts < 100ms, e(00)step = 0.

Since the dominant motor time constant is 7,,, = 0.1s, we initially select
a sampling time, T'= 0.02s; using the MATLAB “c2d” command, the motor
pulse transfer function is obtained as: G(z) = %.

The RL plot for analog system design (Figure 7.9(a)) shows that a range
of values, 4 < K < 15.3 meets the damping ratio and settling time
requirements. We may select, e.g., K = 10 for the static controller design.

The root locus plot for the sampled-data system design (Figure 7.9(b))
shows that a range of K < 6 meets the %O.S requirement; however, the
settling time requirement could not be met as 7 = 30ms for K = 6.

Next, in order to meet the settling time requirement, we reduce the

ot - i — 0.0178240.0123
sampling time of 7" = 0.01s, to obtain G(z) = 22—1.27240.333"
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Figure 7.9 Root locus design of the DC motor model: analog system design (a); sampled-

data system design (b).
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The static controller that meets the damping ratio requirement in the case
of sampled-data system has a modified range: K < 8.55. We therefore choose
K = 8 that has 7 = 24 ms (Figure 7.9(b)).

In order to meet the zero steady-state tracking error requirement, we need
to add an integrator to the feedback loop. For the analog plant, we may choose
a PI controller given as: K (s) = M, where the controller zero location
can be adjusted by plotting the step response.

We define a comparable PI controller for the sampled-data system by
using the transformation: z = e”*, which results in: K (z) = W.
Using K = 8 for both analog and sampled-data systems, the resulting

closed-loop transfer functions are obtained as:

4000(s + 10)
Analog: T'(s) =
nalog: 7'(s) 53 + 11052 + 50255 + 40, 000

0.1422 — 0.03z — 0.089
23 —2.1322+1.572—0.42

The use of the MATLAB “damp” command reveal a damping ratio: ( =
0.79 for the analog system and a damping ratio: ¢ = 0.68 for the sampled-
data system.

The step responses of the analog and sampled-data systems are compared
in Figure 7.10. As seen from the figure, both analog and discrete systems
meet the settling time and overshoot requirements.

The MATLAB commands for this example are given below.

Discrete: T'(z) =

Gs=tf (500, [1 110 1025]) % define plant transfer function
Gz=c2d (Gs, .01) % pulse transfer function (T=.1ls)
Kpi=tf([1 10],[1 01) % define PI controller

rlocus (Gs*Kpi) % plot root locus with PI (analog)
Kpiz=tf ([l -.905],[1 -1],.01) % define discrete PI controller
rlocus (GzxKpiz) % plot root locus with PI (discrete)
Ts=feedback (8xKpixGs, 1) % closed-loop system (analog)
Tz=feedback (8xKpizxGz, 1) % closed-loop system (discrete)
damp (Ts), damp (Tz) % check damping ratio

step(Ts, Tz),grid % plot step response
legend('analog', 'discrete’) % figure legend

MATLAB Tuning of PID Controller. The MATLAB Control System
Toolbox provides a utility for tuning of PID controllers. The MATLAB
‘pidtune’ command can be used with both analog and digital system models.
This is explored in the next example.

Example 7.23: PID controller for the DC motor model

The simplified model of a small DC motor is given as: G(s) = —=>

s+10.25°
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Figure 7.10 Step response of the DC motor for the analog and discrete controller design.

We use the MATLAB ‘pidtune’ command to design a PID controller for
the DC motor, when a closed-loop bandwidth of 50rad/s is specified. The
result is: K (s) = 9.39 + 220,

We note that the MATLAB tuned controller has k; = 0.

Next, we use MATLAB ‘c2d’ command with a sampling time: 7" = 0.01s
to discretize the motor model, which results in: G(z) = %.

The MATLAB ‘pidtune’ command is used to design a PID controller
for the discrete model with similar bandwidth specification. The result is:

K () = 12+ 0.072 (571) + 210 ().
The unit-step responses of the closed-loop systems for the analog and

discrete models are compared (Figure 7.11).
The MATLAB script for this example appears below:

z

Gs=tf (5,[1 10.25]);
Gz=c2d(Gs, .01)
Kpid=pidtune (Gs, "pid"', 50)
Kzpid=pidtune (Gz, 'pid', 50)
Ts=feedback (KpidxGs, 1)
Tz=feedback (KzpidxGz, 1)
step (Ts, Tz)
legend('analog', 'discrete')

oe

define plant transfer function
discretize plant

design PID controller (analog)
design PID controller (discrete)
closed-loop system (analoq)
closed-loop system (discrete)
plot step response

figure legend

o o o° o° o o

oe
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Figure 7.11 Step response of the DC motor for the analog and discrete PID controller
designs.

7.5.3 Digital Controller Design by Emulation

Controller emulation aims to obtain an approximate digital controller, K (z),
whose response matches that of the analog controller, K (s). The digital
controller can be implemented in a microcontroller or DSP chip using an
update rule derived from its time-domain description. Popular controller
emulation methods are described below (see references for details).

Impulse Invariance. The impulse invariance method aims to match the
impulse response of the analog controller. The method involves the following
steps and works best for band-limited filters.

1. Obtain the filter transfer function in the partial fraction form: H(s) =
A
ZZ:l sflsck
2. Obtain filter impulse response: h(t) = > p_; Apess
3. Obtain the sampled impulse response: h(kT) =T Y ) _; Apes*T
4. Apply z-transform, to obtain the filter pulse transfer function: H(z) =

n Ap _ 8T
TZk;:l T—prz— 1’ Pr =€ .

Pole-Zero Matching. In pole—zero matching, both the plant poles and zeros
are mapped to their equivalent locations in the z-plane using: z; = e%"’.
If the analog transfer function has n poles and m finite zeros, to be matched,

then another n — m zeros are added at z = 1 to the pulse transfer function.
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Additionally, the gain of the filter is matched to that of the analog filter at a
frequency of interest. For example, the DC gain is matched in the case of a
low-pass filter.

Zero-Order-Hold (ZOH). The ZOH method assumes the presence of a ZOH

that generates a piece-wise constant controller input. The method typically
proceeds by realizing the analog controller in the state space, followed by
discretization, and conversion to pulse transfer function, G(z). The ZOH
method becomes ineffective if the analog controller has poles at the origin
(that is, it cannot be used in the case of PI and PID controllers).

Bilinear Transform (BLT). The BLT method uses Tustin’s approximation

(z = i;iﬁ) to emulate an analog controller. The BLT is effective with
a high sampling frequency, exceeding 10 times the closed-loop bandwidth,

that is, for f, > 10% orT < 10’;3. Using the BLT, the equivalent digital

controller is obtained as: K'(z) = K (s)|,_2 -—1. Frequency prewarping can
T z+1

be used to ensure exact matching at a particular frequency (see references).

Controller emulation in MATLAB. The MATLAB Control Systems Tool-
box provides “c2d” command for discretizing the analog controller that
allows the controller emulation method to be specified. The additional
choices, besides the above conversion methods, include: first-order-hold (that
assumes a piece-wise linear input), and least-squares (to match the frequency
response). The default method is ZOH.

Controller emulation methods are illustrated in the following example.

Example 7.24: Phase-lead controller design.

A phase-lead controller for the transient response improvement of the

analog plant, described by: G(s) = m was previously designed as:

K(s) = w. Let (T = 0.1s); then, the resulting digital controllers

using the above controller emulation techniques are given below.

_4.89
s+5.25

controller is obtained as: K(z) = 14.58(1 - ZE‘&%%) = 7'4i(_z(; 5099257). The

update rule for the digital controller implementation in a computer is given
as: ug = 0.592uy_1 + 7.45(ex, — 0.957¢ex_1).

Pole-Zero Matching. An equivalent digital controller obtained by pole—zero

0.367T

%. If the DC gain is
i is oi . __ 11.548(2—0.965)

matched, the equivalent controller is given as: K (z) = —— o050z - Alter-

natively, we may want to match the filter gain at w,,, = ,/w,w,, which gives:

Impulse Invariance. Since K (s) = 14.58 (1 ) , the equivalent digital

matching (T' = 0.1s) is given as: K(z) =
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K(z) = %. The update rule for digital controller implementation

on a computer is given as: ug = 0.592u;_1 + 5.177(ex, — 0.965¢ej_1).

Zero-Order-Hold (ZOH). A state-space model of the analog controller is
obtained as: £ = —5.25x + 8.845¢, u = —8.06x + 14.58e. An equiv-
alent discrete-time model (7" = 0.1s) is given as: zxy; = 0.592z; +
0.688er, wupr = —8.06x; + 14.58uy. The corresponding pulse transfer

function is given as: K(z) = %. The update rule for digital

controller implementation on a computer is given as: up = 0.592ug_1 +
14.58(e, — 0.972¢5_1).

Bilinear Transform (BLT). The analog compensated system has a band-

~

width: wp =2 1.8 %. Using T' = 0.1s, a matching digital controller is
obtained as: K(z) = W. The update rule for digital controller
implementation on a computer is given as: uy = 0.584ug_1 + 11.56(ex —

0.965€_1).

Comparison of Controller Emulation Methods. Figure 7.12 compares the
step response of the closed-loop system using impulse invariance, pole—zero
matching, bilinear transform, and the ZOH emulation methods.

The MATLAB script used for the above example is given below:

Gs=tf (2, [1 3 2 01);
Ks=zpk (-.36,-5.25,14.58);
Gz=c2d (G, .1);
Kzi=zpk(.957,.592,7.45,-1);
Kzm=c2d (Ks, .1, 'matched');
Kzt=c2d (Ks, .1, 'tustin');
Kzz=c2d (Ks, .1, 'zoh');
Ts=feedback (KsxGs, 1) ;
Tzi=feedback (Kzi+Gz,1);
Tzm=feedback (KzmxGz, 1) ;
Tzt=feedback (KztxGz,1);

o°

define plant transfer function
controller transfer function

o° oP

discretize plant tranfer function
controller by impulse invariance
controller by pz matching
controller by BLT
controller by ZOH
closed-loop system (analog)
closed-loop system (impulse)
closed-loop system (matching)
(
(

o° o

o° o o

do o

o

closed-loop system (Tustin's)

Tzz=feedback (KzzxGz, 1) ; % closed-loop system (ZOH)
step(Ts, Tzi, Tzm,Tzt,Tzz),grid % plot step response
legend('analog', 'impulse', 'pzmatch', 'tustin', 'zoh'")

As seen from the plots, the bilinear transform and pole-zero matching
methods produce comparable step responses with about 20% overshoot, com-
pared to about 28% overshoot for the ZOH method. The impulse invariance
method has a much lower 4% overshoot. For comparison, the continuous-time
closed-loop system has about 15% overshoot.
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Figure 7.12 Step response comparison for controller emulation methods: MATLAB simu-
lation using the pulse transfer function (a); Simulink simulation with the analog plant (b).

7.5.4 Emulation of Analog PID Controller

The PID controller is popular in industrial process control applications due
to its versatility and robustness against process model mismatches. The
industrial PID controller is commonly implemented on an industrial computer
or a programmable logic controller (PLC).

An analog PID controller with input e(t) and output u(t) is described as:

u(t) = kye(t) + ka dz(tt) +ki / e(t)dt.

An equivalent digital PID controller can be obtained by employing a
forward difference or backward difference approximation of the derivative
term and its inverse for the integral term, that is,

For the differentiator, use u; = %(ek — €p_1) Or U, = %(ekﬂ —ek)

For the integrator, use ug = ugp—1 + Ter or ugp = up—1 + Tep—1.

The resulting z-domain expressions for the PID controller are given as:

z—1 T
F Euler: K(z) = | ——
orward Euler: K (z) kp—l—kd( T >—|—k <z—1>

—1 T
Backward Euler: K (z) =k, + kg <ZT > +k; < Zl>'
z z—
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Let vy, denote the integrator output; then, Backward Euler PID controller
is implemented using the following update rules:

Td(ek —ep-1) + ki

v = vp_1 + Te.

Up = k‘pek +

Whereas, the Forward Euler PID controller is implemented as:

d
?(ekﬂ — €k> + k‘ﬂ]k

v = vp—1 +Tepq

ug = kpey, +

Example 7.25: Digital emulation of analog PID controller.

An analog PID controller for the analog plant: G(s) = was

1
s(s+2)(s+5)
earlier designed as: K (s) = 123(+0: 05)(S+2 05) — 26.25 + 12.5s + & 128
Using the above emulation technique, an equivalent digital PID controller is

glvenas.K()—2625+125( )+128(Tz>

In particular, for 7" = 0.1s, the PID controller emulation gives: K (z) =
151.378(2—0.995) (2—0.83)
z(z—1) :

The update rules for the computer implementation of the digital PID

controller are given as:

ug = 26.25ey, + 125(6k - ek_l) + 1.28vy
v = Vi1 + 0.1eg.

For comparison, equivalent digital PID controllers were obtained using
the following methods.

1 2(z — —0.81
Pole-zero matching: K (z) = 38:52( (O 9951))(Z 08 5).
Z —_—
Bilinear transform: K (z) = 276. 31(2_—01{))?5)4(—21)_ 0'814).

The following plot (Figure 7.13) shows a comparison of the step
responses for the three PID controllers. The pulse transfer function for the
analog plant was obtained from the ZOH method. From the figure, the
pole-zero matching controller provides the best PID controller emulation
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Figure 7.13 Comparison of the step response using analog and discrete PID controllers.

for this example. Further, forward Euler approximation performs better than

backward Euler.

The MATLAB script used for this example is given below:

s=tf('s")

Gs=zpk ([], [0 -2 -5],1);
Ks=26.25+12.5%s+1.28/s;
Gz=c2d (Gs, .1)

o

define 's'

define plant transfer function
controller transfer function
discretize plant transfer function

de oo

o

Kz1=26.25+12.5/.1xtf([1 -1],1,.1)+1.28x.1/tf([1 -1],1,.1)

o

PID (Fwd Euler)

Kz2=26.25+12.5/.1xtf([1 -1],([1 O], .1)+1.28x.1/t£([1 -1],[1 O],.1)

Kz3=c2d (Ks, .1, 'matched');
Kz4=c2d (Ks, .1, 'tustin');
Ts=feedback (Ks*Gs, 1) ;
Tzl=feedback (Kz1xGz,1);
Tz2=feedback (Kz2+Gz, 1) ;
Tz3=feedback (Kz3%Gz, 1) ;
Tz4=feedback (Kz4xGz,1);

step(Ts, Tzl,Tz2,Tz3,Tz4),grid

o

PID (Bkwd Euler)

PID controller (PZ matching)

PID controller (BLT)

closed-loop system (CT)
closed-loop system (FWD Euler)
closed-loop system (Bkwd Euler)
closed-loop system (PZ Matching)
closed-loop system (BLT)

plot step response

o0 o oo oo d° de oe

o\

legend('anlaog', "fwd Euler', 'bkwd Euler', 'matched', "tustin')

% figure legend
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Skill Assessment Questions

Link to the answers:
http://www.riverpublishers.com/book_details.php?book_id=449
1. The model of an environmental control system is described as: G(s) =

_1
10s+1"

(a) Choose a sampling time 7" and discretize the plant model.

(b) Determine the modes of system natural response.

(c) Obtain a time-domain description for the discretized model of the
plant.

(d) Solve for the first few terms of the unit-step response by iteration.

2. Consider the model of the environmental control system in Ques-
tion 1. Assume that the system is connected in a unity-gain feedback
configuration with a sampler, a static gain controller, and a ZOH.

(a) Obtain the closed-loop characteristic polynomial and determine the
range of K for stability.

(b) Use z-plane root locus to design a controller for the system so that
the closed-loop unit-step response settles in 2s.

(c) Plot the unit-step response of the closed-loop system to verify the
design.

3. The simplified model of a DC motor with position output is given as:
G(s) = 5-1-5710'
(a) Choose a sampling time 7" and discretize the plant.

(b) Determine the modes of system natural response.

(c) Obtain a time-domain description for the discretized model of the
plant.

(d) Solve for the first few terms of the unit-pulse response by iteration.

4. Consider the model of the DC motor in Question 3. Assume that the sys-
tem is connected in a unity-gain feedback configuration with a sampler,
a static gain controller, and a ZOH.

(a) Obtain the closed-loop characteristic polynomial and determine the
range of K for stability.

(b) Use z-plane root locus to design a controller for the system so that
the closed-loop system has ¢ == 0.65.

(c) Plot the unit-step response of the closed-loop system to verify the
design.
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5. A robot vision control system is modeled as: G(s) = lew

(a) Choose a sampling time 7' and discretize the plant.

(b) Determine the modes of system natural response.

(c) Obtain a time-domain description for the discretized model of the
plant.

(d) Solve for the first few terms of the unit-pulse response by iteration.

6. Consider the discretized model of robot vision control system in Ques-
tion 5. Assume that the system is connected in a unity-gain feedback
configuration with a sampler, a controller, and a ZOH.

(a) Use MATLAB ‘pidtune’ command to design PI controllers for the
analog and discrete models.
(b) Plot and compare the unit-step response of the closed-loop systems.

7. The model of the pitch axis of a quad-copter with actuator is described
as: G(s) = m. It is desired that the command response should
settle in less than 3 seconds.

(a) Choose a sampling time and obtain a pulse transfer function for the
plant.

(b) Choose a bandwidth and use MATLAB ‘pidtune’ command to
design a PID controller for the analog plant model.

(c) Using similar bandwidth with MATLAB ‘pidtune’ command to
design a PID controller for the discrete plant model.

(d) Compare the unit-step responses of the closed-loop analog and
discrete systems.

8. Consider the simplified model of a flexible structure given as: G(s) =

T

(a) Obtain a pulse transfer function for the plant (use 7' = 0.01s).

(b) Choose a bandwidth and use MATLAB ‘pidtune’ command to
design a PID controller for the analog plant model.

(c) Using similar bandwidth with MATLAB ‘pidtune’ command to
design a PID controller for the discrete plant model.

(d) Compare the unit-step responses of the closed-loop analog and
discrete systems.

9. The rate loop for a certain missile autopilot is modeled as: G(s) =

100(s+1) oo . ]
151700+ Assume that a PI controller for the autopilot is designed as:

K(s)=02+2,
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10.

11.

12.

(a) Choose a sampling time and obtain the pulse transfer function for
the plant.

(b) Emulate the controller using BLT and PZ matching techniques. Plot
and compare the step responses of the closed-loop systems.

The model of a satellite position control system is given as: G(s) =

m. Assume that a lead-lag controller for the satellite model is

designed as: K(s) = %.

(a) Choose a sampling time and obtain the pulse transfer function for
the plant.

(b) Emulate the controller using the BLT method.

(c) Plot and compare the step responses of the closed-loop systems for
the analog and discrete models.

(d) Give an update rule for controller implementation on computer.

Consider the model of the satellite position control system in Ques-

tion 10. Assume that a PID controller for the satellite model is designed

as: K(s) = 750(2 + s + 1).

(a) Choose a sampling time and obtain the pulse transfer function for
the plant.

(b) Emulate the PID controller using forward difference method.

(c) Plot and compare the step response of the closed-loop system for the
analog and discrete models.

(d) Give an update rule for controller implementation on computer.

The simplified model of an automobile given as: G(s) = %.

Assume that the system is connected in a unity-gain feedback configu-
ration with a sampler, static controller, and a ZOH.

(a) Choose a sampling time 7" and obtain a pulse transfer function for
the plant.

(b) Determine the range of K for the stability of the closed-loop char-
acteristic polynomial. Choose K = %Kmax, where K.« denotes
the maximum value for closed-loop stability.

(c) Determine the steady-state error to a step reference input.

(d) Plot and compare the step responses of the closed-loop analog and
discrete systems.
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Consider a system model described as: G(s) = S(é,f%)(?’sm Assume
that the system is connected in a unity-gain feedback configuration with

a sampler, static controller, and a ZOH.

(a) Choose a sampling time 7" and obtain the pulse transfer function for
the plant.

(b) Determine the range of K for the stability of the closed-loop char-
acteristic polynomial. Choose K = %Kmax, where K. denotes
the maximum value for closed-loop stability.

(c) Determine the steady-state error to a ramp reference input.

(d) Plot and compare the ramp responses of the closed-loop analog and
discrete systems.

Consider the model of human postural dynamics described as an inverted
pendulum, given as: G(s) = 52_% where £ = 0.01, Q = v/10.

(a) Obtain a pulse transfer function for the model (use T' = 0.1s).

(b) Obtain the first few terms of the unit-pulse response.

(c) Use MATLAB ‘pidtune’ command to design PID controllers for
analog and discrete models.

(d) Plot and compare the unit-step responses for the closed-loop analog
and discrete systems.

(e) Give an update rule for the implementation of the controller.
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Controller Design for State
Variable Models

Learning Objectives

1. Perform state feedback controller design for state variable system
models.

2. Design pole placement and reference tracking controllers for state

variable models.

Obtain and a analyze sampled-data system models in state variable form.

4. Perform digital controller design for sampled-data systems in state
variable form.

et

The state variable model of a dynamic system comprises first-order differ-
ential equations that express the time derivatives of a set of state variables,
selected to adequately describe system behavior. The state variables are often
selected as the natural variables associated with the energy storage elements
present in the system. Examples of such variables are the capacitor voltages
and inductor currents in electrical circuits, and the displacement and velocity
of the inertial elements in mechanical systems.

The state feedback controller design for a given state variable model
involves selecting feedback gains for all (or a selection of) the state variables.
The state feedback controller design offers greater flexibility in control sys-
tem design compared to designing output feedback controllers with transfer
function models (discussed in Chapter 6 earlier).

The pole placement design using full-state feedback refers to the selection
of n feedback gains for placing the n roots of the closed-loop characteristic
polynomial at desired locations in the complex plane. The pole placement
design is facilitated when the state variable model is in controller form.
Alternately, Ackermann’s and Bass—Gura formulas, or Sylvester’s equation
can be used for designing the state feedback controller.

211
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The tracking system design involves reducing steady-state error to a given
reference input to zero. This can be achieved by feeding forward the reference
signal to cancel the tracking error; however, the design is not robust against
parameter variations. A more robust design involves integrating the error
signal inside the feedback loop, and can be realized by performing full-state
feedback on an augmented state variable model that includes the differential
equation describing output of the integrator.

The state variable design methods can be extended to digital controller
design of sampled-data systems in state variable form. The discrete-time state
variable description of a system is obtained by discretizing the continuous-
time state equations with a zero-order-hold (ZOH), and is applicable at the
sampling instants. A solution to the discrete-state equations is easily obtained
by iteration.

The pole placement design using state feedback is similarly performed
on discrete state variable models. The desired characteristic polynomial in
the discrete case has its roots inside the unit circle in order to ensure stability
of the closed-loop system. A peculiarity in the case of discrete system models
is the design of a deadbeat controller that places all roots of the closed-loop
characteristic polynomial at the origin. The deadbeat controller ensures that
the system response reaches the steady state in exactly n iterations.

Compared to the root locus design that allows selective placement of the
closed-loop poles of the characteristic polynomial, arbitrary pole placement is
possible through the use of state feedback design in the case of state variable
models. In the following, we assume that the system to be controlled is of
single-input single-output (SISO) type and has n state variables.

8.1 State Feedback Controller Design

The state feedback controller refers to feeding back the state variables and
using that information to control the plant input as a means to steer the
plant output. The overall design goal remains to cause the output to meet
the specified design criteria.

Let x(t) denote a vector of n state variables, u(¢) denote a scalar input,
and y(t) denote a scalar output; then the state variable model of a SISO
system is written as:
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In the above, A is an X n system matrix, b is an x 1 column vector that
distributes the input u(¢), and ¢’ is a 1 xn row vector that describes individual
state variable contributions toward the output y(¢). The state variable model,
as stated above, represents an input-output transfer function that is strictly
proper.

In a more general case of multi-input multi-output systems, we may
assume that the system model has an input vector u(t), a distribution matrix
B, an output collection matrix C, and an output vector y(¢), to express the
resulting state variable model as:

x(t) = Ax(t) + Bu(t)
y(t) = Cx(¢).

In the following, we discuss the popular pole placement controller design
method.

8.1.1 Pole Placement with State Feedback

The state feedback design involves feeding back all the state variables to
generate the error signal. An underlying assumption here is that all the state
variables are available for measurement. If this not the case, the missing state
variables must be reconstructed using a state estimator (see references).
Assuming that all the state variables are available for feedback, the control
law is expressed as:
w=—kTx+ T,

where k' = [ky, ko, ..., k] is a vector of n feedback gains to be selected,
one for each of the n state variables, and 7 is a scalar reference input, which
may be constant as in the case of output regulation, or time varying as in the
case of reference tracking.

By including state feedback in the state equations, the closed-loop system
dynamics are described as:

x(t) = (A — bkD)x(t) + br.

The design problem, then, is to select the feedback gains k to appropri-
ately scale the state variable vector x(¢), such that the closed-loop system
matrix A — bk’ has a characteristic polynomial that aligns with a desired
polynomial with suitable root locations. This condition is expressed as:

ST— A+ bK"| = A ey (s)
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The above equation represents an nth order polynomial equation; there-
fore, by equating the coefficients on both sides of the equation, we obtain n
linear equations that can be solved for the n feedback gains: k;,i =1, ..., n.

The desired characteristic polynomial for pole placement design is
selected with root locations that meet the time-domain design specifications,
as illustrated in the following example.

Example 8.1: Pole placement design of a DC motor

The state and output equations for a small DC motor model are given as:

-1
w=1[0 1] {Zw]

The DC motor transfer function has a denominator polynomial d(s) =
s2 + 110s + 1025, with roots located at 51,2 = —10.28, —99.72; these roots
correspond to the motor time constants (7. = 10 m sec, 7, = 100 m sec).

Assume that we wish to improve the motor transient response by reducing
the slower of the time constants from 100 msec to 20 msec. This can be
accomplished by using pole placement design to move the dominant closed-
loop pole to —50; the other pole location is selected at —100 (it can also be
left at its current location, —99.72).

For the selected root locations, the desired characteristic polynomial is
given as: A g, (s) = s% + 150s + 5000.

Since the reference signal does not affect pole placement, we may assume
r = 0, so that the control law is given as: V, = —k’x, where k’ = [ky, ky).

With the introduction of state feedback, the closed-loop system model is
given as:

—100(1 + k1)  —5(1 + 20k2)
5 -10
The closed-loop characteristic polynomial is obtained as:

|sT — A +bk”| = (s +10)[s + 100(1 + k1)] + 25(1 + 20k2).

A —bk" =

The coefficients of the above characteristic polynomial are functions of
controller gains. Hence, by comparing the coefficients of the closed-loop
characteristic polynomial with those of Ag.s(s), we obtain the following
feedback gains: k1 = 0.4, ko = 7.15. The resulting control law is given as:

Vo(t) = —0.4ia(t) — T.15 w(t).
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Step Response
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Figure 8.1 The step response of the DC motor with pole placement controller: armature
current (top); motor speed (bottom).

The step response of the DC motor for the above controller design is
plotted in Figure 8.1.

The MATLAB commands for plotting the step response are given below.
A=[-100 -5;5 -10]; B=[100;0]; % define state variable model

K=[0.4 7.15]; % pole placement controller
step (A-Bx*K,B,eye(2),[0;0]), grid % plot step response

A necessary condition for pole placement using state feedback is that the
underlying system is controllable (Section 3.3.1). A system that is control-
lable can be transformed into the controller form, which facilitates the pole
placement design, as described next.

8.1.2 Pole Placement in the Controller Form

The controller design for the state variable system models is relatively easier
if the system and input matrices are in controller form (Section 3.5). The
state variables in the controller form realization include the output and its
derivatives. The controller form assumes a structure where the coefficients
of the characteristic polynomial appear in reverse order in the last row of A
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matrix. The controller form structure is given as:

0 1 0 0
0 0 1 0
A - s b =
1
—ap —Qp-1 ... —a 1
Then, using state feedback, u = —k’ x+r, the closed-loop system matrix
is given as:
0 1 0
0 0 1
A —bk' =
: 1
—Qp — kl —Qp—-1 — kn—l ce. —Q1 — kn

The closed-loop characteristic polynomial can be written by inspection;
the polynomial includes the controller gains, k;, ¢ = 1,...n, and is given as:

A(s) =s"+ (a1 + kn)s" '+ +an + ki
Next, let the desired characteristic polynomial be defined as:
Ages(s) = 8" + 15"+ -+ Ap_15 + Gn.

The feedback gains, obtained by comparing the polynomial coefficients,
are:
ki=an—an, ke=apn1—an-1,..., kp=a1—al.

Since the state variables in the controller form include the output and its
derivatives, pole placement using state feedback amounts to a generalization
of the rate feedback controller (Section 4.2.3), or the proportional-derivative
(PD) controller.

Example 8.2: The mass—spring—damper model.

Consider the mass—spring—damper model with the mass position and
velocity variables as state variables, where the following parameter values
are assumed: m = 1,b = 1, k = 10. The resulting state variable model is in
controller form and is given as:

1[0 B -t of]
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The characteristic polynomial of the mass—spring—damper system can be
written by inspection as the system is already in the controller form and is
given as: A(s) = s2 + s + 10.

The system has low damping, and, in order to improve the damping, the
desired characteristic polynomial is selected as: A j.5(s) = s? +4s + 10.

The desired feedback gains can be written by inspection, and are given as:
kT = [0 3]. The resulting state feedback controller is described as: f = —3v

8.1.3 Pole Placement using Bass—Gura Formula

The Bass—Gura formula describes a simple expression to compute the feed-
back gains from the coefficients of the available and desired closed-loop
characteristic polynomials. The formula is derived as follows. Let the state
variable model be given as:

X(t) = Ax(t) + bu(t), y(t) =cx(t)

Assuming that the state variable model is controllable, it can be trans-
formed into controller form by a linear transformation, z = Px. The resulting
controller form is described as:

2(t) = Acra(t) +boru(t), y(t) = cbpa(t)

The controllability matrix of the given model is formed as:
M¢ = [b,Ab, ..., A" 'b]. Further, the controllability matrix of the con-
troller form representation is given as: M¢or = [bop, Acrbor, . . ., Ag}l ber].

The matrix that transforms the given state-space model into its controller
form representation is defined by:

P ' =McMg;, P=McrM;'.

Having transformed the state variable model into the controller form, the
full-state feedback control law is defined as:

u = —kGpz(t) = —KLpPx(t).
where ng = [(zn —Qp Gp—1] — Qp—1-- Q1 — al].
The feedback gains for the original state variable model are obtained as:

k' = k. -P. Hence, the Bass—Gura formula is given as:

T [~ _ _ —1
k' = [an —an Gp-1—ap-1---@1 —a1] MerMg
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‘We note that for a given state variable model, the Mo matrix includes the
coefficients of the characteristic polynomial, A(s) = |sI — Al; moreover, it
can be written by inspection for simple models, as illustrated in the following
example.

Example 8.3: The DC motor model.
The state equation for a small DC motor model is given as:
d |ig| [—100 =51 [ig 100
dt[w]_[ 5 —10] [w o | Ve

The controllability matrix for the model is given as: Mo = [b, Ab] =

100 —10*
0 500 |-
The characteristic polynomial of the model is: |sI — A| = s% + 110s

+ 1025. Hence, its controller form representation is developed as:

d |z B 0 1 T 0
@t LQ] = [—1025 —110} L:Q] + [1] Va

Next, the controllability matrix for the controller form representation is:

0 1
Mer = [1 —110]'

Let the desired characteristic polynomial be given as: A j.4(s) = s? +
150s + 5000.

The feedback gains for the controller form representation are obtained as:
k&p = [3975  40].

Using the Bass—Gura formula, the state feedback controller gains for
the given DC motor model are computed as: k7 = ng MCFME1 =
(0.4 7.15].

The MATLAB commands for this example are given below:

A=[-100 -5;5 -10]; B=[100;0]; % define state variable model

pA=poly (A); % characteristic polynomial

M=[B, A*B]; % define controllability matrix
Mc=[0 1;1 -pA(2)]; % C-form controllability matrix
Pd=[1 150 5000]; % desired characteristic polynomial
Kc= fliplr(pd(2:3)-pA(2:3)); % C-form controller gains

K= Kc*Mc/M % controller gains for the model

8.1.4 Pole Placement using Ackermann’s Formula

The Ackermann’s formula is, likewise, a simple expression to compute the
full-state feedback controller gains for a given state variable model, so that
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the closed-loop eigenvalues match with the roots of a desired characteristic
polynomial. To develop the formula, we assume an n-dimensional state
variable model, given as:

X(t) = Ax(t) + bu(t), y(t) = cl'x(t)

The controllability matrix of the given state variable model is formed as:
M¢ = [b,Ab,..., A" 1h].

We also assume that a desired characteristic polynomial is given as:
Ages(s) = 8" +ays" 1 +- -4 @,_15+ a,. Next, we evaluate the following
matrix polynomial that involves a polynomial function of the system matrix:

Ages(A) =A™ + @ A" +... 4+ 4, 1A +a,L

In the above, I denotes an n x n identity matrix. The state feedback controller
gains are computed from the following formula (known as the Ackermann’s
formula):

K" =1[0---0 1] Mz'Ayes(A)

The application of the Ackermann formula is illustrated by the following
examples.

Example 8.4: The DC motor model.

The state equations for a small DC motor model are given as:
d lig| _[—100 =51 |i, 100
d o R ] A e

Let the desired characteristic polynomial be given as: Ages(s) = s? +
150s + 5000.

Next, the matrix polynomial is evaluated as: A j.5(A) —25 —200

1200 3575
The controllability matrix for the model is computed as: M = [b, Ab] =
100 —10*
0 500 |-
Using the Ackermann formula, the pole placement controller gains are
computed as: k7 = [0.4 7.15]. The resulting state feedback control law is
given as: V, = —0.4i, — 7.15w.
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The MATLAB commands for this example are given below:

A=[-100 -5;5 -10]; B=[100;0]; % define state variable model
Mc=ctrb (A,B) ; define controllability matrix
I=eye(size(A)); define identity matrix

pd=[1 150 50001]; desired characteristic polynomial
K=I (end, :) /Mc*polyvalm(pd,A) ; controller gains

o° o o

oe

Example 8.5: The mass—spring—damper model.

The state equation for the mass—spring—damper model is described as:

il = [0 S E) e

Let a desired characteristic polynomial be selected as: A ges(s) = 52 +
4s + 10;

Then, the matrix polynomial is evaluated as: A j.s(A) = [_%0 _33] .

The controllability matrix for the model is computed as: M = [b, Ab] =

b

The pole placement controller gains are computed as: k = [0 3].
The resulting state feedback control law is given as: f = —3v.
The MATLAB commands for this example are given below:

A=[0 1;-10 -1]; B=[0;17]; % define state variable model
Mc=ctrb (A,B); % define controllability matrix
I=eye(size(A)); % define identity matrix
cp=@(x)x"2+150%x+5000*eye (size(x)) % define anonymous function
K= I(end, :)/Mcxcp (A) % contoller gains

We may note that the MATLAB codes for Examples 8.4 and 8.5 differ
in the implementation of the matrix function. In Example 8.4, MALTB
“polyvalm” function was used to define the matrix function; in Example 8.5,
an anonymous function was defined to do the job.

8.1.5 Pole Placement using Sylvester’s Equation

The Sylvester equation in algebra is a linear matrix equation, given as:
AX + XB = C, where A and B are square matrices of not necessarily
equal dimensions, and C' is a matrix of appropriate dimensions. The solution
matrix X is of the same diemension as C'.
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In order to apply the Sylvester equation for pole placement design, let an
n-dimensional state variable model be given as:

X(t) = Ax(t) + bu(t), y(t) =cx(t)

We assume that the pair (A, b) is controllable. Let A — bk’ represent
the closed-loop system matrix; then, we perform a similarity transform on
A — bk to express it as:

X 1A-bkhH)X =A

The matrix A on the right-hand-side is a diagonal matrix of desired
eigenvalues, which can be alternatively assumed in modal form in the case
of complex eigenvalues. Then, the Sylvester equation is written as:

AX — XA =bkTX

Next, let k7 X = g” where g7 is any 1 x n matrix so that bg” is n x n.
The resulting equation AX — XA = bg” can be solved for X. A unique
solution always exists as long as the eigenvalues of A and A are distinct, that
iS, )\Z(A) — )\](A) 7é 0.

The design procedure for pole placement using Sylvester’s equation is
given as follows:

1. Choose a matrix A of desired eigenvalues in modal form.

2. Choose any g’ and solve AX — XA = bg” for X.

3. Recover the feedback gain vector k7 = g7 X 1.

4. If the solution X to the Sylvester equation is not invertible, choose a
different g7 and repeat the procedure.

The application of the Sylvester equation for pole placement is illustrated
using the following example.

Example 8.6: The mass—spring—damper model.

The state equation for the mass—spring—damper model is described as:

R R

Let the desired characteristic polynomial be selected as: A geq(s) = s? +

45+ 10; then, the modal matrix of desired eigenvalues is: A = [—_\?6 \_/ﬂ .

Let g = [1 0]; then, bg? = {(1) 8]
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The resulting solution to Sylvester’s equation is obtained as: X =
—0.067 —0.082
0.333 0.0

The feedback controller gains are computed as: k7 = [0 3].
The MATLAB commands for this example are given below:

A=[0 1;-10 -1]; B=[0;11; % define state variable model
Lam=[-2 sqgrt(6);-sqgrt(6) -2]; % define modal matrix

G=[1 01]; % define arbitrary vector
X=sylvester (A, -Lam, B*g) ; % solve sylvester equation
K=g/X % compute feedback gains

Pole Placement Design in MATLAB. The MATLAB Control System Tool-
box includes the “place” command that uses the Ackermann’s formula for
pole placement design. The command is invoked by entering the system and
input matrices, and a vector of desired roots of the characteristic polynomial.

The function returns the feedback gain vector that places the eigenvalues
of the closed-loop system matrix, A — bk’ , at the desired root locations.

Assuming that the state variable model (A,b) has been defined, let p
denote a vector of the desired closed-loop pole locations; then, the MATLAB
“place” command is invoked as:

K=place (A, B, p) % pole placement controller gains

In the case of DC motor model (Example 8.4), the returned controller
gains are given as: k! = [0.4 7.15].

8.2 Tracking System Design

A tracking system is designed to reach and maintain zero steady-state error
with respect to a reference input, r(¢). For a constant reference input, the
robust design of a tracking system requires placing an integrator in the
feedback loop.

Alternatively, a scaled version of constant reference input may be used to
obtain zero steady-state error. This method, described first is, however, not
robust to changes in plant parameters and should be used with discretion.

8.2.1 Tracking System Design with Feedforward Gain

In order to consider the tracking system design, let the state variable model
be given as:
X(t) = Ax(t) + bu(t), y(t) = cl'x(t)
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The control law for tracking system design is defined as:
uw=—K'z+ k.1,

where k, is a feedforward gain multiplying the reference input, r(t).
The resulting closed-loop system is given as:

x(t) = (A — bKD)X(t) + bh,r(t), y(t) = x(t)

where X(¢) = 0 denotes the steady-state of the system. Assuming closed-loop
stability, the steady-state values of the state variables are obtained as:

Xss = —(A — bkT) "1bk, 7.
The steady-state system output is given as:
Yss = —¢L (A — bkT) 71 k7

Let T(s) = ¢’ (sI — A 4 bk”)~!b represent the closed-loop transfer
function; then, ygs = T(0)k,7ss.

In order to ensure yss = 755, we may choose, k. = T'(0)~!. Further, if
y = x1, then k. may be selected as k, = ki, to ensure r — y = 0 in the
steady-state.

Tracking system design by feeding forward the reference input is illus-
trated in the following example.

Example 8.7: The DC motor model.

A pole placement controller for the DC motor model was designed as
(Example 8.1) : V,, = —0.4%, — 7.15w. We modify the control law to include
a feedforward gain as: V, = —0.4¢, — 7.15w + k7. Then, the closed-loop
system model is given as:

d [i,]  [-140 —720] [ia] . [100
o] =[5 S]] [0

The state variables assume the following values in the steady-state:

iass|  [0.2
] = o3 e

The motor output is defined as: w = [0 1] [:] ; then, the steady-state

value of the output is given as: yss = 0.1k,rss. Hence, we may choose
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Step Response
6 . :

Amplitude

0 ‘ |
0 0.05 0.1 0.15 0.2
Time (seconds)

Figure 8.2 The step respone of the DC motor with pole placement controller and feedfor-
ward compensation: armature current (top); motor speed (bottom).

k. = 10 for error-free tracking. The resulting control law is given as:
Vo = —0.4i, — 7.15w + 10r.

A plot of the motor response with feedforward compensation is shown
in Figure 8.2. As expected, the motor speed settles at a value of unity in
the steady-state. The MATLAB commands for computing the feedforward
compensation are given as:

o

define state variable model
system model for state feedback
compute controller gains

A=[-100 -5;5 -101; B=[100;01;
Gss=ss (A,B,eye(2),[0;0]);
K=place (A, B, [-50, -1001);
Tss=[0 1] +feedback (Gss,K); closed-loop system
kr=1/dcgain (Tss) ; feedforward gain

step (A-B*K, Bxkr,eye(2),[0;0]), grid % plot step response

o° o° o

o\°

Example 8.8: The mass—spring—damper model.

A pole placement controller for the mass—spring—damper model was
designed as (Example 8.2): f = —3wv. We modify the control law to include
a feedforward gain as: f = —3v + k,r. Then, the closed-loop system model

is given as:
d |z 0 1] |z
il = [0 A ] e
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Assuming that the output equation is given as: z = [1 0] [ﬂ, the

steady-state output is: yss = 0.1k, rss. Hence, for error-free tracking, we may
choose k, = 10. The resulting control law is given as: f = —3v + 107

The MATLAB commands for computing the feedforward compensation
in this case are given as:

=[0 1;-10 -1]; B=[0;1]; C=[1 0]; % define state variable model
Gss=ss (A, B, eye(Z),[O 01); % system model for state feedback
K=place (A,B, -2+sqrt (6)«[J —-Jjl); % compute controller gains

Qo ~

Tss=Cxfeedback (Gss,K) ;
kr=1/dcgain (Tss)

closed—-loop system
feedforward gain

o

Next, we consider the design of reference tracking controllers for state
variable models by integrating the error signal.

8.2.2 Tracking Pl Controller Design

The tracking system design by using a feedforward gain to cancel the tracking
error is not robust to changes in plant parameters. In a more general context,
if elimination of the steady-state error is desired, then an integral controller
should be added to the feedback loop (Figure 8.3). The integral controller
integrates the error signal, thereby forcing it to zero in the steady-state.

The proportional-integral (PI) type control law for tracking system design
using state feedback is defined as:

u= —kTX—i—k:i/(r—y)dt

The input to the integrator is the error signal: e = r — y, where r(t)
represents a time-varying reference input. The integrator output denotes an
additional state variable, x,(¢); then, the integrator state equation is given as:

i:a:r—y:r—ch.

S

rr e(t) ut) | i = Ax+ Bu x(t) vy Y

| K

A

Figure 8.3 The block diagram for tracking PI control of a state variable model.
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By adding the integrator output to the state variables, the augmented
system model has n + 1 variables and is described as:

BRI AR

A full-state feedback control law for the augmented system is defined as:

w=[-kT k] L:X]

where k; represents the integral gain. After substituting the above control law
in the augmented system model, the closed-loop system is described as:

x] [A—-bkT bk [x 191,
ol | —eT 0| |zq 1
The characteristic polynomial of the above system is computed as:
Au(s) = sI — A+ bk l;k‘l

e7
order n.

Next, we choose a desired (n + 1) order characteristic polynomial,
Ages(s), and perform the pole placement design for the augmented system.
The location of the integrator pole may be selected by trial and error keeping
in view the desired settling time of the system.

The design of the tracking PI controller is illustrated in the following
examples.

, where I denotes an identity matrix of

Example 8.9: The mass—spring—damper system.

Consider the mass—spring—damper model described by the following state
variable model:

1[1-1% G-t o]

where it is desired to have less than 10% overshoot and zero steady-state error
to a step input.
In order to perform integral control, an augmented state variable model is
formed as:
i1 0 0
—|v|=1]-10 -1 O v |+ [1lu+ (O] r
g, 1 0 0] |z |0 1
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The control law for the augmented system is given as: u = —kyx — kov +
ki [(r—x)dt.

The resulting closed-loop characteristic polynomial is obtained as:
A(s) = 83 + (ko 4+ 1)s% + (k1 + 10)s + k;.

Let a third-order desired characteristic polynomial be selected as:
Ages(s) = (s +1)(s? + 45 + 10).

For comparison, two other choices of characteristic polynomials, that is,
Ages(s) = (s +2)(s% + 45+ 10) and A ges(s) = (s + 3)(s% + 45 + 10), are
also considered. The corresponding controller gains are tabulated below. The
settling times of the unit-step responses of the closed-loop systems are also
reported.

A comparison of the settling times shows that an optimal gain to achieve
minimum settling time for the integral controller lies between k; = 20 and
ki = 30.

Ages(s) Controller Gains Setting Time
(s+1)(s>+4s+10) ki =4, kg =4, k; = 10. 4.27s
(s+2)(s®>+4s+10) k1 =8, ka =5, k; = 20. 1.9s
(s+3)(s®>+4s+10) ki =12, ko = 6, k; = 30. 2.1s

The MATLAB commands for computing the controller gains and plot-
ting the step response for the mass—spring—damper system are given below
(Figure 8.4). Design of a sample controller is shown; the other designs are
similarly performed.

A=[0 1; -10 -11; B=[0;1]; C=[1 0]; % define state variable model

Aa=[A [0;0];-C 0]; Ba=[B;0]; % define augmented system model
K=place (Aa,Ba, [-1 —-2+sqgrt(6)*[j —-3jl1); % pole placement controller
T=ss (Aa-Ba=*K1l, [0;B], [C 0],0); % obtain the closed-loop system
step(T),grid % plot step response

Example 8.10: The DC motor model

The state variable model for a small DC motor is given as:
d lig] [-100 =51 [i, 100
o] =[5 o] [+ [

w=1[0 1] [ﬂ
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Figure 8.4 Step response of the mass—spring—damper system with integrator in the loop.

The control law for the tracking PI controller for DC motor is given as:
u=—kiiqg — kow + k; [(r — w)dt.

The augmented system model for pole placement design using integral
control is obtained as:

4 [ia —100 =5 0] [, 100 0
7 w | = 5 —-10 O w|l+] 0 [u+ |0fr
tlg, 0 -1 0| |z, 0 1

The resulting closed-loop characteristic polynomial is given as:
A(s) = 53 + (100k; + 100)s? + (1000k; + 500k; + 1025)s — 500k;.

We may choose a desired characteristic polynomial A j.4(s) with closed-
loop roots located, e.g., at: s = —50, —75, —100, which results in the
controller gains: k; = 1.9, ko = 49.15, k; = —1500.

For comparison, we consider alternate choices of characteristic polyno-
mials with complex roots. In the first case, roots are located along a vertical
line at: s = —70.7, —70.7 & 570.7. In the second case, the roots are located
along a circle at: s = —70.7, —65.3 £ j27.

The resulting feedback gains and the settling times for the closed-loop
system step responses are displayed in the following table. The step responses
of the closed-loop systems are compared below (Figure 8.5).
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Ages(s) Controller Gains Setting Time
(s 4+ 50)(s + 75)(s + 100) k1 =1.9, ko =49.15, k; = —1500 112 ms
(s +70.7)(s* + 141.45 + 10,000) k1 = 1.02, ko = 35.9, k; = —1414 96 ms
(s +70.7) (s> + 130.7s + 5,000) k1 = 1.13, ko = 27.2, k; = —707 61 ms
(5 4 9.94)(s* 4+ 100s + 5, 030) K(s) = 10+10) 82 ms
Further, the transfer function model of the DC motor model is obtained
as: G(s) = %. Let a PI controller for the model be defined as:

S

Then, using the root locus technique, we select a controller gain: K =
10, which results in closed-loop roots at: s = —50 4 j50.4, —9.94. The
resulting closed-loop system step response has a settling time of 82 ms, which
is comparable with full-state feedback controllers designed above. The step
response of the PI controller is also plotted below (Figure 8.5).

The MATLAB script for the DC motor example is given below. State
space design of a sample controller is presented; the other designs are
similarly performed.

% state space design

A=[-100 -5;5 -10]; B=[100;0]; C=[0 1]; % define system model
Aa=[A [0;0];-C 0]; Ba=[B;0]; % define augmented system model
K=place (Ra,Ba, -100/sqgrt(2)*exp ([0 Jj*pi/8 —Jj*pi/8])); % controlr

T=ss (ARa-Ba=*K1l, [0;0;1],[C 0],0); % obtain closed-loop system
step(T),grid

o

% transfer function design

oe

plot step response

Step Response
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Figure 8.5 The step response for the DC motor model with integrator in the loop.
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G=tf (500, [1 110 10257); % define TF model
Kpi=tf([1 10],[1 01); % define PI controller
T=feedback (10xKpixG, 1) ; % closed-loop system
step(T),grid % plot step response

8.3 State Variable Models of Sampled-Data Systems

System models described in state variable form can be converted to their
discrete-time equivalents by considering the effect of a ZOH device at the
input of the model. The ZOH device models a digital-to-analog converter
that converts the number sequence into a continuous-time signal by holding
its output constant for successive time periods.

To develop this approach, let the continuous-time state variable model be
given as:

x(t) = Ax(t) + Bu(t)
y(t) = Cx(t).

where A is the system matrix, B is the input matrix, and C is the output
matrix.

8.3.1 Discretizing the State Equations

In order to discretize the state equations, we recal that the time-domain
solution to the state equation (Chapter 3) was given as:

t
x(t) = eAlt—to)yy 4 / AT By (7 dr.
to
We assume that the input to the plant, generated by the ZOH, is held
constant over successive time periods, (k — )T <t < kT, k=1,2,....
We further assume that the system state is available at ¢y = (k — 1)1 and
wish to construct it at ¢ = k7" using the above convolution integral; using
subscript to denote discretized time, the result is given as:
kT
X = eMxp_1 + / ATBuydr
(k—1)T

A simple change of variables results in the following expression:

T
X = eAth_l + / eATdTB U
0
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Next, we define the following system and input matrices for the discrete-
time model:

T
Ag=erT, By= / eATdTB
0
Then, given a continuous-time state variable model, its corresponding
discrete-time model is obtained as:
Xp+1 = AaxXg + Bgug,  yr = Caxp.

where C; = C. We note that the matrices (A4, B4) appearing in the discrete-
time model are parameterized by 7. Further, assuming that system matrix A
is invertible, the expression for B4 can be simplified as:

T A? 2
de[/ <I—|—AT+ T +--->dr]
o 2!

2
= (IT+AT+~-->B—A_1(6AT—I)B.

2!

Discretization of State Variable Models in MATLAB. In the MATLAB
Control Systems Toolbox, the “c2d” is used for the discretization of a given
state variable model, where the presence of a ZOH at the input is assumed.
The command is invoked as:

[Ad,Bd]=c2d(A,B,Ts) % obtain DT state variable model

The ‘c2d’ command permits using alternate discretization methods (these
were explored in Example 7.24).

The discretization of a state variable model is illustrated via the following
example.

Example 8.11: The DC motor model.

The state-space model of a small DC motor is given as:
d i, —100 =51 |i, 100
A et b R
_ iq
w= [0 1] [w]
Let T' = 0.02s, selected in view of the dominant motor time constant:

™m = 0.1s.; then, the system and input matrices for the discrete model are
computed as:

_ ar_ [0.134 —0.038 A e 0863
Aa=e _[0.038 0816 | Ba=A (T —IB= 14053
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The resulting discrete state variable model is given as:
ik+1 | 10.134  —0.038] | n 0.863 v
wie1|  10.038  0.816 | |wp 0.053| "*
_ i
Y = [0 1] [wk]

We may note that the discretized A4 matrix has eigenvalues located at:
z12 = 0.814, 0.136, which are related to the analog system eigenvalues:
s12 = —99.7, —10.28 by the relation: z = els,

In the MATLAB Control Systems Toolbox, the state variable model of
the DC motor is discretized by using the “c2d” command as follows:
A=[-100 -5; 5 -10]; B=[100; 0]; % define CT state variable model
[Ad,Bd]=c2d (A,B, .02) % obtain DT state variable model

Alternately, starting with the transfer function model of the DC motor,
the “ss” command in the MATLAB Control Systems Toolbox may be used
to realize it into a state variable model in the controller form, which is then
discretized to obtain an equivalent discrete-time state variable model of the
DC motor. This is done by issuing the following commands:

G=tf (500, [1 110 10251); % define DC motor transfer function

Gz=c2d (ss (G), .02) % obtain DT state variable model

The resulting discrete-time model is given as:
Tig+1| _ 10.058 —0.243| |2k n 0.030 "
Topr1|  [0.243  0.892 | |zox| ' |0.013] *

yp = [0 3.91] [ﬁ;i]

We note that the state variables of the two models are different, resulting
in different structures for the models. Both models, however, share the same
z-plane eigenvalues: 212 = 0.814,0.136, as well as the pulse transfer
function, given as:

0.0526(z + 0.488)
(2 — 0.136)(z — 0.814)"

G(z) =

8.3.2 Solution to the Discrete State Equations

The discrete-time state equations constitute a set of first-order difference
equations that can be easily solved by iteration by assuming an initial state
vector and an input sequence.
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Toward this end, let the discrete-time state equation be given as:
Xp+1 = AaXg + Bgug,  yr = Caxp.

Then, given an initial vector, &, and an input sequence u {k}, an iterative
solution to the discrete state equation is developed as follows:

X1 = AdX() + Bduo
X9 = A%Xo + AgBgup + Baug

n—1
X, = AlIXg + ZAg_l_deuk.
k=0
The state transition matrix in the discrete-time case is defined as:

O(k) = Alfi. In terms of the state transition matrix, the state vector evolves

as:
n—1

X, = <I>(n)x0 + Z (IJ(TL —1- k:)Bduk
k=0
The iterative solution to the discrete state equations is illustrated by the
following example:

Example 8.12: The DC motor model.

The discrete state variable model of a small DC motor (I" = 0.02s) is
described by:

0.134 —0.038 0.863
Ad= [0.038 0.816 ] Ba = [0.053} Ca=1[0 1]

We assume that the initial conditions are zero, and the input to the model
is a unit-step sequence: u; = {1, 1,...}; then, the output sequence is
iteratively computed in MATLAB as follows:

A=[-100 -50; 5 -10]; B=[100; 0]; C=[0 1]; % define dc motor model

[Ad,Bd]=c2d(A,B, .02); % obtain DT state variable model
x=zeros (2,10); % initialize the solution matrix
for k=2:10, x(:,k)= Ad*x(:,k-1)+Bd; end % iterative solution
y=Cx*x; % obtain output sequence

The results of the above iteration are given as:

y{k} = {0, 0.053, 0.128, 0.194, 0.249, 0.293, 0.329, 0.359, 0.383,
0.402, 0.418,..}
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8.3.3 Pulse Transfer Function from State Equations

The pulse transfer function, G(z), of the sampled-data system can be obtained
from the discrete state variable description by the application of z-transform,
which results in:

2x(2) — 2x9 = Agx(z) + Bgu(z)

The above equation is solved for the state vector assuming zero initial
conditions to obtain:
X(2) = (21 — Ag) " 'Bgu(z2)
The output equation is given as:
y(2) = Ca(z1 — Ag) 'Bgu(z) = G(2)u(2).

Hence, given the discrete state equations, the pulse transfer function is
obtained as:
G(z) = Cq(21 — Ay) 'Bg.
The state transition matrix for the sampled-data system is obtained by
taking the inverse z-transform of (21 — A;)~! and is given as:

p(k) = 27 H{(zI —Ag) "1} = Ak

In terms of the state transition matrix, the unit pulse response the sampled-
data system is obtained as:

g = C4ARIB, k> 0.

Pulse Transfer Function in MATLAB. The pulse transfer function for a
given discrete state variable model can be obtained in the MATLAB Control
System Toolbox by invoking the “tf” command. The MATLAB commands
used for this purpose are given below:
Gz=ss (A,B,C,0,T); % define DT state variable model
tf (Gz) % obtain transfer function

The following example illustrates the use of the above MATLAB com-
mands.

Example 8.13: The DC motor model.

The discrete-time state variable model of a small DC motor (1" = 0.02s)
is given as:

0.134 —0.038 0.863
Ad= [0.038 0.816} Bq = {0.053]’ Ca=1[0 1].
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Then, by using the above commands, the motor transfer function is

obtained as:
0.053z + 0.0257

22 —0.9524+0.111°

G(z) =

8.4 Controllers for Discrete State Variable Models

In this section, we discuss the design of digital controllers for the state vari-
able models of sampled-data systems. We begin with the emulation of analog
pole placement controller for the sampled-data system model, followed by
direct design of pole placement controller for a discrete-time system model.

8.4.1 Emulating an Analog Controller

The analog pole placement controller designed for the continuous-time state
variable model can be incorporated into the equivalent sampled-data system
model. Successful controller emulation requires a high enough sampling rate
that is at least ten times the frequency of the dominant closed-loop system
poles.

We consider the emulation of pole placement controller designed for the
DC motor model (Example 8.1) for controlling the discrete-time model of the
DC motor. The DC motor model is discretized at two different sampling rates
for comparison, assuming ZOH at the plant input.

Example 8.14: The DC motor model.

The state and output equations for a small DC motor model are given as:

d lig] [—100 =51 [ig 100 B o
o] =[5 o]+ [ oo 0]
In Example 8.1, the state feedback controller gains for the desired charac-
teristic polynomial: A ges(s) = s? + 150s + 5000, were computed as: k7 =
[0.4 7.15}. We use the same controller gains to control the corresponding

sample-data system model of the DC motor. The motor model is discretized
at two different sampling rates for this purpose. The results are:

T —0.01s:Ay— [0.367 —0.030}’ B, — [0.632

0.030  0.904 0.018]’ Ca=[0 1].

0.134 —0.038} [0.863
, Bg=

T'=002s:4qa= [0.038 0.816 0.053]’ Ca=1[0 1].
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Figure 8.6 The step response of the DC motor with controller emulation: armature current
(top); motor speed (bottom).

The resulting closed-loop system models are simulated with a unit-step
input, and both state variables, i, (t) and w(t), are plotted (Figure 8.6). The
response of the continuous-time system is plotted alongside for comparison.

The MATLAB script for this example is given below:

A=[-100 -50; 5 -10]; B=[100; 0]; C=[0 1]; % define dc motor model
K=place (A, B, [-50, -1001); % feedback controller gains

Gss=ss (A,B,eye(2),[0;0]1); % dynamic system object
Tss=feedback (Gss,K) ; % closed-loop system

Gdl=c2d(Gss, .01); % discrete model 1

Gd2=c2d (Gss, .02); % discrete model 2

Tdl=feedback (Gdl,K) ; % closed-loop system 1

Td2=feedback (Gd2,K) ; % closed-loop system 2

step (Tss, Tdl,Td2),grid % plot step response
legend('analog', 'discretel', 'discrete2') % figure legend

We observe from the figure that the overshoot in the armature current
increases for the lower sampling rate, though both models display similar
settling time of about 100 m sec.

8.4.2 Pole Placement Design of Digital Controller

Given a discrete-time system model in state variable form, { A4, B}, and a
desired pulse characteristic polynomial A 4.(2), a state feedback controller
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for the system can be designed using pole placement similar to that of the
continuous-time system (Section 8.1).
To proceed further, let the discrete-time SISO system model be given as:

Xkpt+1 = Aka + bduk
T
Y = € Xg.

A digital state feedback controller for the discrete-time model is defined
as:
U = —kTXk.

where k” represents a row vector of constant feedback gains. These gains can
be solved by equating the coefficients of the characteristic polynomial with
those of a desired polynomial:

Az) = |21 — Ag| = Ages(2).

The Ages(z) may be selected as a stable polynomial (in z), with roots
located inside the unit circle that satisfy given damping ratio and/or settling
time requirements. Assuming that the desired s-plane root locations are
known, the corresponding z-plane root locations can be obtained from the
equivalence: z = e,

The controller design process is illustrated in the following example.
Example 8.15: The DC motor model.

The discrete-time model of a small DC motor is given as (7' = 0.02s):

k1] _ [0134 —0.038] [i]  [0.863] |,
Wi 1 0.038  0.816] |wp 0.053| "%

yr=[0 1] [:’ﬂ

The desired s-plane root locations for this model were earlier selected as:
s = —50, —100. The corresponding z-plane roots (1" = 0.02s) are obtained
asiz=e 1, e 2.

The desired characteristic polynomial is given as: A ges(2) = 22 — 0.952
+ 0.05.

The feedback gains kT = [k, k], computed using the MATLAB “place”
command, are given as: k1 = 0.247, ko = 4.435.

An update rule for implementation of the controller on computer is
obtained as:

wp = 0.247 13, + 4.435 wy.
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Figure 8.7 Unit-step response of the DC motor model: analog system; controller emulation;
digital controller.

The step response of the closed-loop system is plotted below (Figure 8.7).
The step response of the continuous-time system and that for the emulated
controller gains (Example 8.14) are plotted alongside; the discrete system
response was scaled to match the analog system response.

The MATLAB script for this example is given below:

A=[-100 -5; 5 -10]; B=[100;0]; C=[0 1]; % define DC motor model
[Ad,Bd]=c2d(A,B, .02);
K=place(A,B, [-100 -501);
Kd=place (Ad,Bd, exp([-1 -21));
Tss=ss (A-B*K,B,C,0);

Tdl=ss (Ad-Bd*K,Bd,C,0,.02);
Td2=ss (Ad-Bd*Kd,Bd,C,0,.02);
gc= dcgain(Tss);

o\

discretize DC motor model
pole placement for CT model
pole placement for DT model
CT closed-loop system

DT closed-loop system 1

DT closed-loop system 2

dc gain of continuous system
gd=dcgain (Td2) ; dc gain of discrete system
step (Tss, Tdl,gc/gd*Td2), grid plot step response
legend('Analog', 'Emulation', 'Discrete') % figure legend

o o° o° o° o° o° o

oo

8.4.3 Deadbeat Controller Design

A discrete-time system is called deadbeat if all closed-loop poles are placed
at the origin (z = 0). A deadbeat system has the remarkable property
that its response reaches steady-state in n-steps, where n represents the
model dimension. This property makes it appealing to choose the desired
characteristic polynomial as A j¢5(z) = 2", or equivalently, T'(z) = 2z~ ".
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To design a deadbeat controller using state feedback, let the closed-loop
pulse transfer function be defined as:
() - KGO
14+ K(2)G(2)
The above equation is solved for /& (z) to obtain:

1 T(2)
@) =TT

Let T'(z) = 2~ ™; then, K(z) = m
The design of the deadbeat controller is illustrated in the following
examples.
-T

Example 8.16: Let G(s) = —-; then G(z) = 1=¢—.

o541 z—e

A deadbeat controller for the model is obtained as: K (z) = u—gﬁ

Example 8.17: The DC motor model.

The discrete-time DC motor model, obtained via the MATLAB “c2d”
command for 7" = 0.02 s is given as:

i1 | [0.134  —0.038] | g " 0.863 v
wie1|  10.038  0.816] |wp 0.053| ¥
_ ik
ye = [0 1] [wlj
The desired characteristic polynomial is selected as: A g.5(2) = 22
The MATLAB “place” command cannot be used in the case due to the

presence of repeated poles. However, by inserting uy, = — [k1, ko] X, direct
calculations result in the following closed-loop characteristic polynomial:

A(z) = 22 + (0.863k; + 0.053ky — 0.95)z — 0.707k1 + 0.026k + 0.111

By equating the second and third term in the polynomial to zero, deadbeat
controller gains are obtained as: k3 = 0.501, ks = 9.702. The update rule
for controller implementation is given as:

ug = 0.5014; + 9.702wy.

The step response of the deadbeat controller shows no overshoot as the
response settles in two time periods (Figure 8.8). The step response of the
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Figure 8.8 The step response of a small DC motor model: analog system; deadbeat
controller.

continuous-time system (scaled to match the discrete system response) is
shown alongside in the figure.

An approximate deadbeat design can be performed in the MATLAB Con-
trol Systems Toolbox by choosing distinct closed-loop eigenvalues close to
the origin, such as: z = #1075, The state feedback gains for the approximate
design are obtained as: k1 = 0.509, ko = 9.702, which are similar to the
values calculated above. The resulting closed-loop system response is still
deadbeat.

The MATLAB script for the approximate deadbeat design is given below;
the closed-loop system response is plotted (in Figure 8.8), where the deadbeat
response was adjusted to match the analog system response.

A=[-100 -5; 5 -10]; B=[100;0]; C=[0 1]; % define DC motor model

[Ad, Bd]=c2d (A, B, .02) ;
K=place (A,B, [-100 -50]);
Kd=place (Ad,Bd, le-5x[-1 1])
Tss=ss (A-B*K,B,C,0);

Td=ss (Ad-BdxKd,Bd,C,0, .02);
gc= dcgain(Tss);
gd=dcgain (Td) ;

step (Tss,gc/gd*Td),grid
legend('Analog', 'Discrete’)

discretize the motor model
pole placement for CT model
pole placement for DT model
CT closed-loop system

DT closed-loop system

dc gain of continuous system
dc gain of discrete system
step response

figure legend

o® o° o° o° o° o° o° o

o\

An exact deadbeat design can be performed using analytical computations
with the help of MATLAB Symbolic Math Toolbox as shown in the following
MATLAB script.

syms kl k2 real % define symbolic variables
sympref ('FloatingPointOutput',true); % define output format

Adcl=Ad-Bdx [kl k2]; define closed-loop system
pc=charpoly (Adcl) ; % characteristic polynomial

o\
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S=solve (pc(2),pc(3)); % solve for controller gains
Kd=double ([S.k1l, S.k2]); % obtain numerical values

Td=ss (Ad-BdxKd,Bd,C, 0, .02); % DT closed-loop system

zpk (Td) % closed-loop transfer function

8.4.4 Tracking Pl Controller Design

A tracking PI controller for the discretized state variable model can be
designed similar to the continuous-time system design. Accordingly, we
place an integrator in the feedback loop that integrates the error signal, thus
ensuring that the tracking error goes to zero in the steady-state.

Toward this end, the discrete integrator output, obtained by backward
difference approximation is given as: vy = vgp_1 + Ter. The augmented
system model including the integrator state variable is given as:

x(k+1)| | Ag 0] [x(k) by 0
L;(k: + 1)} = {—CTT J L)(k:) o] uk)+ |7 )
The state feedback controller for the augmented system is given as:

— [T ) z(k)
k) = (7w 50,
where k; represents the integral gain. With the addition of the above
controller, the closed-loop system is described as:

e e ] ] ]

The closed-loop characteristic polynomial of the augmented system is
given as:
21— Ag+bikT bk

Aa(z) - cI'r z

9

where I is an identity matrix of order n.

Next, we may choose a desired characteristic polynomial of (n+1) order,
and perform pole placement design for the augmented system. The location
of the integrator pole in the complex z-plane may be selected by trial and
error, keeping in view the desired settling time of the closed-loop system.
This is illustrated in the following example.
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Example 8.18: The DC motor model.

The discrete-time model of a small DC motor is given as (7' = 0.02s):
te+1 | _ 0.134 —0.038| | g 0.863 B 9

[wkﬂ} - [0.038 0.816] || T 0.053] i =10 1| ]
The control law for the tracking PI controller is given as:

up = —k1ig — kowy + kivg,

where vy, = vi_1 + T'(ry — wy) represents the integrator output.
The augmented system model for the pole placement design using integral
control is given as:

k+1 0.134 —-0.038 0 " 0.863 0
wrg+1| = | 0.038 0.816 0 wg | + 10083 up+ | O | rg.
Vk+1 0 —-0.02 1 Vk41 0 0.02

The desired s-plane pole locations for the augmented system model
are selected as: s = —50, —50 *+ 350. The corresponding z-plane pole
locations (I' = 0.02s) are obtained as: z = e~ !, e '™/, The resulting
controller gains, obtained using the MATLAB “place” command, are given
as: k1 = 0.43, ko = 15.44, k; = —297.79. An update rule for the controller

1s obtained as:

v = vp—1 — 0.02 (rp — wg)
up = —0.43 4, — 15.44 wy, + 297.8v;

Step Response
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Discrete
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Figure 8.9 Tracking PI control of the DC motor model: analog system design; discrete
system design.
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The step response of the closed-loop system is plotted below (Figure 8.9).
The step response of the continuous-time system is plotted alongside. As seen
from the figure, the output in both cases attains the reference value of unity
in about 0.1 sec.

The MATLAB script for this example is given below:

A=[-100 -5;5 -10]; B=[100;0]; C=[0 1]; % define dc motor model
Aa=[A [0;0];-C 0]; Ba=[B;0]; augmented system model

T=.02; sampling time
[Ad,Bd]=c2d(A,B,T); discretize dc motor model
Ad=[Ad [0;0];-.02xC 1]1; Bd=[Bd;0]; % DT augmented sys model
Ka=place (Ra,Ba, -50+[0 503 -5071); pole placement for CT system
Kd=place (Ad,Bd, exp(-1+[0 J —-31)); pole placement for DT system
Tss= ss(Aa-BaxKa, [0;0;1],([0 1 0], CT closed-loop system
Td=ss (Ad-Bd=*Kd, [0;0;T], [0 1 0],0, ; % DT closed-loop system
step(Tss, Td), grid plot step response
legend('Analog', 'Discrete') figure legend

oo oe
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oo oo
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Skill Assessment Questions

Link to the answers:
http://www.riverpublishers.com/book_details.php?book_id=449

1. The linearized model of an inverted pendulum is described as: % [z] =

[g (1)] [ﬂ + {(1)] u, where | = 1 m, g = 9.88%. The closed-loop

system is desired to achieves ITAE specifications for w,, = 5%.

(a) Use the Bass-Gura formula to design a state feedback controller for
the model.

(b) Use the Ackermann’s formula to design a state feedback controller
for the model.

(c) Use the Sylvester’s equation to design a state feedback controller for
the model.

(d) Use the MATLAB “place” command to design a state feedback
controller for the model.

2. The model of a small armature-controlled DC motor is given as:

2 )= 5P

Assume the following parameter values: R = 1, L = .01,J = .01,
b=.1, ky = ky = 0.02.

(a) Design a state feedback controller for the motor to achieve:
ts <20ms, ¢ > 0.8.

(b) Plot the step response of the closed-loop system.

(c) Design a tracking PI controller to track a constant reference input.

(d) Plot the step response of the closed-loop system.

3. The simplified model of airplane longitudinal dynamics using angle of

attack («v) and pitch rate (¢) as state variables is described as: % [Z] =

@ ]_ 6% ZJ
AR RALS
Ma Mq q ME
Assume the following parameter values: % = —1, ZVE =—-1,M, =

~7, M, = —.5,Mp = —5.

(a) Design a full state feedback controller to achieve: w, > 7 %,
¢>0.7.


http://www.riverpublishers.com/book_details.php?book_id=449
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(b) Plot the step response of the closed-loop system.
(c) Design a tracking PI controller to track the angle of attack reference.
(d) Plot the step response of the closed-loop system.

. An inverted pendulum over cart model is described using cart position
(y) and pendulum angle (¢) by the following equations: (M + m)ij +
mll = f, my + mld —mgl = 0.

Assume the following parameter values: m = 1kg; !l = 1 m; M =
10 kg; g = 9.8.

(a) Design a state feedback controller to achieve: t; < 1s, %0S < 2%.
(b) Plot the step response for §(¢) and y(t).

. The simplified model of a flexible beam is given as: % Zj —
0 1 x 0 5 4 B
I:_w'rzz _QCWTL:| |:U:| + |:wn:| u’ Where wn - 10 9 C — 005

(a) Design a state feedback controller to achieve the following specifi-
cations: ts < 20 ms, ¢ > 0.8.

(b) Design a tracking PI controller for the beam to achieve the following
specifications: wy, > 100524, %08 < 5%, e(00)|step = 0.

. Consider the model of human postural dynamics in the sagittal plane,
described as an inverted pendulum, given as: G(s) = ﬁ, where
k =0.01, Q = 3 rad/ sec.

(a) Obtain a state variable model of postural dynamics.

(b) Design an pole placement controller to achieve: w, > 5%,
&> 0.85.

(c) Design a tracking PI controller to track the postural command 0,;.

(d) Plot the step response of the closed-loop system.

. Consider the model of an inverted pendulum described in Q1 above.

(a) Choose a sampling time 7" and discretize the state variable model.
(b) Design a pole placement controller for the discrete model.
(c) Compare the step response of analog and discrete systems.

. Consider the model of a DC motor described in Q2 above.

(a) Choose a sampling time 7" and discretize the state variable model.
(b) Design a pole placement controller for the discrete model.
(c) Compare the step response of analog and discrete systems.



246  Controller Design for State Variable Models

9.

10.

11.

12.

Consider the mode of aircraft longitudinal dynamics described in Q3
above.

(a) Choose a sampling time 7" and discretize the state variable model.
(b) Design a pole placement controller for the discrete model.
(c) Compare the step response of analog and discrete systems.

Consider the model of a flexible beam described in Q5 above.

(a) Choose a sampling time 7" and discretize the state variable model.
(b) Design a pole placement controller for the discrete model.
(c) Compare the step response of analog and discrete systems.

Consider the model of human postural dynamics described in Q6 above.

(a) Choose a sampling time 7" and discretize the state variable model.
(b) Design a pole placement controller for the discrete model.
(c) Compare the step response of analog and discrete systems.

Consider the model of inverted pendulum over cart described in Q4
above.

(a) Choose a sampling time 1" and discretize the state variable model.
(b) Design a pole placement controller for the discrete model.
(c) Compare the step response of analog and discrete systems.
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Frequency Response Design
of Compensators

Learning Objectives

1. Characterize the frequency response of transfer function models.

2. State the performance criteria for controller design in the frequency
domain.

3. Design a variety of compensators for dynamic system models using
frequency response methods.

4. Characterize the closed-loop frequency response of the compensated
system.

In this final chapter, we discuss the frequency response methods for
designing compensators for feedback control systems. Frequency response
methods predate the root locus method and the time-domain (state variable)
design methods. These methods base the controller design on the frequency
response of the loop transfer function, which maybe empirically obtained.

The frequency response of a system can be graphed in multiple ways. The
two most common representations are: (1) the Bode plot and (2) the Nyquist
or Polar plot. The Bode magnitude and phase plots are traditionally used to
design controllers; the Nyquist plot is used to determine the stability of the
closed-loop system. The closed-loop frequency response may be visualized
on the Nichol’s chart.

The frequency response design seeks to impart a certain degree of rel-
ative stability to the control loop, as measured by gain and phase margins
determined on the frequency response plots. The closed-loop stability is alter-
natively ascertained via the Nyquist criterion that relates to the encirclements
of the —1 + 50 point on the Nyquist plot by the frequency response curve.

Control systems design via the frequency response method requires
knowledge of the frequency response of the loop transfer function KGH (jw).
Strictly speaking, the knowledge of the plant transfer function G(s) is not

247
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needed. In fact, in the absence of a mathematical model, the plant transfer
function can be identified from empirical measurements of the frequency
response G (jw).

The peak gain in the closed-loop frequency response is a measure of the
relative stability; the higher the peak, the lower the relative stability. The
frequency at which the resonant peak occurs, or the system bandwidth if
the closed-loop frequency response does not exhibits a peak, is a measure
of speed of response in the time-domain.

In the following, we first review the plotting of frequency response and
the associated performance metrics. Later, we will discuss the frequency
response modification by adding phase-lead, phase-lag, lead—lag, PD, PI, and
PID compensators to the control loop.

9.1 Frequency Response Representation

We consider standard feedback control system configuration (Figure 5.1),
where the feedback loop includes a plant G(s), a sensor H(s), and a con-
troller K (s). Unless stated otherwise, a unity-gain feedback (H(s) = 1) is
assumed.

The frequency response of the loop transfer function, KGH (s), is given
as: KGH (jw) = KGH ()] s=jw-

We note that for a particular value of w, the KGH (jw) is a complex
number, which may be described in terms of its magnitude and phase as
KGH (jw) = |KGH (jw)|e??«).

As w varies from 0 to oo, KGH (jw) can be plotted in the complex plane
(the polar plot). Alternatively, both magnitude and phase can be plotted as
functions of w (the Bode magnitude and phase plots). These two methods are
described below.

9.1.1 The Bode Plot

For computing and graphing the frequency response, it is convenient to
express the loop transfer function as:

KT (1+2)
smo T, (1 + Z%) 2, (1 + 26+ 525)

KGH(s) =

In the above, m is the number of finite zeros, which are assumed to be
real-valued, ng is the number of poles at the origin, n; is the number of real
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poles, no is the number of complex pole pairs, and K represents the dc gain

of the loop transfer function. The associated frequency response function is
given as:

KL% (1 +J Z%)
o I (132 T (- 3+ 2
It is customary to plot the Bode magnitude plot on log scale as

|G(jw)|lag = 20 logyq|G(jw)|. The magnitude of the frequency response
function is represented in dB as:

KGH (jw) =

W
L

i

m
|KGH (jw)|ap = 20log K+ 20 log |1
=1

ni w
~ 3720 log 142
; Dbi

— (20ng) logw

2
~ 320 log|1 - S5 + j2¢—
- w

n,i wnvl

The slope of the Bode magnitude plot for large w is: —20(n — m)
dB/decade, where n — m = ng + n1 + 2ns — m represents the pole excess
of the loop transfer function.

The phase angle ¢(w) is plotted in degrees, which is computed as:

Sl e S

i=1
ni
=Yy Z1- 5+ j2¢, 2
i=1 nz Wi
The phase angle for large w is given as: ¢p(w) = —90°(n — m).

The Bode plot of a higher order system is a composition of Bode plots
of first and second order factors representing the real and complex poles and
zeros. The composite plot can be obtained by superposition.

Obtaining Bode Plot in MATLAB. In the MATLAB Control Systems
Toolbox, the Bode plot is obtained using the “bode” command, invoked after



250  Frequency Response Design of Compensators

defining the transfer function as follows:

G=tf (num, den) ; % define transfer function
bode (G) ,grid % obtain Bode plot

9.1.2 The Nyquist Plot

For a particular value of w, the frequency response function, KGH (jw),
represents a complex number with magnitude and phase, where the latter
restricted to [0, 27]. The locus of all such points, as w varies from 0 — oo,
constitutes the polar plot of KGH (jw).

The shape of the polar plot depends on the number and locations
of the poles and zeros of KGH (jw). It can be visualized by computing
its magnitude and phase at selected frequencies (typically low and high
frequencies).

For example, if KGH(s) has no poles at the origin, then at low fre-
quencies, KGH (j0) = K Z0°, and at high frequencies, | KGH (joo)| — 0,
ZKGH (joo) = —90°(n — m), where n — m represents the pole excess of
KGH (s). The resulting polar plot starts from the value of K on the real axis
and terminates at the origin approaching it from an angle —90°(n — m).

The Nyquist plot of KGH(s) includes the polar plot of KGH (jw) as
w varies from —oo to oo; the polar plot of KGH (jw) for the negative
frequencies is a reflection about the real-axis of the positive frequency plot.
Hence, Nyquist plot is a closed curve.

The celebrated Nyquist stability criterion states that the number of unsta-
ble closed-loop poles of A(s) = 1+ KGH (s) equals the number of unstable
open-loop poles of KGH (s) plus the number of CW encirclements of the
—1 + 50 point in the complex plane by the Nyquist plot of KGH (s).

Obtaining Nyquist Plot in MATLAB. In the MATLAB Control Systems
Toolbox the Nyquist plot is obtained by using the “nyquist” command,
invoked after defining the transfer function as follows:

G=tf (num, den) ; % define transfer function
nyquist (G),grid % obtain Nyquist plot

The following examples illustrate the shapes of the Bode and Nyquist
plots for the first-, second-, and third-order transfer functions.

Example 9.1: A first-order transfer function.
Let G(s) = SJ%I; then, KG(jw) =

Low frequency: G(j0) = K £ 0°
High frequency: G(j*°) = 0 £ —90°

K _ K a1
o — Viga? £t w
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Bode Diagram
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Figure 9.1 Bode and Nyquist plots for G(s) = ﬁ

The Bode magnitude plot has a value of 0 dB (for K = 1) and a slope
of zero at low frequencies. The slope changes to —20 dB/decade at high
frequencies and is represented by a straight line sloping downwards on the
Bode magnitude plot (Figure 9.1). These two asymptotes meet at the corner
frequency (wp = 1). The phase plot shows a variation from 0° to —90° with
a phase of —45° at the corner frequency.

The polar plot describes a semi-circle in the fourth quadrant (Figure 9.1).
The Nyquist plot is a closed circle that includes the reflection of the polar plot
for negative w. As the Nyquist plot stays away from the —1 + j0 point for
positive K, the closed-loop system is stable for all K > 0.
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Bode Diagram
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Figure 9.2 Bode and Nyquist plots for G(s) = ﬁ

Example 9.2: A second-order transfer function with a pole at the origin.

Let G(s) = s then, KG(jw) = sodgmy = & b L —90° —
1

tan™" w
Low frequency: G(j0) = oo £ —90°
High frequency: G(j*°) = 0 £ —180°

s(s+1) +1)

The Bode magnitude plot has an initial slope of —20 dB/decade due to
the pole at the origin. The slope changes to —40 dB/decade at the corner
frequency. The phase plot shows a variation from —90° to —180° with a phase
of —135° at the corner frequency (Figure 9.2).

The polar plot describes a curve that begins along negative jw-axis
and approaches the origin along negative real axis in the third quadrant
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(Figure 9.2). The Nyquist plot includes the reflection of the polar plot for
negative w. As the Nyquist plot stays away from the —1+ ;0 point for positive
K, the closed-loop system is stable for all K > 0.

Example 9.3: A third-order transfer function.

Let 5
Gls) = s(s+1)(s+ 2);
then,
2K
KG(jw) =
(je) jw(l+ jw) (2 + jw)
K 1 2

= — / —90° — tan" ' w — tan"! 2w.
w14+ w22+ w?

Low frequency: G(j0) = oo £ —90°
High frequency: G(joo) = 0 £ —270°

The Bode magnitude plot has an initial slope of —20 dB/decade that
changes to —40 dB/decade and then to —60 dB/decade at the two cor-
ner frequencies. The phase plot shows a variation from —90° to —270°
(Figure 9.3).

The polar plot is a curve that begins along the negative jw-axis, crosses
the negative real-axis, and approaches the origin along the positive jw-axis
(Figure 9.3). The Nyquist plot includes the reflection of the polar plot for
negative w.

For K = 1, the Nyquist plot intersects the —ve real-axis at w = /2.
Further, G(jv/2 = —0.34. As K increases, the Nyquist plot will expand and
will encircle the —1 + 50 point for K > 3; hence, the closed-loop system is
stable for K < 3.

The MATLAB script for the above examples is given below:

% first-order system

G=tf(1,[1 11]); % define transfer function
figure (1) ,bode (G),grid % obtain Bode plot

figure (2) ,nyquist (G),grid % obtain Nyquist plot

% second-order system (pole at the origin)

G=tf(1,[1 1 0]); % define transfer function
figure (1) ,bode (G),grid % obtain Bode plot

figure (2),nyquist (G),grid % obtain Nyquist plot

% third-order system (pole at the origin)

G=tf(1,[1 3 2 01); % define transfer function
figure(1l),bode (G),grid % obtain Bode plot

figure (2) ,nyquist (G),grid % obtain Nyquist plot
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Figure 9.3 Bode and Nyquist plots for G(s) = m

9.2 Measures of Performance

The measures of performance used with frequency response design meth-
ods include gain and phase margins, system error constants, sensitivity and
complementary sensitivity functions, etc. These are described next.

9.2.1 Relative Stability

In the frequency response design method, the relative stability of the feedback
loop is described in terms of the gain and phase margins (Section 5.1.3). We
assume that the loop transfer function KGH (jw) is stable and minimum-
phase, that is, its poles and zeros are located in the left half-plane (LHP)
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including the jw-axis. Then, the gain and phase margins are defined as
follows.

Gain Margin. The maximum amount of loop gain that can be added to the
feedback loop (by the controller) without compromising stability.

Phase Margin. The maximum amount of phase that can be added to the
feedback loop (by the controller) without compromising stability.

The gain margin (GM) on the Bode magnitude plot is indicated as:
GM = —|G(jwpc)|aB, where wy, is the phase crossover frequency, that is,
the frequency at which ¢(w,.) = —180°.

The phase margin (PM) on the Bode phase plot is indicated as: PM =
180° + ¢(wye), Where wy. is the gain crossover frequency, that is, the
frequency at which the Bode magnitude plot crosses the O dB line, or attains
|G (jwge)| = 1.

Alternatively, the gain and phase margins can be obtained from the polar
plot, which enters the unit circle at the gain crossover frequency wgy. and
crosses the negative real-axis at the phase crossover frequency wp..

In particular, assuming that the polar plot crosses the negative real-axis at
g £ —180°, the gain margin is given as: GM = g~ 1.

Similarly, assuming that the polar plot enter the unit circle at 1 £ —¢,
then the phase margin is given as: PM = 180° — ¢.

For low-order stable minimum-phase loop transfer functions with number
of poles (n < 2), the polar plot does not cross the negative real-axis; hence,
the GM = cc.

A plant transfer function with pole excess (n — m > 3) has a finite gain
margin 0 < GM < oo. In such cases, if the polar plot crosses the negative
real-axis to the left of —1 point, then GM < 0 and the closed-loop system is
unstable. For n — m = 2, the Nyquist plot may cross the negative real-axis,
indicating a finite gain margin.

Further, the gain margin equals the maximum controller gain on the root
locus plot before the closed-loop roots cross the jw-axis to migrate to the
right half-plane (RHP). For n < 2, the root locus plot is restricted to the
LHP; whereas, for n —m > 3, it crosses the stability boundary into the RHP
for large K whose value can be determined from the magnitude condition.

Return Difference. In the case of stable minimum-phase loop transfer func-
tions, the closed-loop stability depends on the polar plot keeping a finite
distance from the —1+ 50 point. The minimum distance of the polar plot from
the —1 4 50 point, given by the minimum value of max,, |1 + KGH (jw)|,
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is called the minimum return difference. The minimum return difference is a
measure of the robustness of the control loop to parameter variations in the
model.

Relative Stability Determination in MATLAB. The “margin” command in
the MATLAB Control Systems Toolbox is used to obtain the GM and PM
as well as the gain and phase crossover frequencies on the Bode plot. The
command is invoked after defining the loop transfer function, as follows:

G=tf (num, den) ; % define transfer function
margin(G),grid % obtain stability margins

Example 9.4: A second-order system model.

Let G(s) = ﬁ; then, from the Bode plot, GM = oo and PM = 51.8°
(Figure 9.4(a)).
Example 9.5: A third-order system model.

Let G(s) = m; then, from the Bode plot we have, GM =

15.6dB and PM = 53.4° (Figure 9.4(b)).

9.2.2 Phase Margin and the Transient Response

The phase margin of a minimum-phase transfer function is related to the
damping ratio of the dominant poles of the closed-loop system transfer func-
tion. In order to characterize this relationship, we may consider a prototype
second-order system with loop transfer function given as:

2
n

Jjw (Jw + 2¢wy,)

Then, for | KGH (jwgc)| = 1, we have wj = wgey/w?2, + (2Cwy)?, which

reveals: wg. = kwy,, where k = \/ 4¢% 4+ 1 — 2¢2. The resulting phase

w

KGH (jw) =

margin is computed as: ¢,,, = tan~! (%)

In particular, in the range of 0.5 < ¢ < 0.9, we have, k = %; hence,
$m = tan~! (3.3?&%)'

The phase margin may be approximated as: ¢,, = 100¢, for { < 0.6.

Furthermore, in order to have a ( = 0.7, we may design the system for a
PM = 66°.
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Bode Diagram
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Figure 9.4 The relative stability from the Bode plot: a second-order transfer function (a); a
third-order transfer function (b).
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The Transient Response. The phase margin is also related to the settling time
of the closed-loop system response. In particular, for a second order transfer
function, the settling time ¢ and the phase margin ¢,, are related as:

2w, 8

Wy tswge

tan ¢, =

Cloud-Loop Bandwidth. The transient response is related to the closed-
loop bandwidth wp of the system. Assuming that the closed-loop frequency
response, 7'(jw), has a unity gain at low frequencies, that is, 7'(j0) = 0 dB,
wp is defined at the lowest frequency where |T'(jwp)| = —3 dB.

The bandwidth obeys the following bounds: w, < wp < 2w,. For
systems with low damping, wp = w,.

The bandwidth is related to the rise time ¢, of the closed-loop system step
response as: wpt, ~ lort, = 1/wp.

In particular, in the case of second-order systems (0.6 < ¢ < 0.9), the
rise time can be approximated as: ¢, = SJC

The Bode’s gain-phase relation (see book references) defines a unique
relation between the Bode magnitude and phase plots of a minimum-phase
loop transfer function. In particular, to obtain a good PM, control system
designers aim for a moderate slope of —1 at the gain crossover frequency, wgc.

The following example illustrates the relationship between the relative
stability and phase margin.

Example 9.6: DC motor model.

We consider the model of a small DC motor, given as: G(s) =

%. Let a PI compensator for the model be defined as: K (s)

K(s+10)

%Ve may select K = 10, which results in the closed-loop roots located at:
s = —50=+£550.4. The Bode plot of the loop gain for the compensated system
(Figure 9.5(a)) displays a phase margin of ¢,, = 65.8°, which corresponds
to a damping ratio of ¢ = 0.7.

The step response of the compensated system (Figure 9.5(b)) displays a
rise time of ¢, = 0.028s and a settling time of t; = 0.077s. The predicted
value of the settling time is: {5 = wqct% = 0.078s.

The MATLAB script for this example is given below:

G=tf (500, [1 110 102571); % define TF model

Kpi=tf ([1 101, [1 01); % define PI controller

margin (10xKpi*G) % Bode plot with stability margins
T=feedback (10xKpixG, 1) % closed-loop system

step(T), grid % step response of compensated sys
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Bode Diagram
Gm = Inf dB (at Inf rad/s) , Pm = 65.8 deg (at 45.5 rad/s)
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Figure 9.5 The DC motor model with PI controller: Bode plot of the loop transfer function
(a); step response of the compensated system (b).

9.2.3 Error Constants and System Type

The system error constants (Section 5.3) are used to compute the steady-
state tracking error to a step or a ramp input. The position and velocity error
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constants are defined as:
K, = 213[1) KG(s)
K, = lim sKG(s).
s—0

These constants can be inferred from the Bode plot at follows:

The position error constant is given by the low frequency asymptote on
the Bode magnitude plot, that is, K, = lim,_,o |KG(jw)|.

The velocity error constant is given as the slope of the low frequency
asymptote on the Bode magnitude plot, that is, lims_,o |KG(jw)| = %

The system type is defined by the slope of the Bode magnitude plot in the
low frequency region. Thus, a slope of 0 dB implies a type 0 system, whereas
a slope of —1, that is, —20 dB/decade implies a type 1 system, etc. Further,
a type 1 system indicates the presence of an integrator in the feedback look,

which implies a zero steady-state error to a step reference input.

9.2.4 System Sensitivity
The sensitivity of the closed-loop transfer function, 7T'(jw), to changes in the

plant transfer function, G(jw), is a function of frequency, w, and is given as:

. aTyT 1
T _ _
56Uw) = 5G7G = T+ KGH{w)

Further, sensitivity and the complementary sensitivity, the latter represented
by the closed-loop transfer function, are fundamentally constrained as:

S(jw) + T(jw) = 1.

In order for the sensitivity to be small over a frequency band, the loop
gain KGH (jw) must be large. In general, increasing the loop gain decreases
stability margins, that is, a trade-off between the sensitivity and relative
stability would need to be found.

Accordingly, the control system designers generally aim for high loop
gain at low frequencies to obtain 7'(jw) = 1. The loop gain is reduced at
high frequencies to raise the stability margins.

Loopshaping is a graphical technique that aims to impart a desired loop
shape to the plot of KGH (jw) by adding compensator poles and zeros to the
feedback loop (see book references).
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9.3 Frequency Response Design

The Bode plot serves as a main design tool for the frequency response design
method in control systems. The performance indices used to evaluate the
frequency response design are the GM and the PM of the loop transfer
function KGH (jw).

To ensure stability of the closed-loop system, both the GM and the
PM must be positive. Additionally, the PM should be adequate to ensure
good relative stability and acceptable transient response. The GM should
be adequate to achieve good robustness and low sensitivity to parameter
variations.

In the following, we assume that the plant and the compensator trans-
fer functions are given by G(s) and K (s), respectively. The characteristic
equation of the closed-loop system is given as:

A(s) =1+ KGH(s) = 0.

We assume that the plant transfer function has pole excess (n — m > 3) so
that 0 < GM < oo. Further, a unity-gain feedback (H (s) = 1) is assumed.

In the frequency response design method, the choice of compensators
includes the gain compensator, phase-lag and phase-lead compensators, and
PD, PI, and PID compensators. These are described next.

9.3.1 Gain Compensation

The gain compensation involves choosing a static compensator: K (s) = K,
which raises the loop gain by K|, that is, the Bode magnitude plot is shifted
up by 20 log;, K. The resulting change in wy, affects the gain crossover
frequency and the PM.

In particular, let w;c denote the new gain crossover frequency; then, the
new phase margin is given as: PM = 180° — ¢(w’gc).

The phase margin is reduced for (K > 1), and increased for (K < 1).
Further, the system bandwidth increases for (X > 1), which improves the
transient response by reducing the settling time. This is illustrated in the
following example.

Example 9.7: Let G(s) = Wﬁ(sﬁ); the available gain and phase margins,
found from the MATLAB ‘margin’ command, are given as: GM = 3

(9.54 dB), wpe = 1.4124: PM = 32.6°, wye = 0.749 29,

We aim to increase the phase margin to 50° using gain compensation.
From the Bode plot, we find that: ¢(j0.49) = —130° and |G(5j0.49)| = 5 dB.
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Thus, the required gain K to achieve a PM = 50° is given as: —5 dB or
K = 0.56.

We may note that the loop gain was reduced in order to increase the PM.
The design is verified by plotting the frequency response for the loop transfer

function: KG(s) = m, which shows PM = 50° at the new wgy. =

0.49 24 (Figure 9.6).
The MATLAB commands for the gain compensator example are given as:

G=tf(2,[1 3 2 0); % define transfer function
margin (G),grid % obtain stability margins
margin (0.56%G),grid % increased stability margins

9.3.2 Phase-Lag Compensation

In the frequency response design method, the phase-lag compensator serves
dual purpose: it improves the phase margin (a measure of transient response),
as well as improves the DC gain (a measure of steady-state response). The
phase-lag compensator is described by the transfer function:

K(1+ s/w,) K(1+ jw/w,)
14 s/wp (1+ jw/wy)

Assuming K = 1, the phase-lag compensator response at low and high
frequencies is given as:

Low frequency: K (j0) = 0 dB £0°
High frequency (w — 00): K (jw) = —20 loglo(%;)é(]o.

Since the high-frequency gain of the phase-lag compensator is less than
unity, the addition of the compensator to the feedback loop lowers the gain
crossover frequency and increases the phase margin.

Alternatively, let K’ = w, /w,; then, the compensator gain at low and high
frequencies is given as:

Low frequency: G(j0) = 20 log,, K Z0°
High frequency (w — 00): G(jw) = 0 dBZ0°

K(s) = » K(jw) =

, Wy > Wp.

Since the DC gain of the compensator is greater than unity, addition of
the compensator to the feedback loop will boost the relevant error constant
by a factor of K = w, /wy,.

Due to the destabilizing effect of the phase-lag, the compensator pole and
zero locations for steady-state error improvement are selected in accordance
with: w, < w, < 0.1wg., where wy, is the gain crossover frequency of the
loop transfer function.
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Bode Diagram

Gm =9.54 dB (at 1.41 rad/s) , Pm = 32.6 deg (at 0.749 rad/s)
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Figure 9.6 Gain compensation for the desired phase margin improvement: uncompensated
system (a); compensated system (b).
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Assuming that the compensated system is desired to have a phase margin
of ¢, the phase-lag compensator design follows these steps:

1. Adjust the DC gain K for the loop transfer function KGH (s) to satisfy
the low-frequency gain requirements.

2. On the Bode plot of KGH (jw), select the frequency w; so that
ZKGH (jw1) = —180° + ¢, + 5°; then, w; serves as the new gain
crossover frequency. The 5° safety margin serves to compensate for the
estimated: ZK (jw;) = —5°.

3. Select pole and zero frequencies as:

W,

~ |KGH (jon)|”

4. Draw the Bode plot for the compensated system and verify that the
design requirements are met.

w, = 01w, wp

The phase-lag compensator design is illustrated using the following
example.

Example 9.8: Let G(s) = m; PM = 32.6°. The design specifi-

cations are: PM = 50°, and egs|ramp < 0.1, that is, K, > 10. Then, the
phase-lag compensator design steps are:

1. Choose KG(s) = W for K, = 11 to meet the e,, requirement.
Draw the Bode plot for KG(jw).

2. From the Bode plot, choose w; = 0.4 rad/s, to obtain ZKG(jw;) =
—123°; then, [KG(jw1)| = 24.9 (28 dB)

3. Choose w, = 0.04, w, = 0.0016; then, K(s) = %

4. The Bode plot of KG(jw) has wy. = 0.4 rad/s and a phase margin of
PM = 51° (Figure 9.7).

The MATLAB commands for the phase-lag design example are given as:

G=tf(2,[1 3 2 0); % define transfer function
bode (11%G) ,grid, % draw Bode plot

K= tf([1/.04 1],[1/.0016 17) % define compensator
margin (11xG*K),grid, hold % obtain stability margins

9.3.3 Phase-Lead Compensation

In the frequency response design method, the phase-lead compensator serves
to improve the closed-loop bandwidth, leading to transient response improve-
ments. The phase-lead compensator is described by the transfer function:

K(1+ s/wz), K (jw) = K(1+ jw/w,)

K(s) = 1+ s/wp (14 jw/wy)

y wy < wp
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Bode Diagram
Gm =-11.3 dB (at 1.41 rad/s) , Pm = -29.9 deg (at 2.52 rad/s)
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Figure 9.7 Phase-lag compensation: magnitude compensated plot (a); phase-lag compen-
sated plot (b).

Assuming K = 1, the compensator response at low and high frequencies is
given as:

Low frequency: K (j0) = 0 dBZ0°
High frequency (w — o0): K (jw) = 20 log,q (Z—Z) £0°.

Since the high frequency gain of the compensator is greater than one, the
addition of the compensator to the feedback loop increases the gain crossover
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frequency hence, increasing the bandwidth. The phase-lead compensator thus
acts as a high pass filter.

The compensator contributes maximum phase lead, 6,,, at a frequency
wm = ,/w.wp. Hence, for maximum effectiveness, the pole and zero
of the phase-lead compensator should be placed in the vicinity of the
gain crossover frequency wgy.. The compensator transfer function at w,, is
given as:

1 z
Ge(wm) = \/Egem, tanf,, = 3 <\/@+ \/“T> ‘
Wy W, Wy

Practically, the maximum achievable value of 6,, is about 70° that

corresponds to /> = 6.

The phase-lead design starts by selecting a desired gain crossover fre-
quency wg. to meet the desired bandwidth and/or the settling-time require-
ment. Let the desired settling-time be ¢, then the desired gain crossover is,
Wge = ﬁ. In addition the phase contribution from the compensator

should be positive, that is:
0 = —180° + ¢y, — ZGH (jwye) > 0°.

The loop gain at the desired gain crossover frequency is constrained as:
KGH (jwge) = 1/6, which is expanded to obtain:

<1 +ngc> |GH (jwge)| = (1 —I-ngc> (cosf + j sin#).
Wy wp

When separated into real and imaginary parts, the above equation can be
solved for w, and w,, which gives:

sin ¢ |GH|sin6
Wy = ——————————Wge-
* 1—|GH|cos® ¥

Wp = ——"—w
P cosf — |GH| %7

The above equations are used to compute the pole and zero locations of
the phase-lead compensator.

Simplified Phase-Lead Design. A simplified method for the phase-lead

design proceeds as follows: let & = :’—p; and define sin@,, = g—ﬁ so that
_ 1+4sinby, : _ . .
o= e Since wy, = ,/w,w,, we choose the following locations for

compensator pole and zero:

Wm

;o wp = wpVa.

Wy, =

B



9.3 Frequency Response Design 267

K
o
Hence, in order to ensure |[KGH (wq.)| = 1, we choose the compensator

e O Vo
gain as: K = CH @

The phase-lead design (using both regular and simplified methods)
involves the following steps:

Further, the gain of the compensator at crossover is K(wg.) =

1. Choose a desired crossover frequency wy. as the greater of and
w1 where ZKGH (jwi) = —180° + ¢y, + 5°.

2. Compute compensator phase § = ¢, — ZG(jwge) — 180°; compute

|GH (jwge)]-

Solve for w, and w,, using the regular or the simplified method.

4. Inspect the Bode plot of the compensated system and verify that the

design requirements have been met.

8
tS ta‘n ¢m

»

The phase-lead design is illustrated using the following example.

Example 9.9: Let G(s) = m; PM = 32.6°. The design specifica-
tions are: ¢,, = 50°, ts = 4 s. Then, the phase-lead compensator design
steps are:

1. From the settling time requirement, wy. = = 1.68 %; from the
Bode plot, G(j1.68) = 0.23 £ —189°.

2. Compute 6 = 50° + 9° = 59° = 60°.

3. The solution to the regular phase-lead compensator design equations

gives: w, = 0.38 24 o, = 5.43 124 [ (5) = M2 e Boge

plot of the compensated system has ¢, = 50.4° at wy. = 1.69 %
(Figure 9.8).
4. The simplified method with (6,, = 60°,a = 13.92) returns the com-

pensator: K(s) = %. The Bode plot of the compensated system

has ¢y, = 50.8° at wy. = 1.68 24,
The MATLAB commands for the phase-lead design example are:

_2
tan ¢m,

G=tf(2,[1 3 2 0); % define transfer function
bode (G) ,grid, hold % draw Bode plot

K= tf([1/.38 1],[1/5.43 1]) % define compensator
margin (GxK),grid, hold % obtain stability margins

9.3.4 Lead-Lag Compensation

A lead-lag compensator combines the phase-lead and phase-lag sections; the
phase-lead section improves the bandwidth and the phase margin, and the
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Bode Diagram
Gm =-11.3 dB (at 1.41 rad/s) , Pm = -29.9 deg (at 2.52 rad/s)
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Figure 9.8 Phase-lead compensation: uncompensated plot (a); phase-lead compensated (b).

phase-lag section improves the phase margin and the DC gain. Since both lead
and lag sections can contribute to the phase margin improvement, the desired
PM improvement can be distributed among the two sections. The lead-lag
compensator transfer function is given as: K (s) = Kjeqd(5)Kjqq(s).
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The steps to design a lead-lag compensator are as follows:

. Choose a static gain K to meet the steady-state error requirement.
. Design the phase-lag section to meet part of the phase margin

requirement.

. Design phase-lead section to meet the bandwidth/settling time

requirement.

The lead-lag compensator design is illustrated using the following

example.

Example 9.10: Let G(s) =

m; PM = 32.6°. The design specifica-

tions are: ¢, = 50°, ts = 4s, and egg|ramp < 0.1. The design steps for the
lag-lead design are as follows:

1.

2.

AW

. The lead-lag compensator is described as: K(s) =

Choose K = 11 to meet the e,z requirement. Draw the Bode plot for
KG(s). The plot has wg. = 2.5 rad/s and PM = —30°.

Phase-Lag Design. In the phase-lag design, we aim to raise the phase
margin to PM ~ 40°. From the plot, let w; = 0.5 rad/s, such that
KG (50.5) = 18.6 (25.8 dB)£ —130°.

. Complete the phase-lag design with: w, = 0.05, w, = 0.003.
. Draw the Bode plot for Kj,,G(jw). The plot shows a PM of 40°.
. Phase-Lead Design. Choose wy. = 1.7 rad/s to meet the t;

requirement. Then, from the Bode magnitude plot, Ki,,G(j1.7) =
0.15 (—16.5 dB)Z —191°.

. Compute the required compensator phase angle # = 62°, and solve the

phase-lead compensator equations to get: w, = 0.24, w, = 4.7.

11(540.05)(s+0.24)
(5+0.003) (s +4.7)
The Bode plot for the compensated system has PM = 50.2° at w =

1.71 rad/s (Figure 9.9).
The MATLAB commands for the lead-lag design example are:

G=tf(2,[1 3 2 0); % define transfer function

bode (11%G) ,grid, hold % draw Bode plot

Kl= tf([1/.05 11,[1/.003 11) % define lag compensator

margin (11xG+«K1l),grid, % obtain stability margins

K2= tf([1/.24 1],([1/4.71 11]) % define lead compensator
(

margin (11xGxK1xK2),grid, hold % obtain stability margins

9.3.5 Pl Compensator

The PI compensator adds an integrator to the feedback loop, and is used

for

steady-state error improvement. The PI compensator transfer function is
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Bode Diagram
Gm =12.5dB (at 1.36 rad/s) , Pm = 40.5 deg (at 0.558 rad/s)
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Figure 9.9 Lag-lead compensation: phase lag compensated system (a); lag-lead compen-
sated system (b).
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defined as:

ki . ki(1+ jw/w, i
, K(jw) = kil + jwjw:) +'jw/w ), where w, = o

K(s)=k,+ —
Ps Jw »

The PI compensator is normally designed for a high frequency gain of
one, i.e., k, = 1. Additional gain compensation, as in the case of phase-lag
design, can be used to increase the phase margin to some desired value. The
zero location for the PI compensator is arbitrarily selected close to the origin
as shown in the following example.

Example 9.11: Let G(s) = m; PM = 32.6°. The design specifica-
tions are: PM = 50°, and e rqmp < 0.1,1.e., K, > 10. The PI compensator
design steps are as follows:

1. For PM = 50°, we have —180° + ¢, + 5° = —125°. The Bode plot
for G(jw) has, for w = 0.4224 G(;0.42) = 2.11 (6.6 dB)£ —125°.
Thus, a gain compensation of —6.6 dB is needed.

2. For the PI design, letw, = 0.04, K (s) = 504,

3. The Bode plot of 0.465 KG(jw) has wg. = 0.42 rad/s and a phase
margin of PM = 49.8° (Figure 9.10).

The MATLAB commands for the PI design example are:

G=tf(2,[1 3 2 0); % define transfer function
bode (G) ,grid, hold % draw Bode plot

Kpi= tf([1 .04],[1 0]) % define PI compensator
margin (0.465«GxKpi),grid, % obtain stability margins

9.3.6 PD Compensator

The PD compensator adds a first-order zero to the numerator of the loop
transfer function, which increases the bandwidth hence improves the transient
response. The PD compensator is described as:

K(s) = kqs + kp, K(jw) = kp(1 + jw/w,)

The desired gain crossover wy, is selected as the greater of ﬁ and
w1, where ZGH (jwy) = —180° + ¢, — 90° 4 5°; the 90° term in this
expression refers to the phase added by the PD compensator, and 5° is safety
margin.
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Bode Diagram
Gm =15.7 dB (at 1.37 rad/s) , Pm = 49.8 deg (at 0.421 rad/s)
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Figure 9.10 PI compensation (a); PD compensation (b).

Let wy. denote the desired gain crossover frequency; then, from the
requirement: | KGH (jwge)| = 1, the zero location is selected as:

(GH|

Wy = —F/——————Wge-
© 1 |GHPR
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The PD compensator design is illustrated using the following example.

Example 9.12: Let G(s) W PM = 32.6°. The design
specifications are: ¢,,, = 50°, t; = 4s.

1. From the settling time requirement, wy, = tan2 5o = LT %; G(j1.7) =

0.23 £ —190°. From the angle requirement, w; = 2.8 %; G(j2.8) =
0.07 £ —215°.

2. From the design equation, using wy, the compensator zero location is
given as: w, = 0.2 %, K(s) = (s+0.2).

3. The Bode plot of the compensated system has ¢, = 51.6° at wg. = 2.76
rad (Figure 9.10).

The MATLAB commands for the phase-lead design example are:

G=tf(2,[1 3 2 0); % define transfer function
bode (G) ,grid, hold % draw Bode plot

Kpd= tf([1 .2]1,1) % define PD compensator
margin (5xGxKpd) ,grid, % obtain stability margins

9.3.7 PID Compensator

The PID compensator represents a combination of the PD and PI designs.
As a rule, PI section is designed first, and can be used to realize a part of
or the entire phase margin improvement desired. The bode plot of the PI
compensated system is plotted, and followed by the PD design, which imparts
the desired transient response improvement. The PID compensator design is
illustrated using the following example.

Example 9.13: Let G(s) = ﬁ PM = 32.6°. The design

specifications are: ¢,,, = 50°, t; = 4 s.
1. The Bode plot for G(jw) has G(50.8) = 0.9 £ —150°.
2. PI design: We aim for ¢,, = 30° in the PI section. Accordingly, let
w, = 0.05, Kpr(s) = 0.9(s + .05)/s. The Bode plot of Kp;G(jw)
has wg. = 0.7 rad/s and G(j0.7) =1 £ —148°.
From the settling time requirement, wy.

2 ~
tan ¢, -

1.7 %; G(j1.7) = 0.23 £ —190°. From the phase angle requirement,
wi = 2.5 4; and G(j2.5) = 0.1 £ —210°.

3. PD design: let the desired wy. = 2.5 %; from the design formula, the
compensator is zero selected as: w, = 0.2 24, Kpp(s) = 5(s + 0.2).
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Bode Diagram
Gm =9.78 dB (at 1.36 rad/s) , Pm = 31.7 deg (at 0.698 rad/s)
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Figure 9.11 PID compensator design: PI compensation (a), followed by PD compensa-
tion (b).

4. The PID compensator is given as: K (s) = 4.5(s+0.05)(s+0.2)/s. The
Bode plot of the compensated system has ¢, = 53.4° atw,. = 2.58 %1
(Figure 9.11).



9.3 Frequency Response Design

The MATLAB code for the PID design is given below:

G=tf(2,[1 3 2 0);
bode (G) ,grid, hold
Kpi=.9xt£f([1 .05],[1 01])
margin (GxKpi),grid,
Kpd=5+tf ([1 .2]1,1)
margin (GxKpi*Kpd),grid,

o

define

ol

o

define
obtain
define
obtain

oo oo

o

transfer function

draw Bode plot

PI compensator
stability margins
PD compensator
stability margins

9.3.8 Compensator Designs Compared
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In this section, we aim to compare the frequency response compensator
designs presented in Examples 9.7-9.13 based on the quality of the unit-step
response of the closed-loop system. The compensator comparison in shown
in Figure 9.12. The salient features of different compensators are captured in
Table 9.1. The phase-lead design includes both the regular (phase-lead 1) and

simplified (phase-lead 2) designs.

We make the following observations based on Figure 9.12 and Table 9.1.

1. Almost all compensators were able to meet the phase margin require-
ment; however, the settling time requirement specified in case of phase-
lead, lead-lag, PD and PID compensators was not met. It is so because a
second-order model was assumed in deriving the settling time formula,
whereas the plant transfer function is third-order.

Step Response

1.6 T T T T

Amplitude

0.5

| |

| | |

0 5 10 15 20

25 30 35 40

Time (seconds)

Figure 9.12 A comparison of the step responses for the various controller designs.
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Table 9.1 A comparison of the unit step response of the compensated system for six different

controller designs for G(s) = m

Gain

Crossover Phase Percentage
Compensator (wWges Margin  Damping Over- Settling
Type Compensator, K (s) rad/s) (PM) Ratio (¢) shoot Time
Gain 0.56 0.49 502° 047 18% 1245
Phase-lag s 0.4 503°  0.56 21% 38.7s
Phase-lead1 14.29(s0.38) 1.69 504° 035 12% 7.1s
Phase-lead2 18.92(s40.45) 1.5 56.6° 041 7% 6.7s
Lead-lag T e o W) 502°  0.38 3% 7.25
PI 2+0.04 0.42 49.8° 025 46% 20.9s
PD s+0.2 2.76 516 075 0% 29.65
PID 45(s40.05)(402) - 558 53.4° 043 8%  28s/6.3s

2. From Figure 9.12, the settling times for phase-lead and lead-lag com-
pensators are around 7s. Though the MATLAB computed settling time
for the PID compensator (based on +2% limits) is 28s, the settling time
with £2.1% limits is 6.3s.

3. Though 50° degree phase margin is achieved by almost all compen-
sators, the effective closed-loop damping is lower than { = 0.5 as seen
from the overshoots in the step response. This is again due to the fact
that estimates are based on a second-order system model.

9.4 Closed-Loop Frequency Response

The closed-loop frequency response, that is, the frequency response of the
closed-loop system reveals important information about the relative stability
of the feedback loop and the speed of response in the time-domain.

The closed-loop frequency response of a plant described by, G (jw), with
a static gain controller, X, connected in a unity gain feedback configuration
(H(s) = 1) is computed as:

-, KG(jw)
L0 = 17 RGGw)
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To obtain a better understanding of the closed-loop frequency response,
let KG(jw) = X (jw) + jY (jw); then,

X +jY L

T(jw) = —F—= = and
U@) = G xy 47
, X2 4+Yv?
TGw)? = — = M,
1+X)’+Y
The latter equation is rearranged to obtain:
M2 2 M2
X+ —7 YVie —— .
( +M2_1> LG VESTE

The above relation represents the equation of a circle with center at
X = %, Y =0, and radius r = % Hence, the constant magnitude
loci for the closed-loop system constitute a series of constant M circles on
the frequency response plot of the loop transfer function.

Further,as M — 1, X = —1 which is a vertical line that separates the
circles with M < 1 from those with M > 1.

The phase relationship similarly reveals an equation for constant phase

circles, described as:

1\? 1\? 1 1\?
(x+3) + (7 aw) =1+ ()

where N = tan ¢. The constant phase circles are centered at: X = —%, Y =
ﬁ, with radius: r = % + (ﬁf
Bandwidth and Resonance Peak. The closed-loop frequency response typ-
ically displays low-pass characteristics. Its two important parameters are the
bandwidth and the resonant peak.
The closed-loop bandwidth is defined by: T'(jwy) = %, or [T (jwp)|? =1.
For a prototype second-order transfer function:

2
Wr,

82 + 2Cwp s + w2

T(jw) =

)
s=jw

the bandwidth is given as: w, = wn\/l —2C2+ /2 -4+ 4¢4 In
particular, wy, = wy, for ¢ = 0.7.
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The resonance peak in the frequency response occurs at w = w, for
¢ < 0.7 and can be obtained by setting the derivative of |T'(jw)| to zero.
The results are:

Resonant frequency: w, = wpy/1 — 2¢2
1
20v/1-¢?

When the polar plot of the loop gain, KGH (jw), is superimposed onto
the constant M and constant N contours, it reveals the magnitude peak M,
inT(jw).

The magnitude peak represents a measure of relative stability, while the
resonant frequency provides a measure of speed of response in the time-

domain. A value of M, = 1.3 (or 2.5 dB) is considered a good compromise
between speed and stability.

The Nyquist Plot. The MATLAB Control System Toolbox plots the constant
M, N contours on the Nyquist plot by turning on the “grid” following the
plotting of the frequency response:

Resonant peak: M, = |T'(jw,)| =

G=tf (num, den) ; $ define the transfer function
nyquist (G); grid % nyquist plot with const M circles

The Nichol’s Chart. An alternate way to visualize the frequency response is
to plot it on the Nichol’s chart, where the magnitude in dB is plotted along
the vertical axis, and the phase in degrees is plotted along the horizontal axis.
The “grid” command is similarly used with the Nichol’s chart to plot the con-
stant M, N contours to aid in the visualization of the closed-loop frequency
response. This is done by invoking the following MATLAB commands:
G=tf (num, den) ; % define the transfer function
nichols (G); grid % nichol chart with const M circles

The resonance peak in the closed-loop frequency response is illustrated
using the following example.

Example 9.14: Let G(s) = ﬁ, G(jw) = ﬁ%mj; then, the closed-
loop frequency response has a peak M, = 5 dB, observed on both the
Nyquist plot and the Nichol’s chart (Figure 9.13). The corresponding resonant
frequency can be obtained by clicking on the frequency response plot, which
gives: w, = 2.88 rad/s.

The corresponding MATLAB commands are:

G=tf ([10],[1 1.86 01); % define the transfer function
nyquist (G),grid % nyquist plot
nichols (G),grid % nichol's chart
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Nyquist Diagram
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Figure 9.13 Closed-loop frequency response on the Nyquist plot (a), and the Nichol’s
chart (b).
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Skill Assessment Questions

Link to the answers:
http://www.riverpublishers.com/book_details.php?book_id=449

1.

10.

. Consider a plant with transfer function G(s) =

. Consider the simplified model of a flexible beam, given as: G(s)

. A model of a DC motor is given as: G(s)

Consider a plant with a transfer function: G(s) = %.
(a) Use gain compensation to obtain a ¢,, > 65°.

(b) Modify the compensator to achieve: KGH (0) > 5.
5(3s+1)
s(s242s+10)

phase-lead compensator to achieve: t; < 1s, ¢, > 50°.

Design a

. Consider the model of a DC motor with the following parameter values:

R=19Q, L=10mH, J=0.01 kgm?,b=0.1 rad,kt—kb—002
Design a lead-lag compensator to achieve: wp > 100 rzd, Om > 45°.

4 . .
m. Design a lead-lag compensator to achieve: wp

100 24 ¢, > 45°.

AV

. Consider the simplified model of an automobile, described as:

_ 2854120 : ;v
G(s) = P17si14- Design a lead-lag compensator to achieve: wp >

10 %,KP = oo, K, = 20, M, < 1 dB. State the gain and phase
margins achieved.

. Consider the model of human postural dynamics described as an inverted

pendulum, given as: G(s) = "5z QQ, where k = 0.01, = 3 rad/ sec.
Design a lead-lag/PID compensator for the model to achleve ts < 2,

ém > 50°.

1
(0.1s41)(0.02s+1) *
Design a compensator for the model to achieve: PM > 60°,wg. >

50 rad/sec, ess(step) < 10%.

. The model of the pitch axis of a quad-copter with actuator is described

as: G(s) = m. Design a Phase-lead controller to achieve a settling

time of 4 sec with a phase margin of ¢,, > 60°.

. Consider the input -output model of magnetic levitation system, given

as: G(s) = 2 +20, where K = 100. Design a phase-lead controller to
achieve a settlmg time of less than 1 sec with 60° phase margin.

A servomechanism is described by the plant transfer function: G(s) =
W&HO)' The closed-loop system is desired to have a settling time
less than 0.5 sec, a phase margin of at least 50° and less than 5% error
to a ramp input. Design a lead-lag controller to achieve the response

specifications.


http://www.riverpublishers.com/book_details.php?book_id=449

Appendix

The Laplace Transform

The Laplace transform of a causal time function f(¢) is a complex function
f(s), defined as:

CI(0)] = f£(s) = / Trt)etat,

where s = 0 4 jw is a complex variable. In case of discontinuities, the lower
limit is changed to 0.

Laplace transform of simple functions may be computed by hand. For
example:

cm@piéma“mzi

& 1
—at _ —(s+a)t
) /0 dt=——

. 0o 1 ;
L[e?¥tu(t)] = / edwte=st gt = — = 5+
0

s—jw  s24w?

Laplace transform of complex functions is obtained by invoking its
properties:

L. Linearity: L[ay f1(t) + a2 f2(t)] = a1 fi(s) + a2 f2(t)
Time shift: L[f(t — T)] = =57 f(s)

Scaling: L[f(at)] = f(i)

Differentiation: E[d () ] =sf(s) — £(0)

Integration: £| fo r)dr) = 1

Initial value theorem f (0) = hsmsﬁOo sf(s)
Final value theorem: f(o0) = lims_,0 sf(s)

Convolution: L[f(t) x g(t)] = F(s)G(s)

e o

281
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A dynamic system model is often obtained in terms of an ODE. A potent
advantage of using Laplace transform as an analysis tool is that it transforms
an ODE into an algebraic equation that can be solved by algebraic methods.
For example,

dy(t) L
e +ay(t) = u(t) = (s+ a)y(s) = u(s) + y(0).

The inverse Laplace transform of a complex function may be obtained
by using partial fraction expansion (PFE) followed by the use of Laplace
transform tables. For example:

£ [“] _ [1 _ } — (1= e "Yu(h).

s(s+a) s s+a

The Laplace transform is also used to obtain the input-output transfer

function of a differential equation model. For example, for a first-order ODE

model: dZ—(tt) + ay(t) = u(t), the transfer function is found as: 38 = L.

Using the transfer function, the step response of the system is computed as:
y(s) = ma (G ory(t) = 5 (1 — e~ )u(t).

The Z-Transform

The Z-transform of a sequence z(k) is defined as:

Zla(k)] = X(2) = Y = —00®a(k)z "
k
where z is a complex variable. To obtain a unique F'(z) the region of
convergence (ROC) for Z-transform must be specified.

We will assume that the sequence z(k) is obtained by sampling a
continuous-time causal signal z(t) — x(kT'), so that the lower summation
limit can be taken as £k = 0. Then, the respective Z and Laplace transform
variables are related as: z = e*7 .

The Z-transforms of sampled values of common signals are given as:

1

— . -1
_ 1 —al -
Z[e( “kT)] = [T lem 27t < 1
; 1
Z[elwkT)] = 127l <1

1 — egwTz—1"
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The Z-transform properties include:

Linearity: Z[alfl(k) + agfg(k)] =a1 (Z) + CLQFQ(Z)
Time-shift: Z[f(k — ng)] = 27" F(z)

Scaling: Z[a" f (k)] = F(Z)
Time differentiation: Z[f (k) — f(k —1)] = (1 — 27 1) F(2)
Time reversal: Z[f(—n)] = F(z71)

Final value theorem: limy_,, f(k) = lim, (2 — 1) F(2)
Convolution: Z[fl(k) X fQ(k)] = Fl(z)FZ(z)

Nounhkwd =

A discrete-time dynamic system is often modeled with difference equa-
tions, which can be conveniently solved using Z-transform (see references
for details).

A table relating continuous-time signals to their Laplace and Z-transform
equivalents can be found at: http://lpsa.swarthmore.edu/LaplaceZTable/Lapl
aceZFuncTable.html


http://lpsa.swarthmore.edu/LaplaceZTable/LaplaceZFuncTable.html
http://lpsa.swarthmore.edu/LaplaceZTable/LaplaceZFuncTable.html
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