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ABSTRACT

Power system stabilizers and other controllers are employed to damp oscillations in
power systems, thereby guaranteeing satisfactory dynamic performance following major
network disturbances. However, the parameters of these controllers are often tuned based
on the power system linearized model which generally is a function of the system
operating point or state. These controllers suffer from poor performance when the system
state changes. The aim of the research work reported in this Thesis is to develop
nonlinear synchronous generator excitation control schemes with control laws for
providing improved transient stability when the system is subjected to wide parameter
variations due to network disturbances. The study employed fourth-and third-order
models of a single-machine-connected-to-an-infinite-bus system to design two nonlinear
sliding mode control laws (CLs) and one finite-time homogeneous control law (CL),
which were constructed based on a well-chosen output function of the system. The
parameters of the control laws were properly selected and/or tuned to give desirable
dynamic characteristics using well established linear control methods. Justifications for
the selection of the fourth-and third-order synchronous generator models to design the
aforesaid controllers are presented. Dynamic simulations of the system under the action
of the control laws were carried out using MATLAB®/SIMULINK. In order to test the
performance of the laws, several simulation studies were performed when the voltage
magnitude (V) of the infinite bus and the transmission line reactance (Xg) of the system
changed due to an applied three-phase symmetrical fault at the infinite bus and generator
terminals. Results obtained from these studies show that the dynamic characteristics of
the system being investigated have improved significantly, in terms of the rotor angle and
rotor speed first peak, damping of low-frequency mechanical oscillations in rotor angle
following fault clearance, and settling times of key stability indicators (rotor angle and
rotor speed). For instance, for application of each of 5-cycle, 7-cycle, and 9-cycle fault at
the infinite bus, the system rotor angle settled to its stable steady values within 1 - 2.2s
with minimal control effort that varied between -Spu and Spu before settling at the pre-
fault value of 1.5603pu in 4.32s (CL1), in 1.92s (CL2), and in 3.32s (CL3). Whereas,
CL3, which is a contribution to the improvement of the existing general higher-order
sliding mode control structure for synchronous excitation control, was able to make the
system withstand greater fault duration than CL1, CL2, which has a new positive
parameter (called the dilation gain) incorporated into it, furnished the system with the
greatest fault-retaining capability. In practice, the implementation of the three control
laws can be carried out in a static exciter configuration with a very fast response.
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CHAPTER ONE: INTRODUCTION

1.0 Background of the Study

Generally, a modern power system can be defined as a collection of a large number of
generating electric power sources interconnected through complex networks of
transmission lines for the sole purpose of meeting the power demands of a large number
of domestic and industrial loads. Because each power plant has several controllable states
and state-dependent outputs, it can be defined as “a high-order multivariable system
whose dynamic response is influenced by a wide array of devices with different
characteristics and response rates” (Kundur et al., 2004). In order to accommodate more
load demands and provide a constant and reliable electric power supply, several power
controllers are employed at the transmission and distribution levels to deliver electric
power to the load centers efficiently. The uses of these controllers have forced power
system engineers to develop many techniques and strategies to be used at planning,
design and operation stages. Normally, power systems tend to suffer frequently from
adverse events such as large generation and load variations, transmission line faults, etc.,
and these events tend to affect system signals and operational parameters. Therefore,
keeping the system within its operational bounds is paramount to its safe and reliable

operation.

Practically, generating unit controllers such as the prime mover and excitation systems
are being employed in the power systems, besides the power and voltage controllers at
transmission and distribution levels, not only to realize safe operation of an electric
power system, but also to enhance system dynamic performance (Mariani & Murthy,

1997). Specifically, the generating unit excitation control system can play a pivotal role



in enhancing systems stability and dynamic response to major network disturbances.
Conventionally, the combination of an automatic voltage regulator (AVR) and a power
system stabilizer (PSS) are used to provide constant output voltage and damp low-
frequency oscillations in power systems (Colbia-Vega et al., 2008; Huerta et al., 2010).
But, because their structures are linear, the AVR and PSS have limited dynamic
responses (Ortega et al., 2005; Ping et al., 2014 ). As a result, their parameters should be
changed when the operating condition of the system changes significantly. Hence, an
alternative approach such as the use of nonlinear control schemes must be adopted, and
this was explored in this study. Through the use of these schemes, the power system
dynamic characteristics can be improved upon, leading to better and more robust stability
performance independent of system operating conditions, including the conditions during

network faults.

1.1 Significance and Motivation for the Study

In a deregulated large-scale power system environment, it is paramount that the power
system has the ability to meet stringent performance requirements which arise as an
upshot of, among other things, stressed operating conditions and uncertain power flow
paths (Chow et al., 2005). Realizing the dynamic performance requirements of electric
power systems is more desirable and imperative to the stable and reliable operation of the
systems. However, the use of linear control design methods commonly being used for
power system stability improvement is limited due to the highly nonlinear nature of the
system (Chiang, 2011). This limitation has spawned extensive and focused research on
alternative control strategies for better stabilization. High performance robustness against

system faults, which is a significant feature any strategy must meet, has further led to
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constant reassessment of well established old approaches and the development of new
ones in order to, especially, keep with the ever-changing nature of the power systems.
One major motivation for this study is to have better dynamic performance robustness
using nonlinear algorithms. The significance of these nonlinear algorithms, as presented
in this work, is that they are compact and universal, can be readily tuned to yield optimal
performance, and can withstand long fault durations and remove system oscillations
within the shortest possible time. The research impetus behind the design, development,
investigation, and complete analysis of nonlinear control algorithms is the availability of
powerful and low-cost computing resources, as is evident in many practical
implementations (Nandam & Sen, 1995; Unsal & Kachroo, 1999; Yoerger et al., 1986),
as well as versatile and efficient software tools, such as MATLAB/SIMULINK.
Moreover, it is of note that technical reports are often being written to help provide
information and materials that appropriately reflect current industry needs, experiences,
and understanding so that new design and operating criteria can be tailored towards
meeting the constant need for satisfactory system operation (IEEE PES Working Group

Report, 1995; Kundur et al., 2004).

1.2 Aim and Objectives
The aim of this study is to develop nonlinear excitation controllers for improving the
stability of power systems when subjected to large perturbations.
The main objectives of the study are to:
1.  analyze and check for partial and exact linearization of representative power

system models.



ii.  derive various appropriate output signals for the power system models, and then
compute the relative degrees of the models with respect to these signals.
iii.  design two nonlinear sliding mode control laws and one homogeneous stabilizing
control law, and represent them in nonlinear feedback schemes.
iv.  examine the performance of the designed control schemes under network
disturbances causing wide variations in system parameters.
v.  obtain the properties of the nonlinear control laws which pertain specifically to
general power system behaviors.
1.3 Problem Statement
It has been known and established that reliable and secure operation of power systems
hinges on the stability of the system both under normal operation and contingency
situations. Conventionally, power system stabilizers have been used to provide
complementary damping of system oscillations during an upset. Although the
performance of these stabilizers has been somewhat satisfactory, limitations in their use
have often been encountered, especially in terms of their robustness under major
disturbances, and for a wide range of operating conditions (Handschin er al., 1994).
Therefore, the problem of transient stability, i.e., the ability of power system to regain a
state of operating equilibrium when subjected to a large fault from an initial operating
point, has remained till date. Particularly, if not corrected, transient angular instability can
pose a severe challenge to power systems, leading to loss of synchronism of various
machines or group of machines in the systems. In addition to this loss of synchronism,
irregular and aperiodic oscillations, which can destabilize the entire systems, may also

arise. Several blackouts, caused by large faults in power networks, have been witnessed



across the world (Pouyan et al., September/October 2006). Power system controllers that
will handle this nature of disturbance must have the ability to retain fault for long
duration and damp out fault-induced oscillations as quickly as possible. But only
nonlinear controllers designed based on the nonlinear model of the power network will be
most appropriate for this type of system operating condition (Lu et al., 2001).

So, the problem at hand is to develop new nonlinear excitation controller structures which
are capable of providing good and robust damping of oscillations when systems are
subjected to disturbances that lead to protracted large variations of parameters.

This task can be reduced mathematically to a control system stabilization problem, which
can be stated as follows. Under large perturbations and wide variations of parameters,

consider the nonlinear dynamic model of a power system which can be expressed as
x= f(x,u,t) (L.1)
where x is the state vector. Obtain a control law, u, that will ensure that a well-chosen

output signal of the system approaches (or stays close to) zero when time, ¢, approaches

an infinite value, thereby damping oscillations in the system.

1.4 Methodology
The methods employed for the work are as follows:
1. Description and mathematical analysis of two power system models, which are
described by a synchronous generator connected to an infinite bus.
ii.  Partial and exact feedback linearization of the power system models.
iii.  Establishment of three nonlinear excitation control schemes.
iv.  Simulation of the system under the influence of the designed control schemes
using MATLAB/SIMULINK software package.

5



1.5 Scope and Limitation of the Study

This study focuses on the development of three nonlinear control schemes or systems for
the improvement of rotor angle stability of a synchronous generator. Since the excitation
control is most effective in improving the dynamic performance and overall stability of
electric power systems (Lu et al., 2001), the controllers developed in this work are
applicable to the synchronous generator excitation systems. Besides, effects of parameter
variations due to the application of only symmetrical faults are investigated, because
other faults, such as asymmetrical faults, are less severe in effect. The study is limited to
power system models which are based on the structure of a single machine connected to
an infinite bus (SMIB)—a case of multi-machine systems is not treated. The SMIB and
multi-machine structures are similar, except that the former considers the effect of one
machine at a time in relation to the rest of the other machines in the power system.

1.6 Thesis Organization

Chapter one of this thesis presents introductory information, highlighting the
significance, aim and objectives, and methodology of the work. A literature review
together with some theoretical concepts (background) was discussed in Chapter two. The
models of the power system adopted, and the design and analysis of the nonlinear
excitation controllers are detailed in Chapter three. The simulation results under various
test scenarios are presented in Chapter four. Chapter five gives the conclusions, stating
achievements and contributions to knowledge, and recommendations for further study. In
addition, references of materials used and appendices are provided at the end of Chapter

five.



CHAPTER TWO: THEORETICAL FOUNDATION AND LITERATURE
REVIEW

2.0 Introduction

This chapter discusses fundamental theoretical concepts which are critical for
understanding of the work carried out in this Thesis. These include power system
stability; power system components modeling in short-and long-term stability studies;
excitation control systems; and a number of nonlinear control methods such as sliding
mode control, adaptive control, feedback linearization, etc. Also, a comprehensive review
of relevant existing works that have been done by numerous researchers from literature is

carried out.

2.1 Theoretical Foundation

The study of power system stability and control is an extensive field of research which
requires sufficient knowledge and understanding of vital components of power systems,
most especially the performance characteristics of synchronous machines and the
mathematical representations that govern their dynamic behaviour, as well as control
system theory and techniques. This section provides a synoptic discussion of these

theoretical underpinnings.

2.1.1 Power System Stability

An interconnected power system is considered to be stable following a perturbation if it
returns to its previous steady state operating point or acquires a new stable operating
condition (Nargsarkar & Sukhija, 2007), with system state variables kept within their
permissible operating limits (Nagrath & Kothari, 2003). Such a system must have the

ability to damp the oscillations following exposure to perturbation as quickly as possible,
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so that the entire system can settle to a new steady-state operating condition within
practically short time (Anderson & Fouad, 2003). Whether an interconnected power
system, which is subjected to a disturbance, will regain its former stable operating state or
return to a new state is dependent not only on the type of the disturbance, but also on the
initial condition of the system (because of its non-linear nature). The operating condition
of a power system can be described in terms of its behaviour around an equilibrium set or
an attractor in the phase space. There are three types of attractor: a point attractor, which
represents a single point; a limit circle attractor (Ravel ef al., 2008), which gives a closed
curve; and a chaotic (or aperiodic) attractor, which represents the divergence of the
system from either a single point or a closed circle (Li & Caizares, 2009). Besides, the
disturbance that may impact on power systems adversely can either be event-type or
norm-type. The former category is used to describe outages of particular pieces of
equipment, which may be due to a fault, or intentionally initiated by human operators,
while the latter actually depicts the size of the disturbance.

The various categories as well as subcategories of power system stability are shown in
Fig. 2.1. The stability delineation reflected in the figure is a standard way to portray the
relevant system variable in which an observation of instability is possible after an

occurrence of a disturbance. Each category is discussed briefly as follows:



Power System Stability

Rotor Angle Frequency Stabilit ili
Stability q y ) Voltage Stability
Small-Disturb
n::lgle lsst;ll:ﬂ?:; o [ransient Stability Small-Disturbance Large-Disturbance
Voltage Stability Voltage Stability
| |
Short-Term Short-Term and Long-Term

Short-Term and Long-Term

Fig. 2.1: Power System Stability Classification (Kundur et al., 2004)

2.1.1.1 Rotor Angle Stability

This is classified into small-disturbance and large-disturbance (or transient) stability. It
indicates the ability of an interconnected power system to stay in a state of synchronism
after being perturbed, and it’s usually carried out within a time frame of 10-20 seconds
(Kundur et al., 2004) for small-disturbance type and 3-5 seconds for large-disturbance
type. Here, system synchronism implies that a state of equilibrium exists between the
electromagnetic torque and the mechanical torque of each synchronous machine in the
system. When a power system is subjected to a disturbance, deviations in the angular
positions of the generator rotors result in two components of the electromagnetic torque,
with one in phase with the rotor angle deviation (termed the synchronizing torque
component) and the other in phase with the speed deviation (called the damping torque
component). For the system to remain in synchronism after a perturbation, these two

torque components must be sufficiently present. Lack of sufficient synchronizing torque

9



will lead to the so called aperiodic or non-oscillatory instability, while lack of sufficient
damping torque will lead to periodic or oscillatory instability (Anderson & Fouad, 2003;

Kundur, 1994).

2.1.1.2 Frequency Stability

Frequency Stability means that the system frequency remains unchanged or returns to its
nominal value after a brief and small drift following disturbance. This implies that an
interconnected power system is said to be frequency-stable if it retains a balance between
generation and load after a system perturbation, i.e., if it results in zero accelerating
power. Consequently, when system frequency abnormally deviates from the nominal
value, it often results in loss of synchronism, thereby leading to loss of generations and/or
loads. The duration of frequency instability generally may be short or long, depending on
the response times of all the processes and devices involved. For instance, under-
frequency load shedding and generation controls and protections usually respond to
frequency perturbation in the order of seconds, while energy supply systems and voltage

regulators do in the order of several minutes (Kundur ez al., 2004).

2.1.1.3 Voltage Stability

A power system is said to be voltage-stable if, after the system is subjected to a
disturbance from a given initial operating condition, all system bus voltages remain
steady or fixed within an acceptable range. An interconnected power system tends to
experience serious voltage deviations during a system disturbance or upset when it fails
to keep a reactive power balance between the load demand and supply. During voltage
instability, some system bus voltages tend to increase or decrease gradually, thereby

causing outages in major parts of the system. It is a general consent that voltage
10



instability is due to lack of sufficient provisions to meet the demand for reactive power.
Conseil International des Grands Réseaux Electriques (CIGRE) Joint Task Force on
Stability Terms and Definitions says that “The heart of the problem is usually the voltage
drop that occurs when active power and reactive power flow through the inductive
reactance associated with the transmission network” (Kundur et al., 2004).

2.1.2 Power System Models

Having good models for components of electric power systems that can be used for a
wide range of system studies is increasingly important, because they facilitate important
studies to be carried out at the design stage and during expansion of the power systems.
In addition to their use in stability study, they facilitate determination of the regions of
attraction of the system’s equilibrium, and are vital for the purpose of control design,
which is necessary for improving the performance of the system by expanding these
regions of attraction. Because electric power systems are highly nonlinear dynamic
systems, their models are complicated. Therefore, careful and painstaking analysis and
design tasks are geared towards enhancing and keeping their operation within a realizable
region in the state space.

At present, the majority of electric energy in power systems is being sourced from
synchronous generators; thus, they play a major role in the overall dynamic performance
of the power systems. As a result, various representative mathematical models are
developed to describe their performance characteristics, depending on the degree of
detailed representation needed for a given study. Generally, synchronous generators are

described by seventh-order model, but reduced-order models that can capture their
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detailed behaviours are often employed for control design. These models are presented in

the following sections:

2.1.2.1 Classical Model of a Synchronous Machine

The basic model used to represent a synchronous machine is that which assumes a
constant voltage behind transient reactance, and it is based on the basic assumption that
the flux linkage in the main field windings does not change during an occurrence of a
network perturbation. This assumption, however, is valid only for a power system whose
size is relatively small, and the excitation control systems are simple and slow, making
the period of oscillations resulting from a network change not “much greater than one
second” (Anderson & Fouad, 2003). This representation is shown in Fig. 2.2. In this
figure, V is the magnitude terminal voltage, E is the magnitude of the constant voltage of
the source that represents generator internal EMF (electromotive force), x is the direct
axis transient reactance, and 6, which together with E is derived from the initial system

conditions, is the angle between the rotor position and V.

Y Y YN
\ X, N
Ess |0 vV 0

Fig. 2.2: Classical model of a synchronous machine

12



2.1.2.2 Classical Model of a Power System

The classical model of a power system represents synchronous machines by their
classical model depicted in Fig. 2.2, and the entire power system can be collapsed and
described by an equivalent single machine connected to an infinite bus (SMIB). The
assumptions underlying this model are: the mechanical power input is constant during a
transient; damping power is negligible; the electrical phase angle and synchronous
machine load angle are equivalent; and the load fed at the terminals of the machine or
infinite bus can be characterized by a constant impedance connected to ground. However,
for the purpose of stability studies in wider context, this model can be extended to a
system of many machines (multi-machine system) by adding an additional damping
torque component to the inertia torque in the machine’s equation of motion, although
stability studies of multi-machine systems using this approach are restricted to short-term
transient stability studies lasting for about one second (Anderson & Fouad, 2003).

Fig. 2.3 is an equivalent diagram of a single machine connected to an infinite bus through
tie line, where Vrtemina 1S the synchronous machine terminal voltage, Zpine is the
transmission network series impedance, Ziq.a 1S the equivalent shunt impedance at the

terminal of the machine, and other parameters in the figure are as defined in Fig. 2.2.

VTerminal

ZLine

Y YY)
IE'

£s5| 00 HZLoad v

Fig. 2.3: Classical model of a power system
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The state-space model that describes system dynamics in classical representation of

power system is

do

Z: 2[; (P, — E*Y, cos 6, — EVY,, cos(6,, - F)) .
dé @D
— =W,

dt

where

w = angular velocity in electrical rad/s

0 = electrical rotor angle in radians

P = mechanical power on per unit 3-phase base

H = inertia constant in seconds (= Wy/Sg3; Wy is the kinetic energy of the

rotating masses in MJ and Sg3 is the rated 3-phase MV A of the system)

wr = rated angular velocity in electrical rad/s

t = time in seconds

V = voltage magnitude of the infinite bus

E = voltage magnitude of the generator

Y1, 011 = magnitude and angle of the driving point admittance at the generator

bus

Y12, 012 = magnitude and angle of the transfer admittance between the generator

and the infinite bus

For a multi-machine system, shown in Fig. 2.4, the state-space equations that describe
system dynamics increase drastically, depending on the number of machines in the

system.
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Fig. 2.4: Classical representation of a multi-machine (or n-machine) power system
(Anderson & Fouad, 2003)

For example, in a two-machine system, the state-space equations are

do, _ oxD N Wy
dt 2H, 2H,

3
b, —E?Gy, _ZElElej cos(6;; — 6 +§j)J

j=2

d_gl—a)l_a)
dt §
] . 3 2.2)
a)2 a)R 2 a)R

=— + P,,—E,’G,,— ) E,EY, cos(6,,—0,+9;
dl‘ 2H2 2H2 2 2 22 jZ:l: 2&=jt2j (21 2 ])

j#2

dt 2 R

In some occasions, equation (2.2) can be reduced to two equivalent equations if the
concept of relative load angle and speed is adopted. When machine 1 is assumed as a
reference, the relative load angle and speed can be described as 8,;=8,-0; and ®,;=0x- ;.

Thus, equation (2.2) can be reduced to:
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dw,  @y| D, D R

j=2

where D; = damping coefficient of the i"™ machine.

2.1.2.3 Detailed Synchronous Machine Model

3
P,, —E; Gy, — Y E,E Y, cos(6,, — 8, +5))

J=1
Jj#2

) 3
- ; {Pml_ElzGll_ZElElejCOS(Hlj_§l+§j)

(2.3)

In some situations, where system behaviors during sub-transient and transient periods are

of great importance, more detailed representation of a synchronous machine that can

capture more appropriately the dynamic characteristics of the machine is required. A

detailed synchronous machine model takes into account three-phase stator windings, one

field winding, and two amortisseur windings. Such a model gives a full description of the

electromagnetic characteristics of the synchronous machine and it can be found in the

open literature and widely used (Anderson & Fouad, 2003; IEEE Standard 1110, 2003;

Kundur, 1994). And this detailed representation is available in two forms: the current

model and the flux linkage model.

The current model, in which currents, torque angle, and rotor speed are used as state

variables, is given by (Anderson & Fouad, 2003)

X =FX+GU

where
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The parameters L, R, and N in the system function F, and the vector signal v in the input

function GU are, respectively, given by

L, kM, kM,! 0 0
kM, L. My{ 0 0
L=|kMp My L, | 0 0
0 0 0 i L, kM,
|0 0 0 | kM, L, |
[(r 0 0 0 0]
0 r., 0 00
R=|0 0 r, 0 O
0 0 0 r O
0 0 0 o
[0 0 0 L, kM,
0 0 0 0 0
N=| 0 0 0 0 0
-, —kM, —-kM, 0 O
| 0 0 0 0 0 |
L
—v,
v=| 0
Vq
L O -

The variables and parameters in the above model are defined as follows:
14, va = the stator d-axis current and voltage, respectively, in pu

ir, Ve = the rotor field current and voltage, respectively, in pu

ip = the rotor d-axis damper winding current in pu

13, Vq = the stator g-axis current and voltage, respectively, in pu
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1o = the rotor g-axis damper winding current pu

o = the rotor speed in pu

0 = the torque angle in pu

T = the mechanical torque in pu

D = the damping coefficient

L4 = d-axis inductance in pu

Lp = D damper circuit inductance in pu

L, = g-axis inductance in pu

Lo = Q damper circuit inductance in pu

Mp = mutual inductance between the stator and D damper circuits in pu
Mg = mutual inductance between the stator and field circuits in pu

Mg = mutual inductance between the stator and Q damper circuits in pu
MR = mutual inductance between the field and D damper circuits in pu
L = field winding inductance in pu

r = stator resistance in pu

re= field resistance in pu

rp= D damper winding resistance in pu

ro= Q damper winding resistance in pu
1, =2Ho, and k=./3/2
Similarly, the flux linkage model, in which flux linkages, torque angle, and rotor speed

are used as state variables, is given by (Anderson & Fouad, 2003)
X =AX +BU (2.5)
where
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The variables and parameters in the above model are defined as follows:
A¢= flux linkage in the d-axis in pu

Ar= flux linkage in the field winding in pu

Ap= flux linkage in the D circuit in pu

Aq= flux linkage in the g-axis in pu

Ar= flux linkage in the field winding in pu

Ao= flux linkage in the Q circuit in pu

{4 = leakage inductance of the d-axis in pu

{4 = leakage inductance of the g-axis in pu

{p = leakage inductance of the D circuit in pu
{q = leakage inductance of the Q circuit in pu
{r = leakage inductance of the field circuit in pu
1/Lmp = 1/Lap + 1/8q + 1/8e+ 1/€p in pu

1/Lmg = 1/Lag + 1/84 + 1/8g inpu
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Lap = common magnetizing inductance in the d-axis circuit in pu
Laq = common magnetizing inductance in the g-axis circuit in pu
Other variables and parameters are as previously defined.
In stability studies, simplified models are often used to ease the analysis, and the choice
of model details is dependent on the purpose of the analysis and the system scenario to be
investigated. In addition, for control system analysis and design, approximate system or
plant models are commonly used to derive control laws for dynamic stabilization and
improvement. In the following, well known simplified models of synchronous machines
are briefly considered.

1) The E’q model: This is a fifth-order model representation obtained from the
assumption that the damper windings have negligible effects on the system transient
being considered (and this is often the case for machines that are tightly
interconnected). Another assumption is that, if a solid round rotor is assumed, the d-
axis damper winding can be ignored because the rotor inherently acts as a damper
(which represents a g-axis damping winding). The model is given in per unit as

(Anderson & Fouad, 2003)

Ay ==(r/L)A, +(r/L)E, — oA, -V,
A, =-oA,—(r/L)A,-V,
Ly E + Ld,_%’ A, +

Eé == ’ s
Ld Tdo TdoLd Tdo (26)

’

EA
a):i(Tm - +(1/L, ~1/L)AA, —Da)]

’

j d

o=w-1

where
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Aq = d-axis stator equivalent flux linkage

Ag= q-axis stator equivalent flux linkage

Vg4 = d-axis stator equivalent voltage

V, = g-axis stator equivalent voltage

E'q = d-axis stator EMF corresponding to the field flux linkage

Erp = d-axis stator EMF corresponding to the field voltage

T'40= d-axis open-circuit transient time constant

L'y = d-axis transient inductance

2) The E'" model: This is also a fifth-order model, and the assumption here is that the
speed voltage terms are much greater than the transformer voltage terms in the stator
voltage equations. It’s also assumed that the rotor speed is constant, and d-and g-axis
subtransient inductances are equal. In this model, the stator EMF is produced by the
subtransient flux linkage.

The equations in per unit are (Anderson & Fouad, 2003)

& =1/ el - ()70 (x, - X,
Ao = ATy NBE, = (2 A + (170 (X = X))
~r ’ (xd - x; )(x;',_ x[) . ’ (xd - x;’ )(x;' - X;,) ’
E, =/t;,)Emp + —(I/7y)| 1+ - E
q (/dn) FD \/§T;,0(x;,—x[) Ly (/ d )( (Xd_x[)z j q
(xg —x7) (x5 — X))
+ A Q2.7)
3, —x)2

a'):LTm— 'y (\/g(xf_x/‘)jE;— ‘s [1—(xf_x/‘)j/lD—Lide,}'-LDa)
Tj 37«-] (xd _XZ) 37«-] (xd _X/) 37«-] Tj

S=w-1
where
e"q = stator d-axis subtransient voltage

Xq = g-axis synchronous reactance
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x"'q = q-axis subtransient reactance

x'q = d-axis transient reactance

x"'q = d-axis subtransient reactance

x; = leakage reactance

1"’ o= q-axis open-circuit subtransient time constant

1"40= d-axis open-circuit subtransient time constant

Other variables and parameters are as defined previously.

3) The two-axis or fourth-order model: In this model, only the transient effects, which
are dominated by the rotor circuits, i.e., the field winding and one g-axis winding, are
considered; the subtransient effects are assumed negligible, and the transformer
voltage terms in the stator equations are assumed to be appreciably small. (This last
assumption is valid for a cylindrical rotor machine.)

The model equations in per unit are (Anderson & Fouad, 2003)

—~7 1 ’ 1 ’
Ey=——E;——(x,—x,)1,
qu qo
—~/ 1 ’ ’
E,=—(Emp—E; —(x; —x,)1,) (2.8)

do

=T, - Dw—(EjI, +E.I,—(L —L)I,I,)
o=w-1

All the variables and parameters in this equation are defined before.
4) The one-axis or third-order model: Here the effects of amortisseur windings and

transformer voltage terms are ignored, thereby reducing the model to (Anderson &

Fouad, 2003)
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., 1 1 , ,

Eq :TEFD _T(Eq _(xd _xd)ld)
Td() Td()

. 1 ’ ’

= T—Tm -Dw—(E|I,—(L,—L)I,1,) 2.9)
J

d=w-1

The above discussions show that a number of assumptions have been made to derive
different synchronous machine models presented in this chapter. However, the choice
among these models is dependent on the objectives of the study to be conducted. For
example, in short-term stability studies, where the system behaviors during sub-transient
and transient periods are increasingly important, some of the above models in which
damper windings and stator resistance are neglected may not be appropriate. Also, the
type of synchronous machines must be taken into account as some of these models are
valid only for round rotor machines. Generally, any of these models can be used for
control system design.

2.1.3 Synchronous Generator Excitation Control System

As shown in Fig. 2.5, there are primarily three major control systems associated with
synchronous generators. The firing control system ensures that the boiler produces the
right amount of steam at the required pressure and temperature; the governor controls the
speed of the turbine by opening and closing the steam valve (for a steam turbine) or
controlling the water flow in a penstock (for a hydro-turbine); and the excitation system

regulates the generator terminal voltage through the generator field winding.
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Fig. 2.5: Control systems of a synchronous generator (Anderson & Fouad, 2003)

Out of the three principal control systems of generators, it has been observed that
excitation control offers the most effective means of enhancing the dynamic
characteristics of power systems and stabilizing them (Lu et al., 2001). Early outstanding
power system researchers and engineers (Concordia, 1951; Kimbark, 1956) pointed out
the significance of field excitation of synchronous generators in enhancing the stability of

power systems. The basic elements of an excitation control system are shown in Fig. 2.6.

Limiter and

protective circuity
Terminal voltage
sensor and load
compensator ~
protective circuits
] To power
Ref. Regulator [—® Exciter ‘|-> Generator system
Power.s.ystem |
stabilizer

Fig. 2.6: Block diagram of a synchronous excitation control system (Kundur, 1994)
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The voltage regulator in the system receives appropriate input signals and accordingly
controls the output of the exciter, which supplies the required current to the field winding
of the machine. To keep the terminal voltage of the generator constant after the
occurrence of a fault, the regulator must be able to respond quickly and drive the field
voltage to its ceiling so that the right amount of field flux can be provided. The exciter is
a direct current source which is either dynamic, such as a DC generator and an AC
generator coupled with a rectifying system, or static, such as a rectifier or thyristor
system.

Of particular significance, because of its very high speed of response, is a static self-shunt
exciter upon which better and advanced excitation control strategies can be developed
(Lu et al., 2001). Other blocks in the excitation system perform protective and
compensating functions.

During the early days of high-gain continuous-acting voltage regulators, large
interconnected power systems experienced oscillations which were exacerbated by the
action of the regulators. To avoid such situations, it became vital to introduce auxiliary
signals for counteracting these oscillations. This led to the introduction of the power
system stabilizer, which was developed by F.D. Demello and C. Concordia (Demello &
Concordia, 1969), for damping oscillations in power systems. A concise excitation
control system configuration with automatic voltage regulator (AVR) and power system
stabilizer (PSS) is shown in Fig. 2.7. Limitations in the performance of the power system
stabilizers, which have been severally modified and improved upon by a lot of
researchers, led to the use of linear optimal excitation controllers (Yu et al., 1970;

Anderson, 1971) and more advanced excitation control methodologies (Lu et al., 2000a;
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Lu et al., 1989b; Colbia-Vega et al., 2008; Enrico et al., 2008; Venkatesh & Rao,

October 2012).
Power system |«
stabilizer o,
Power E
A% fd E
(Conu{oiler) _R> amplifier | P(llant (generattor) & _t>
regulator (exciter) and power system

Feedback
elements

Fig. 2.7: Excitation system control with AVR and PSS

2.1.4 Nonlinear Control Systems

Most practical control systems have benefited extensively from the applications and
techniques of linear control theory, though they are inherently, to some degree, nonlinear.
The use of linear control strategies to solve practical control problem is pervasive, as
these offer a simplified approach to analysis and design issues, and there are well
established, tested and proven analytical and computer tools available in the linear
control domain. The indirect method of Lyapunov (Atherton, 1981; Mohler, 1994), which
states that nonlinear systems can be equivalently treated as linear systems if the
operations of the nonlinear systems are restricted to small regions around their operating
equilibriums, serves well to provide a theoretical validation for this so-called ‘linear
sense discipline’.

Moreover, nonlinear control concepts and techniques have also been developed over the

years, but the available tools in this domain are still limited. Nonetheless, the ubiquity of
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inexpensive, low-power, powerful and fast computing facilities has necessitated and
triggered off the intensive experimental simulations of nonlinear systems, and
incorporation of nonlinear control algorithms into many practical systems— a great deal
of algorithms that were difficult (and some impossible) to implement before can now be
efficiently implemented.

Several nonlinear control strategies have been applied to electric power systems and
many other practical systems alike. These strategies are rooted in some of the well known
nonlinear control paradigms and theories, which include adaptive control, feedback

linearization-based control, sliding mode control, fuzzy logic, and neural networks.

2.1.4.1 Adaptive Control Systems
The structure of an adaptive control system is shown in Fig. 2.8. This system provides an
on-line means of adjusting the parameters of the controller when the dynamics of the

plant change due to disturbances or presence of some nonlinear actuators in the system

(Nagrath & Gopal, 2007).

Mechanism for [
—p»|  parameter
adjustment <

Controller
parameters
Input
Plant or Output
Controller - >
—> Control process

signal

Fig. 2.8: Block diagram of an adaptive control system
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There are four adaptive control schemes, viz., self-tuning regulator, model-reference
adaptive control, gain scheduling and dual control. Their block diagrams are displayed in

Fig. 2.9, Fig. 2.10, Fig. 2.11, and Fig. 2.12, respectively.

Specification Process parameters
Con@oller Estimation
design
¢ Controller
Reference parameters
Controller > Plant or -
Input process Output

Fig. 2.9: Block diagram of a self-tuning regulator (Astrom & Wittenmark, 1995)

_»|  Model Ym

y

Process parameters Adjustment
mechanism
u, >
Plant or
Controller - )
o m process Output

Fig. 2.10: Block diagram of a model-reference adaptive control system (Astrom &
Wittenmark, 1995)
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Command condition
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Control signal Output

Fig. 2.11: Block diagram of a gain scheduling system (Astrom & Wittenmark, 1995)

u, Nonlinear u y
»  control law - Process
A
Calculation of
| hyperstate [
Hyperstate

Fig. 2.12: Block diagram of a dual control system (Astrom & Wittenmark, 1995)

In the self-tuning regulators, the parameters of the controller are computed indirectly
from the estimates of the parameters of the plant. Here the updates of the plant and the
controller are done at each sampling time.

For the model-reference adaptive control system, the controller parameters are adjusted
using the popular Massachusetts Institute of Technology (MIT) rule

de _ de

_.0¢ 2.10
ARAEY: 2.10)
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where e is the difference between the output, yn,, of the reference model and the output, y,
of the plant.

Gain scheduling is a strategy which uses a number of linear controllers, designed in
correspondence with a number of small semi-operating points into which the overall
system operating point is divided, to improve the performance of a plant. Each controller
is scheduled for action at an appropriate semi-operating point, while controller
parameters are interpolated at intervals between two semi-operating points. This is a way
of mapping parameters of a process that has predictable dynamics with the parameters of
the controller. In other words, the knowledge of all operating conditions is known
beforehand (Albertos & Mareels, 2010). The previous adaptive control methods are based
on the certainty equivalence principle in which the parameters of the plant are assumed to
be correctly estimated. But in most cases, this is not usually so. The fourth adaptive
control scheme, called the dual control, uses the tool of nonlinear stochastic control

theory to estimate the plant parameters with accuracy.

2.1.4.2 Feedback Linearization

In the application of linear control techniques, it is always assumed that the dynamics of
the system being considered are linear or can be linearized about a given operating
condition using the Taylor’s series method. Although this approach has been employed to
solve many practical problems, it is not appropriate in problems where the system
dynamics are subject to large disturbances and wide variations of parameters. One of the
ways to avoid direct approximation of nonlinear system dynamics in control design is to
transform the system state equations into another and equivalent state equations that are

linear in form using a nonlinear state feedback control law. This results in exact or partly
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exact linearization of the original nonlinear system. As long as the original states and the
transformed states of the system are closely related by a coordinate transformation
function called a diffeomorphism, the new state equations remain a ‘true’ linear
representation of the original equations. Fig. 2.13 depicts a block diagram of an input-
state feedback linearization technique.

Intermediate
variable block Controller block Plant

vekz Ll usuxv) ] dedi=fau) [OUB

Linearization
loop

State feedback controller loop

2=2X) |g

Coordinate transformation block

Fig. 2.13: Input-state feedback linearization control
Two highly essential differential geometric tools to all control analysis and design based
on feedback linearization are the Lie derivatives and Lie brackets.
Definition 2.1 (Isidori, 1995): Consider a continuous scalar function f(x), where x = [x;
Xs ... Xa]', and a function vector f(x) = [ > ... fa]". The Lie derivative of B(x) along f(x)

is given as

5 (x n 9 (x
lfﬁ(X)=%f(X)=Z%fi(X) 2.11)

Definition 2.2 (Isidori, 1995): Consider two function vectors f(x) and g(x). The Lie

bracket of g(x) along f(x) is given as

[1(x).809]= 2 p()- LWy 1)
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Jgx) . 9f(x)

where . and i are Jacobian matrices of functions g(x) and f(x), respectively.

The Lie derivative is useful in finding the state variables of a transformed nonlinear
dynamic system from a given output function, while the Lie bracket provides a compact
way of determining its involutivity, a sufficient condition for its exact linearization.
2.1.4.3 Sliding Mode Control (SMC)

SMC is a variable-structure control system methodology, which has the property of
guaranteeing constant system stability and overall good performance, even when there is
uncertainty in the dynamics of system (such as parametric and non-parametric
uncertainty). Because of its robustness and invariance features, SMC has been severally
put to use in many applications (Hung et al., 1993; Nandam & Sen, 1995; Unsal &
Kachroo, 1999; Yoerger et al., 1986). The power of SMC is derived from the ability to
change the mode (or, as it is commonly called, structure) of the control law to account for
various system operating conditions. This idea is not unfamiliar in the linear control
domain. It is possible to change the control structure of a linear system in order to
improve its performance during operation (Itkis, 1976)—for instance, equipping a system
with a flexible PID controller (in which the structure can change from a standalone P to a
standalone PI or PD) can make the system perform better. The gain scheduling described
earlier is an example of this.

The SMC problem can be solved using the theory of Lyapunov stability (based on the
direct Lyapunov method) (Hahn, 1963; Khalil, 1996), though the analysis of the problem

leads to systems with discontinuity which can be treated using the theory by Filippov
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(Filippov, 1960; Utkin, 1992) for handling differential equations with a discontinuous
right-hand side.

Conventionally, sliding mode controller design involves two major steps: 1) selection of
a sliding surface or manifold (for a second-order system, it is a line in the state-space,
while for a higher-order system, it is a hyper surface), and 2) construction of a control
law to make the states of the system reach and stay on the surface while moving along it
towards a desired point in a motion that is termed sliding mode. For a second-order
continuous-time system, the graphical representation of the SMC strategy is shown in

Fig. 2.14.

dx/dt .
A Chattering

Desired state

Fig. 2.14: Graphical representation of SMC for a 2™-order system (Emel'yanov, 1959;
Slotine & Li, 1991)

Generally, the surface s is selected based on the equation

s =(i+,ﬁJ _ e(t) (2.13)
dt

where e(t) is an error signal which is the difference between the actual system state x and

the desired system state Xq4; constant f is strictly positive; and n is the order of the system.
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For instance, when n = 2, 3, and 4, s is defined, respectively, as

s=é+fe, (2.14)

s=é+2pé+ Pe, (2.15)
and

s=¢+3B6+38%+ . (2.16)

Furthermore, the control law is developed such that when the states are on either side of
surface of s, they are constrained to move towards it and stay on it. That is,

§s<—kifs>0

s2kifs<0
where the number k is positive.
The control law constructed, however, requires switching from one mode to the other
with an infinite speed which is not practically feasible. The delay associated with
switching results in chattering, a phenomenon that may excite high-frequency unmodeled
dynamics. There are methods available, such as replacement of a sliding surface with a
sliding vector (Furuta & Pan, 1999), equipping the system with an asymptotic observer

(Utkin, 1993), etc., to reduce this undesirable phenomenon.

2.1.4.4 Fuzzy Logic Control

All fuzzy logic systems are based on the notion that information or knowledge about the
plant or process is imprecise, incomplete, or approximate (Albertos & Mareels, 2010).
The underlying concept, called fuzzy set theory, of fuzzy logic was developed by Lofti
Zadeh based on the principle of incompatibility, which states that “As the complexity of a
system increases, our ability to make precise and yet significant statements about its

behavior diminishes until a threshold is reached beyond which precision and significance
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(or relevance) become almost mutually exclusive characteristics” (Zadeh, 1973). Fuzzy
logic employs heuristic information, sourced from expert and experienced personnel who
have complete understanding and working knowledge of the operation of the plant, to
modify and improve the performance characteristics of the plant. In other words, the
plant model is represented in a linguistic rule-based manner unlike conventional crisp
control where the plant is described by mathematical equations.

A typical block diagram of fuzzy logic control system is shown in Fig. 2.15.

I Knowledge base
| Fuzzy logic Data base | Rule base [«——— |
| controller |
I L :
Fuzzification  |—» ml;;zeznyc « [ Defuzzfication -|ﬁ Plant Output»
__________________ 1
Sensor -

Fig. 2.15: Block diagram of a fuzzy logic control system (Ying, 2000)

As depicted in the diagram, the input (there may be more than one input, depending on
the required system performance) to the fuzzy logic controller is first fuzzified, and this
involves computing membership values (normally between O and 1) for all the fuzzy sets
used to capture the universe of discourse of the input. The results of this are fuzzy input
windows which go into the inference engine. The inference uses the rule base to derive
corresponding output windows which are then defuzzified to obtain the input control
signal. Two types of fuzzy rules are available (Takagi & Sugeno, 1985): Mamdani fuzzy
rules and Takagi-Sugeno fuzzy rules.

The Mamdani rule for a fuzzy controller is stated as

IFe;isAjAND ey is Ay.. . AND e, is A, THEN u; is By, ..., u,is B, (2.17)
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where ey, €, . . ., €, are input variables; uy, uy, . . ., u, are output variables; A, Ay, ... Ay
and By, Bo, ..., Byare fuzzy sets; and AND is a fuzzy logic AND operator.
The Takagi-Sugeno rule for a fuzzy controller is similarly defined as

IF e;isA;...AND e, is A, THEN u; = f(ey, ..., €,), ....,u, = g(ey, ..., €,) (2.18)
where f(), . . ., g() are real functions.
Defuzzification is a process of generating continuous-time control signals from the output
variables uj, uy, . . ., u, given in equations (2.17) and (2.18). The generalized defuzzifier

is given as (Ying, 2000)

3 2B (2.19)

N
Zi:l’u i

where u is the fuzzy controller output variable, ;s are the output fuzzy set membership
values generated by the fuzzy inference, and ;s are the nonzero values of the output
fuzzy sets.

2.1.4.5 Artificial Neural Network-Based Control

Artificial neural networks were developed by McCulloch and Pitts (McCulloch & Pitts,
1943) after the pattern of the biological neural networks to equip engineered systems with
some level of intelligence, i.e., ability to reason, learn, remember, and respond to
unfamiliar inputs. The general model of an artificial neuron is shown in Fig. 2.16. The
inputs to the neuron are X;, Xp, . . .,Xp; b is a bias; fj is the neuron’s activation function;
and yj; is its output. The neuron produces an output if the weighted sum of all its inputs is

above a threshold value.
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bias

Fig. 2.16: Model of an artificial neuron

Two commonly used ANN networks are the feed forward and recurrent networks, and

they can be trained in a supervised and an unsupervised manner depending on the

application. Fig. 2.17 depicts how a neural network controller can be trained to emulate

the behavior of an existing controller (Burns, 2001).

Existing | u(kT)
controller

e(kT)

r(kT) i‘%

Plant

y(kT)
—>

Neural
network
controller

¥

Fig. 2.17: Neural network controller training (Burns, 2001)

Nonlinear control strategies as well as techniques have continued to witness development

in many fields of learning, even though “it is well known that there is no general

nonlinear control or modeling theory because general nonlinear system theory has not

been, and most likely will not be, established” (Ying, 2000).
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Applications of some of these strategies to electric power systems are detailed in related
literature, although many are based on the approximate (linearized) models of the

systems. A review of the relevant literature is provided in the following subsection:

2.2 General Review of Relevant Works

Oscillations such as local plant and inter-area occur in power systems, and pose major
challenges to power system control engineers. These oscillations are usually caused by
lack of sufficient generator rotor damping torque (and this phenomenon characterized the
earliest exciter/AVR due to the increase in bandwidth associated with the AVR loop)
(Dandeno et al., 1987; Hajagos, 2003). The challenges become more stringent as power
systems undergo changes due to network alterations (caused by faults or switching
events) and/or variations in loads.

Conventionally, power system stabilizers (PSSs), which may be single-or double-input,
have been employed to handle these oscillation problems. They are complementary
excitation controllers which provide positive damping torque to improve the overall
generator rotor damping (Demello et al., 1978; Ghandakly & Farhoud, 1992; Irvin et al.,
1979; Kasturi & Doraraju, 1970; Kundur et al., 1989; Larsen & Swann, 1981; Lim &
Elangovan, 1985; Yu & Moussa, 1972; Kumar et al., 2012 ). To some degree, they have
performed satisfactorily well, but it has been noted that in the same way that a power
system stabilizer can improve stability if tuned properly, it also has the ability to
destabilize a generator’s operation if incorrectly tuned” (Hajagos, 2003). So, serious
outstanding issues regarding the tuning of the conventional power system stabilizers and
its performance for a wide range of operating conditions still remain (Huerta et al., 2011).

Fig. 2.18 shows a single-input PSS.
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Fig. 2.18: Single-input PSS controller with a washout and two lead-lag stages(Li-Jun &

Erlich, 2005)

However, many control techniques have been developed to enhance the performance of
the conventional PSSs; they range from adaptive, robust, feedback linearization, to
intelligent control strategies, with combinations of these strategies or their modifications

having been implemented. Adaptive control strategies, such as model reference adaptive
control (MRAC) and self-tuning control (STC), have been offered as solutions for
providing adjustment of controller parameters as systems undergo changes due to
parameter variations—they adjust their parameters on-line in response to changing
operating conditions (Pierre, 1987). More commonly used is the self-tuning adaptive
control, which comprises an approximator for on-line parameter identification, and a
controller structure for guaranteeing good stability and dynamic response. Ghandakly &
Farhoud (1992) proposed a self-tuning regulator for power system stabilizers using a
recursive least squares identification technique, and a parameter optimization approach
which employed a quadratic performance criterion. This regulator was shown to
outperform the previously designed regulators based on minimum variance, generalized
minimum variance, PID, and deadbeat control strategies (Ghandakly & Kronegger, 1987;

Gu & Bollinger, 1989; Kanniah et al., 1984; Wu & Hsu, 1988), but the machine
41



considered was represented by the classical swing-equation model with a first-order
exciter, and subjected to a three-phase fault of duration not more than 0.1s. The speed
response, it was shown, settled within 2-3s. Also, by employing a pole-shifting factor to
make all closed-loop poles remain within the unit circle, Ghandakly & Dai (1992)
demonstrated the effectiveness and robustness of a generalized multivariable self-tuning
controller. The controller was shown to settle the system response in about 2s after
subjecting the model power system used to a series of fault conditions.

Moreover, a set of power system stabilizer schemes, using various control strategies, was
considered by Falkner & Hech (1995), and, although the authors raised some pertinent
issues (i.e., limited controller sophistication; set point tracking) which suggested further
investigations into the controllers discussed, it was inferred by them that linear robust and
fuzzy controllers performed best in comparison to linear power system stabilizer, and
nonlinear robust and sliding mode controllers. Criteria based on unmodeled dynamics,
parameter variations, measurement noise, and input disturbance were used to draw the
inferences.

Meanwhile, Abdel-Magid et al. (1999) proposed a new method of tuning the
conventional power system stabilizers using the genetic algorithm (GA) approach. In the
study, the problem of stabilizing a set of plants, representing various operating
conditions, was converted into a GA-based optimization problem in which the considered
power system stabilizer’s parameters (only three of them) were optimally tuned to
stabilize the set of plants. However, the objective function used was formulated based on
the eigenvalues that needed to be shifted / placed, thereby making accurate tracking of

eigenvalues a necessary condition for the success of the parameter tuning. Besides, the
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settling time of the speed variations was as much as 2.4s in some disturbance cases
considered.

Another significant area of applications of control techniques for power system
stabilization is feedback linearization control (FBLC), which involves complete or partial
transformation of nonlinear systems into equivalent linear ones that are amenable to
linear control design techniques (Khalil, 2015; Lin, 1964). Several versions of FBLC
have been applied to the design of power system excitation control (Chapman et al.,
1993; Mielczarski & Zajaczkowjki, 1994; Nambu & Ohsawa, 1996; Sun & Lu, 1996).
But Gan. et al. (2000) set out to address some major design issues associated with FBLC,
such as knowledge of the equilibrium point of the power system, dependence on the
topology of the power system, and lack of guarantee that terminal voltages would remain
within their operating limits. The authors proposed an improved FBLC using a linear
optimal state-space feedback and saturation-type nonlinear robust control strategies,
although a single-axis model was employed and the rotor angle oscillations were damped
out in a long duration of about 15s (after perturbing system under the action of the
proposed controller). Associated with FBLC is the method of zero dynamics which
allows the output function of any nonlinear system to be kept very close to zero using a
nonlinear state feedback control. Mahmud er al. (November 2011) used this method of
zero dynamics for feedback linearizing excitation control for power systems. A
disturbance in form of change in the rotor angle operating point was applied, and it was
observed that the speed deviation steadied to zero in 2.6s.

Other control principles and design techniques that have gained prominence in realizing

control laws for power system stabilization are Lyapunov stability theory, passivity
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theory, optimal control theory, and variable structure control; they have been implicitly or
explicitly used in designing control systems that led to good performance and reliable
system behavior (Espinosa-Perez et al., 1997; Falkner & Heck, 2000; Katende &
Awelewa, 2007; Lu & Xu, 1996; Mukhopadhyay & Malik, 1972; Pogromsky et al., 1996;
Roberts & Ian, 1997; Samarasinghe & Pahalawatha, 1994). Lyapunov-based control
design involves searching for, or constructing, a candidate energy function that would
guarantee asymptotic stability and acceptable response of a closed-loop system (Ogata,
1997). Passivity theory is a method of constructing a Lyapunov function for a
combination of systems of subsystems with known individual Lyapunov functions; it
provides procedures for generating physically meaningful Lyapunov functions for
dynamical systems as long as certain properties are satisfied (Lin, 1964). This method of
Lyapunov function was employed by Rui et al. (2010) to design a novel excitation
controller using the adaptive backstepping technique. The controller worked well by
removing oscillations within 2.5s from the system after the system was subjected to an 8-
cycle fault. One general drawback with this approach is how to determine the Lyapunov
function whose existence is not certain. In the case of optimal control, the thrust of the
design is to maximize the performance of a dynamic system at a minimum cost; it
consists of designing a control law that will give an optimal state trajectory such that a
cost function, known as a performance index, is minimized. Variable structure control
strategies have been known to offer robustness in the face of system uncertainty (Juan &
Gerald, 2010; Huerta et al., 2011), and sliding mode control is highly useful in this
regard. Using sliding mode control, Colbia-Vega et al. (2008) designed robust excitation

controller for power systems. The controller caused system variables to converge to the
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equilibrium point in 2.5s after the removal of a 5-cycle fault to which the system was
subjected. Also, Huerta et al. (2010) proposed a sliding mode speed stabilizer (SMSS)-
sliding mode voltage regulator (SMVR) scheme which is similar to the classical AVR-
PSS scheme. Although the performance of the proposed scheme depended on the proper
coordination of the SMSS and SMVR blocks, the scheme offered better damping of
oscillations than the AVR-PSS scheme. In the work, oscillations caused by a three-phase
symmetrical fault lasting for 8 cycles were damped out in 1.5s to 2.5s. Another
application of sliding mode control to a single-machine infinite-bus power system was
carried out by Atabak and Saeed (2012). Their proposed controller was shown to
outperform the conventional PSS, though, it was pointed out by the authors, determining
the controller gain involved a trial-and-error process. The theory of synergetic control,
which is similar to sliding mode control, has also been applied to design excitation
controllers—for example, Ping et al. (2014) proposed an improved synergetic excitation
controller for improving transient stability of power systems and voltage regulation
performance. This work used a synergetic control signal to move the system variables to
a manifold defined as y = 0 and then cause them to remain on this manifold at all times,
thereby removing oscillations due to system faults. A 6-cycle three-phase fault to which
the system was subjected led to oscillations that were damped out in 2s.

Recently, there has been a resurgence of research interest in the application of fuzzy logic
and neural networks, or their combinations, to damping oscillations in power systems.
For instance, in (Chaturvedi & Malik, 2005), an adaptive power system stabilizer based
on a generalized neuron artificial neural network (GNANN) was presented, and shown to

outperform the structures put forward in (Zhang et al., 1995, Zhang et al., March 1993,
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Zhang et al., May 1993) which have 20 input layers, 20 hidden layers, and 1 output layer;
35 input layers and 1 output layer; and 30 input layers, 10 hidden layers, and 1 output
layer, respectively. In the paper, the system, whose identifier and controller were GN-
based, was able to dampen out oscillations due to, among others, a three-phase fault in
about 2-3s. The authors used only a single neuron to realize the system. Meanwhile, Yee
& Milanovic (2008) offered a new intelligent approach, i.e., a fuzzy logic controller that
uses a systematic analytical procedure in place of a priori expert knowledge/information,
to stabilize both the power output and terminal voltage of a synchronous generator. But
the effectiveness of the approach was demonstrated using only the swing-equation model
of a synchronous generator, and hinged on the premise that the loads must be static or
that their dynamic responses are negligibly small compared to that of the generator.
Likewise, a fuzzy logic-based power system stabilizer (FLPSS) was developed by
Venkatesh & Rao (October 2012) to replace the classical power system stabilizer for a
single machine connected to an infinite bus. In the work, the FLPSS was shown to damp
out system oscillations faster than the classical PSS, though for the application of a three-
phase fault that lasted for 5 cycles, the FLPSS could only make system variables settle in
about 20s. This settling time is clearly too long.

More recently, an alternative approach to damping rotor angle oscillations in power
systems was proposed by Garima et al. (2014). Using high power semiconductor devices,
the authors developed a hybrid power flow controller (HPFC) to be located at an
appropriate point in the transmission system. The performance of the controller was
tested with a three-phase fault of 0.02 (1.2cycles), 0.04 (2.4cycles), 0.1 (6 cycles), and

0.2s (12 cycles) durations. It was observed by the authors that the HPFC damped out
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oscillations and ensured system stability in 3.53, 3.7, 3.6, and 2.6s, respectively, for the
above-given fault durations.

It has been pointed out that the critical clearing time, which is the maximum fault cycle
that a system can withstand without losing stability, is an important aspect of transient
stability (Shuji et al., 2014). Therefore, it is still desirable to have controllers that can
furnish the system with greater ability to withstand longer fault cycles and damp out
system oscillations in much shorter time. Besides, many of the available power system
controllers have complicated structures which are not amenable to easy implementation.
So, a more compact nonlinear controller, which is universal and can be easily tuned for
excellent system dynamic performance, is highly required—this universal controller is
informed by the popular universal linear PID controller structure which has become the
de facto controller for many industrial control applications (Yun et al., 2006). In this
work, two schemes are developed to meet these aforesaid requirements.

2.3 Summary

This chapter has presented a brief review drawn from the open literature of the
fundamental theory and concepts, which are relevant to the work being carried out in this
Thesis. These include different synchronous machine models and control methods, which

will be further explored in the next chapter, with emphasis on control design.
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CHAPTER THREE: SYSTEM MODEL ANALYSIS AND CONSTRUCTION
OF CONTROL LAWS

3.0 Introduction

Generally, in any control system design, the plant model to be controlled constitutes a
crucial part of the overall control problem solutions. Therefore, it is important that the
plant model must be able to accurately represent state variables with significant influence
on the dynamic behavior of the physical system being modeled. Besides, vital plant
parameters must be represented. If reduced-order models of a physical plant are able to
capture their typical low-frequency behaviors accurately, then they will be sufficient to
be used for the purpose of control design, especially when the task of the controller is to
improve stability and overall dynamic performance in spite of the plant’s model
imprecision (Slotine & Li, 1991). Considering sixth-, fourth-, and third-order models of a
single machine connected to an infinite bus (SMIB) system as examples, this chapter
presents three nonlinear excitation control laws. While two of these are higher order
sliding mode laws, the third is based on the concept of dynamic system homogeneity. The
construction of these laws leads to the overall development of control schemes for
stabilizing power systems. Importantly, novel MATLAB tools are developed for testing
any affine nonlinear dynamic system for exact linearization. This concept is fundamental

to many nonlinear control system design problems.

3.1 Research Design
The stages involved in solving the research problem are: modeling of power systems,

derivation of output signals, construction of control laws, implementation of control laws,
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and realization of control schemes. These coherent and logical steps are presented

pictorially in Fig. 3.1.

System modeling
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|

Derivation of output functions

L J

Calculation of output function derivatives

L 4 Y

!

Construction and Constructionand

tuning of a sliding tuning of a

mode control law homogeneity-based
control law

Construction and
tuning an improved
sliding mode control
law

MATLAB/SIMULINK

Implementation of control laws using
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Fig. 3.1: Diagrammatical representation of the research design

As shown in the diagram, the final stage of the research is to realize control schemes that

can handle large system disturbances and quickly damp out oscillations. In order to

ensure that these schemes have this capability, the construction and implementation
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stages are iterative. This means that the control laws are made to undergo software-based
evaluation and the results of this are used to adjust the parameters of the control laws.
This process of evaluation and adjustment is repeated until desirable optimal performance

is obtained.

3.2 Power System Model (PSM) Description and Analysis
The general representation of a single generator connected to an infinite bus is shown in
Fig. 3.2. A typical configuration is given in Fig. 3.3, with its simplified representation
depicted in Fig. 3.4. Zg in Fig. 3.3 is the equivalent impedance between the transformer
terminal and the infinite bus, and is expressed as

Zg = Rg + jXg (3.1
where Rg and Xg are the equivalent transmission line resistance and reactance,
respectively. The values of parameters Rg and Xg are lumped together with that of the
generator and transformer. In other words, Rg is added to the generator armature
resistance to form the overall resistance, while the sum of Xg and Xy (transformer

reactance) is added to each generator reactance to get the appropriate overall reactance.

)
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Fig. 3.2: General representation of a SMIB (Kundur, 1994)
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Fig. 3.3: Simplified representation of a SMIB (Mahmud et al., September 2011)

Vi
: | Zg

Fig. 3.4: Equivalent representation of a SMIB

Using the synchronous generator model given in the previous chapter, the dynamic
equations describing this SMIB model is given in equations (3.2)-(3.7) (Anderson &

Fouad, 2003; Kokotovic & Sauer, 1989) below.

dsé

Pra O OF (3.2)

do_Tm (1 _1 \Wabg (1 \baBg (_1_)¥aFq (3.3)

dt M Xq+Xg Xy+Xg/ M Xq+Xg) M Xj+Xg) M '

dEq _  (Xa+XE) s, (Xa-Xq)

dt  Tho(XG+Xg) Bq + Tao(Xq+XE) Wa t Tdo 34)

dﬂ - _ Rt(.L)S Rt(.L)S

& = e Yq + X, +%s) Eq + oy + wsVsing (3.5)

dﬂ - Rt(.L)S Rt(.L)S

ac = (hexe) Yq — X+ ) — wYig + wsVcosd (3.6)
; dEq _ (Xq*Xe) o, (Xq—Xq)

Tao g = (Xp+XEg) a (Xp+XE) bq 3.7)

This is a sixth-order model having only one amortisseur winding in the quadrature axis.
va and g are the flux linkages in the d-axis and g-axis, respectively, Eq is the g-axis
voltage which is proportional to the field winding flux linkage, Ej is the d-axis voltage
which is proportional to the amortisseur winding flux linkage, d is the rotor or torque
angle in radians, and o is the rotor speed in radians/s. Also, T, is the input torque, R; is
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the sum of the generator armature and transmission line resistances, V is the magnitude
of the voltage of the infinite bus, ®; is the synchronous speed of the generator, and E¢
represents the excitation coil voltage. M = 2H/w, is the moment of inertia, where H is the
generator inertia constant in seconds. All the parameters in the model, which have been
defined previously, are in per unit.

In a more compact form and introducing some slight rearrangement, equations (3.2)-(3.7)

can be rewritten as

dé

Pra O OF (3.8)

d ’ 1

= = A+ Alialg + AsbaEq + AgligEq (3.9)

dE¢ , 1

dtq == _BlEq + lele + T,_dOEf (3.10)

4 = —CYq + CEy + i + Vssing (3.11)

4 — Dy, — DE} — wibg + Vycoss (3.12)
! dE’ !

qu dtd == _ElEd - Ezlqu (3.13)

The parameters A;-A4, By, Ba, C, D, E4, and E; are defined as follows:

T 1 1 1 1 1 1 1
Alz—m;A2:<’ - )_;A3:<I )_;A4:<I )_
M Xq+XE Xd+XE M Xq+XE M Xd+XE M

_ _(XatXp) .o _ _(Xa—Xg)
T(’io(X::1+XE)’ 2 T(’io(x(’i"'XE)

B,

_ Riwg
 (X4+Xg)

_ Riwg
(X4 +XE)

_ ClatXe) o _ (q-XQ)
(Xo+Xg) > 27 (X4+Xg)

Eq
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Vs = oV
The two-axis and one-axis models can be derived from the sixth-order model described
above by introducing relevant assumptions as carried out in the previous chapter. But to
reveal some fundamental issues regarding these reduced-order models and gain proper
mathematical insights about their structure, the concept of integral manifold is employed
to derive them. Sauer, et al. (1988) forms the basis for this derivation, though some
extensions to this are included here.
3.2.1 Two-Axis Model (PSM1)
This is a reduced-order model which assumes that the stator transients are restricted to an
integral manifold in the state space. This manifold represents the solutions of the stator
differential equations (3.11) and (3.12) when the resistance R; is zero.
With these solutions given as (Sauer et al., 1988)

Pq = Vcosd (3.14)

Yy = —Vsing, (3.15)
the manifold facilitates the reduction of the sixth-order model described by equations
(3.8)-(3.13) to the following fourth-order model (Fitzgerald et al., 1983; Kundur &

Dandeno, 1983):

ds

Pra O OF (3.16)

S = A, — 1A,V?sin28 + A;VEjcos§ — A,VE;sinG (3.17)

dE¢ , 1

dtq = —B;Eq + B,Vcoss + T,—dOEf (3.18)
, dE! p .

qud—td = —E,E4 + E,Vsind (3.19)
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when the initial conditions §(0), 4(0), and 1,(0) are on the manifold, i.e., when the
initial conditions of the stator transients are on the manifold. As demonstrated in (Sauer
et al., 1988), this two-axis model approximates the sixth-order model very well, although,
when the stator transient initial conditions are off the manifold, the model yields (Sauer et

al., 1988) the following:

By, (3.20)
S = Ay — 1 A,V?sin28 + A;VEjcos§ — AVE[sinG + Ty, (3.21)
4 _BLE{ + B,(Vcosd + dg) + o E (3.22)
Tjo i58 = _E,E) + E,(Vsind — dg) (3.23)

where Ty (a component of torque associated with the initial conditions of the stator

transients) is given as

Toe =+ [A2(dadq — dqVsing + dVcoss) + AsdgEj + A,dgEq] (3.24)
with

dy = \/dﬁ(O) + dZ(0)cos |wst + & — 5(0) — Tan™" (%)] (3.25)

d, = \/dﬁ(O) + dZ(0)sin [wst + & — 5(0) — Tan™" (%)] (3.26)

3.2.2 One-Axis Model (PSM2)

This reduced-order model is obtained by eliminating the influence of the damper winding

or, in other words, assuming that Tg, is a very small number a. This requires that Ej be

solved for in terms of &, ®, and E(’l from equation (3.19) and then substituted into
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equation (3.17). For better accuracy, a third-order approximation is considered here. (A
case of second-order approximation is treated by Sauer et al. (1988))

Let the solution of Ej be given by the function
Eq = G(8, w,Ef, a). (3.27)

Substituting this last equation into equation (3.19) yields

oS’ = —E,G + E,Vsing (3.28)

where

dG 4G d§ 4G dw aG dEg
a—=o-—ta——+«
dt a8 dt + dw dt + 0Eg dt

(3.29)

Since a is small, equation (3.27) can be expanded using Taylor’s series to give

" 3)
Eg = G(a) + G’ (@) + G Z(IOL) o+ & 3l(a) o + -

or, ignoring higher-order powers of a,

Eg = Gy + Gya + G,a? (3.30)
with

Gy = G(a)

G, =G (o)

_ G”(O()
G, = 2!

Again, equating equation (3.28) and equation (3.29) after the substitution of equation

(3.30) gives

9(Go+Gya+Gya?) d§ 9(Go+G1a+Gpa?) do 3(Go+Gya+Gya?) %
28 dt ow dt 0Eg dt
== _El(GO + G10( + GZOLZ) + E2V51n8 (3.31)
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Equation (3.31) is now manipulated by equating corresponding coefficients of various
powers of a on both sides to yield Gy, G;, and G,.
For o approximation, Gy and G, form the component of Ej, and are given as

Go = F,Vsiné (3.32)

G, = —:—1V(m — wg)cosd (3.33)

E
where F; = E—Z .
1

Likewise, for o’ approximation, Gy, Gi, and G, form the components of E}, with G, given

as

G, = —:—%(m — wg)?Vsind +
:—%VCOSS[Tl + A;F,VZ%sinScos8 — A4VE(’lsin8] (3.34)

where T; = (A; — A,V?2sinScos8).
(The full derivations of equations (3.32), (3.33), and (3.34) are provided in Appendix A.)
From equation (3.30), based on these two approximations, Ej is given respectively in

equations (3.35) and (3.36) as follows:

Ej = F;Vsind — a%V(m — Wwg)COS8 (3.35)
1
Ey = F,Vsind — a%V(m — wg)cosd — a? % (w — wg)?Vsind +
1 1
o? :—%VCOSS[Tl + A;F,VZ%sinScosd — A4VE(’lsin8] (3.36)

Therefore, substituting equation (3.35) into equation (3.17) and combining the result with

equations (3.16) and (3.18) yields the following third-order model

% =W — W (3.37)
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d F,V2Z . ;o , F3F

d_‘: =A + 22 sin28 — A,VEgsing — Ty %VZCOSZS (0 — ws) (3.38)
d !

9 = _B, E{ + B,VcosS + —— E (3.39)

do

. 1 1 1 1
with F, = (m—x X )ﬁa“dF3 = <x X )
dTAE qTAE qTAE

The last term in equation (3.38) actually denotes the torque component associated with

the damper winding. The accented part of this term is often represented in the literature
(Anderson & Fouad, 2003; Fusco & Russo, 2012; Arjona et al., 2009) as D/M, where D
is called the damping constant, and M is as defined previously. Hence, the popular flux

decay model is

ds

9 _ o~ o, (3.40)
d D FaVv2 . '

d—‘: =A, - M((1) —wg) + 22 sin26 — A,VEgsiné (3.41)
dE¢ , 1

% = —B,E{ + B,Vcos + ——Ey (3.42)

do

The third-order model can be improved upon if equation (3.36) is substituted into
equations (3.16)-(3.18) with one more additional term (due to the damper winding)

added. This improved model is reflected in the rotor speed differential equation:

2
(ji—(: =A + FZZV sin28 — A4VEgsing — Tgg %VZCOSZS (0 — wg) —
’ ZA
(TqOZ)TmVZsinZS (0 — wg)? (3.43)
1

The complete derivation is shown in Appendix A. In a similar fashion to equations

(3.40)-(3.42), the improved flux decay model is given as

=0 — o (3.44)
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do D;(w-wg) Dy(w—wg)? , FV? ;o

= A1 1 VI 2 VR 22 sin28 — A,VEgsing (3.45)
q _ _BE! + B,Vcoss + ——E (3.46)
dt ~ 17a 2 Thy | .

It is instructive that when Tg, is significantly small, the flux decay model in equations
(3.40)-(3.42) will sufficiently approximate the higher-order models. Otherwise, equations
(3.44)-(3.46) are a better approximation.

To investigate the accuracy of the reduced-order models discussed so far, a disturbance,
which is a short-circuit fault at the infinite bus, is applied for the duration of 0.1second
(5-cycle fault), 0.14second (7-cycle fault) and 0.18second (9-cycle fault) after the system
has reached a steady state. Fig. 3.5 to Fig. 3.13 show the response waveforms of the three
models (equations (3.8)-(3.13), equations (3.16)-(3.19) and equations (3.37)-(3.39))
under the three different fault cycles for the initial conditions xo = [0.6836, 317.43,
1.1413], xo = [0.6836, 317.43, 0.2956], and xo, = [0.6836, 317.43, 1.1413, 0.7874, -
0.6326, 0.2956]. (These initial conditions represent small deviations of the system states
from their equilibrium values as obtained in Chapter 4, Section 4.1.) The system
parameters used in this study are given in Table 3.1. The main stability indicators used in
this chapter to validate the 3"™- and 4™-order synchronous machine models against their

6"-order counterpart are rotor load angle, rotor speed, and quadrature-axis EMF (EQ)-

58



Table 3.1: Typical system parameters for a SMIB (Anderson & Fouad, 2003; Sauer et al.,

1988)
System Parameter Value
Synchronous reactance Xe=09pu; Xy=0.7p.u
Transient reactance X¢=02pu; X’ =0.2p.u.

Open-circuit transient time constant T 40=5.00s; T’4o=0.13 s

Inertial constant H=5.00s
Input torque Tm=0.8413
Transmission line reactance Xg=0.24 p.u.
Transformer reactance Xr=0.13 p.u.
Infinite-bus voltage magnitude V=1.0p.u.

From the simulation waveforms displayed in Fig. 3.5 to Fig. 3.13, the general observation
is that as the fault duration increases, the peak overshoots of the system variables being

used as main stability indicators (8, ® and E(’l) also increase. It is seen that the fourth-

order model is able to approximate or reproduce the outputs of the sixth-order model with
high degree of accuracy, while the third-order model deviates slightly from that of the
sixth-order model. Particularly, the rotor angle ‘6’ and the Q-axis voltage ‘E’ obtained
from the third-order model show noticeable deviations from those of the sixth-order
model, especially during the first peak and subsequent oscillations from the fault
clearance instances. For the rotor angle, the estimated first peak (swing) error is between
5°and 6° as the fault clearance time is varied from 5 to 9 cycles, while the error in the Q-

axis voltage is minimal and ranges from 0.005pu to 0.01pu. Also, the error in Eg between

the two models being compared steadily decreases as the system approaches the steady
state. Based on this investigation, it can be concluded that the third-order model state

variables correctly match their corresponding variables from the 4™-and 6"-order models,
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with negligible error during the first peak. Hence, it can be said that the fourth-and third-

order models are good representations of the sixth-order model.

Fig. 3.6: Rotor speed waveforms for a 5-cycle fault
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3.3 Control Law Construction

Consider an affine nonlinear power system represented by the model

x = f(x,t) + g(x)u

(3.47)
where x € R"is the system state vector, f € R" and g€ R"™ are continuously

differentiable function vectors, and u is the control signal. The control design problem
involves construction of a nonlinear control law, u, that will ensure that the output signal
becomes zero in finite time and remains so (with minimum control effort) thereafter,
including under both normal and disturbance-induced conditions. This task requires a
pre-selection or derivation of an output signal or function that naturally goes to zero when
the system reaches its steady operating condition. In this regard, the relative degree of the
system with respect to the chosen output is vital.
Notice that the control laws constructed in this chapter are based on the fourth-order and
third-order models which were presented and validated earlier on. For the purpose of easy

reference, the third-order model will be termed ‘power system model 1° (PSM1), while
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the fourth-order model will be termed ‘power system model 2’ (PSM2). Similarly, the
control laws will be referenced accordingly—that is, ‘control law 1’ (CL1), ‘control law

2’ (CL2), etc.

3.3.1 Determination of System Outputs for Control Design
Generally, the chosen system output is such that the system relative degree (denoted as r)
with respect to it is greater than or equal to the order of the system (denoted as n) i.e., r <
n. In cases where r < n, then the system internal dynamics must be stable. In a broad term,
the relative degree of any nonlinear system given by equation (3.47) is the number of
times its output function will be time-differentiated to yield most immediately an
expression which is a function of the control signal.
Definition 3.1: Consider the nonlinear system in equation (3.47). The relative degree, T,
of the system equals the order, n, of the system if the matrix

P=[g(x) adg(x) adfg(x) - adflg(x)] (3.48)
has rank n near the system operating point, xy, and the matrix

D=[g(x) adg(x) adfg(x) - adi2g(x)] (3.49)
involutes at x = xo. The involutivity condition is that matrix D and any of its variant

D; = [g(x) adg(o) - adpg(x) [adig(),adig(x)]] (3.50)

have rank n-2, wherei=1,2, ..., n-2,j=1,2, ..., n-2, and i # j. The symbol adg(x) or
[f(x), g(x)] is called the Lie bracket of g(x) along f(x), and adlg(x) = ad (ad}?1 g(x)).

When the conditions in Definition 3.1 are satisfied, then the output function that makes r
to be equal to n can be derived by either solving the system of partial differential

equations
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DO (o) adglr) - adf2g()] = 0 3.51)

where y(x) is the unknown output function, or using the general algorithm given in

Appendix B. a;(;_(xx) is the gradient of y(x) along x = [x; x> x3 ... xy]. However, when the

conditions in Definition 3.1 fail, it means the system relative degree is less than n, and the
output function can be obtained only through equation (3.51).
Definition 3.2: Consider again the nonlinear system in equation (3.47). The relative
degree of this system with respect to an intuitively pre-selected output function y(x) is the
value of k such that

Ley(x) = LeLiy(0) = Leldy(x) = -+ = Lyl 2y(x) = 0 (352)
but

LgLf'y(x) # 0 (3.53)
within a region of x = xy, where LgL}y(x) represents the Lie derivative of L}y(x) along
the function g(x). Various output functions (measurable and/or convenient) can be chosen
and then tested using equations (3.42) and (3.43). Two MATLAB programs—one for
computing the relative degree of a nonlinear system and the other for verifying whether
an output function that yields r = n exists—have been developed and are given in
Appendix C. These MATLAB tools are general for any affine nonlinear system. The
flowcharts for the programs are shown in Fig. 3.14 and Fig. 3.15.
Thus, for each of the models being considered, the system relative degree with respect to
a number of output functions is computed using the MATLAB tools mentioned
previously. Table 3.2 and Table 3.3 depict the results for the fourth-order and third-order

models, respectively. The manual calculations are given in Sections 3.2.1.1 and 3.2.1.2.
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Table 3.2: System relative degree for the fourth-order model

System output Relative degree
E’aa 4
N 3
WA 2
E’ga 1

Table 3.3: System relative degree for the third-order model

System output Relative degree
N 3
OA 2
E’ga 1
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Fig. 3.14: Flowchart for testing the exact linearization condition
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Fig. 3.15: Flowchart for computing the relative degree of a nonlinear system
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3.3.1.1 Exact and Inexact Linearization of PSM1
PSM1, from equations (3.37)-(3.39), can be rewritten in a more compact form as
x = f(x) + g(x)u (3.54)

where

® — Wy
sin28 — A,VEgsing — Ty F?V[iVZCOSZ(S((D — wg)

—B;E§ + B,Vcosé

F,V?
2

— A+

81 0
glx)=(82]= 1 0 ,and u = E;.
83 T,

Linearization of PSM1 for output function 6, =6 — 9y

For 0, = 6 — 0o, equations (3.42) and (3.43) give

0
ds
Term 1: Lgdy = 2g(x) =[1 0 0] 1/0 = 0.
Tdo
d(Lgd
Term 2: LyLS, = (d—;A)g(x)
dS fl
Lds = f@) =[1 0 0l|f|=fi=w-w
f3
0
d(w-ws
LeLids =922 g(x) =[0 1 0] 1/0' 0.
Tdo
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d(L35
Term 3: LyL£d, = %g(x)

f
L%SAZd(Z—fA)f(x):[O 1 ol|f2| = £
f3

d(LZs
LeL3, = L () =

[F,V?c0s28 — A4VEgcosS + Ty %VZ (w — wg)sin28

0
_r EsFiya 28 i 0 |- AV,
Tqo v V<cos*6 — A,Vsind] 1/ N s sind
Tdo

Since the third term, i.e., LgL%SA, is not equal to zero (for & # 0 or +mm, where m is a

positive integer), then the relative degree of PSM1 with respect to 3, is 3. This also

implies that PSM1 can be exactly linearized in the Bruvnosky normal form as follows:

le

=1, (3.55)
d
=173 (3.56)
d
=V (3.57)

where z; = 8, z, = LSy, 23 = L25,, and v = L35, + LgL%SAu.
Linearization of PSM1 for output function v, = ® — ®y
Similarly, for wa = ® — wo, equations (3.42) and (3.43) give

0
0

1 ’
Ty

Term 1: Lywy = %g(x) =[0 1 0] =0.

o

d(Liwon)
Term 2: LyLiwy = %g(x)
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fi

d

Lfmf%f(x):[o 1 ollf|=£
£y

ALV

_df, _ :
LeLiw, = Eg(x) =7 sind.

Here LgLfw, is not equal to zero, and therefore, the relative degree of PSM1 with respect

to ma is 2. This system can be partly linearized as follows:

le

o=z, (3.58)
dZZ _

==y (3.59)
425 _ 1,0 3.60
o = Le (3.60)

such that Lg® = 0, where z; = wy, Z, = Liwy, z3 = 0, and v = LZw, + LoLewpu.
Equations (3.58)-(3.60) indicate that at a steady operating condition, the external
dynamics, i.e., equations (3.58) and (3.59), vanish, while the internal dynamics, called
zero dynamics, determine the state (and therefore, stability) of the system.
By solving

Lg6 =0,
it can be deduced that

0=x, =6.
Therefore, the internal dynamics

d23

de
5 = L= Ef(x) = Wy

also vanish, keeping the system stable.
Linearization of PSM1 for output function Egy = Eq — Eg

For this output function, the first term in equation (3.42) is not zero. That is,
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0

. r dEtllA _ 0 _ B
Term 1: LgEqy = — glx)=[0 0 By 1 —i.

T,

o

So, the relative degree is 1. And the system is partly linearized thus:

le_

E_V (361)
422 _ 1,9 3.62
o = LB (3.62)
425 _ 1,0 3.63
5 = LiBs (3.63)

with Lg0, =0 and Lg0; = 0, where z; = Egy, 2, = 0,, z3 =03, and v =LEj, +

LgEgau. Since 8, = §, and 8; = w, the internal dynamics of this system become

q
dZZ =z w
dt — &3 S
d23 _ szz . 1 . 1 F3F1 2 2
& = A1+ —sin2z, — A VEggsinz, — Tgo == V*cos 7,(z3 — wy)

These internal dynamic equations are very interesting and significant, as they represent
the system swing equations. The import of this in terms of system dynamic performance

is that any controller that drives E, to zero and stabilizes the system will implicitly have

stabilized its electromechanical dynamics.

3.3.1.2 Exact and Inexact Linearization of PSM2
Again, with PSM2, equations (3.16)-(3.19), expressed in the general form of equation

(3.54), x, f(x), and g(x) are defined as follows:

Xq 0
X, w

x = x3 = E, N
X4 E§
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W — Wg
fy /Al — %AZVZSiHZS — A4VEgsing + A3VE(’icos<‘3\

f [ |
f(x) = fi = —B;Eq + B,Vcosé ;
fy ——-Ejy + = Vsing
qo qo
81 0
82| 0 o
84 0

Linearization of PSM2 for output function Ej, = E4 — Eg,
Employing equations (3.42) and (3.43) to find the relative degree with respect to this
output gives

0
. ! —dE_"M e O =
Term 1: LgEgy = —24g(x)=[0 0 0 1] /T, 0.
0

Term 2: LyL¢Ejy = %g(x)

fy
dE/ f
LfE(’iAzd—iAf(x)z[O 0 0 1] fi
fy
=,
[0
,_ [0(LeEqa)  O(L¢Eg,)  9(LsEgy) a(LfE(’iA)I 0 I
Ll¢Ely = 1
ox, ox, 0 9%, l/TC'iOJ
0

= Lol 1 g

TdO 6x3 TdO

, d(LZE!
Term 3: LyLZEg, = %g(x)
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0xq 0x, 0x3

L%E(’m = [a(LfEc’iA) d(LeEqy)  0(LfEgy) a(LfE::IA)] le

_ ¢ O(LfEga) d(L¢Egy)
_fl 0xq +f4 0x4

—V—2 w—w cosS—— ——E +—Vsm8
T (@ = ©,)c085 — £ (~ 1 B + 1 Vsing)

a X1 6x2 6x3

r 01
L LZEdA_[a(LfEdA) O(LfEqn)  O(LFEqn) a(LfEdA)] Ill(; JI
0

=L 20w L g

TdO 6x3 TdO

, d(L3E!
Term 4: LyL3Eg, = %g(x)

fy

13, = [a(L%E;iA) a(L%E;iA) a(L%E;iA) a(L%E;iA)] f
fda — f
axl axz axg ax4 3

fy

=f, <— E;,Ezl Vcoss — 2 V(w — a)s)sm8)
0

qo q

f, (— cosd) + f4( )

01
LoL3E! 0(LiEqs) 9(L7Eqs) O(LYEGa) a(LfEdA) O I
da =
axl axZ a.X3 T J
0
_ 1 9(L{Eg,)
_Tz;o 6x3
=—'l— 2 A4VZsinScoss| = — — —A,V?sin28§ # 0.
Tdo TQO 2Tdquo
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The last term holds true for 6 # 0 or +0.5mm, where m is a positive integer. Thus, this

translates to a relative degree of 4.

Therefore, the system can be exactly linearized as given by

le
— =7
dt 2

where z; = Ey,, 2, = LiEyy, 23 = L2Ey,, z, = L3Ey,, and v = L5, + LgLﬁéAu.

Linearization of PSM2 for output function §, = 8§ — §,

The relative degree with respect to this output is determined as follows:
0
: _ 48 — 0 |_
Term 1: Lg8y = gx)=[1 0 0 0] /T, 0.
0
d(L¢8
Term 2: LgL¢Sy = %g(x)

ds
LfaAzd—fo(x)zn 0 0 o]|2|=¢

o o

LgLf(SA =

0x4 0x, 0x5 0x, .

r
0(Lidy) O(LBy) O(LSy) 6<Lf5A)]|
|

|
1/T' J|

=200 _ 1 9=y,

TdO 6x3 TdO

2
Term 3: LgL$8, = %g(x)
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(3.65)
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125, = |

d(Lg8p)  9(LgSp) a(LfsA) a(LfsA)]
0xq 0x, 0x4

0xq 0x, 0x3 0xy

[ 0]
LgL%SA:[a(LfsA) a(L28,)  0(L25,) a(ngA)]hO I
o]

0

1 a(L2s ALV .
= —,M = —"%"sind # 0.
TdO 6x3 TdO

The relative degree is 3. And the linearization of the system is as follows:

d

=17 (3.68)
d

=173 (3.69)
d23 _

E =V (370)
42 1,0 (3.71)
ac ~ f .

where Lg0 = 0, z; = 85, 2, = L¢8y, 23 = L§Sp, 24 = 6, and v = L§Sp + LyLESu.
From
Lg0 =0,

it can be suitably deduced that 6 = x, = Ej. Hence, the internal dynamics of the system

become

dz E
— = ——17, + =*Vsing,.
dt Tho qu

It is obvious that this dynamic equation is stable.
Linearization of PSM2 for output function w, = ®w — w,

For this output, the following holds:
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0
0

d(L)A

Term 1: Lywy = g(x) =[0 1 0 0] 1T, 0.
]
0
Term 2: L Lf(oA = d(LfmA) g(x)
fy
d(l)A fZ
Lf(DA = Wf(X) = [O 1 0 0] f3 = fz
fa
o
0(Liwy) 0d(Lewy)  0(Lewy) a(Lf(DA) I 0 I
LgLf(L)A = 1
axl axZ a.X3 l /TdOJ
0
= L 0ron) AV s 2
Ty, 0xs T, :

Here the relative degree is 2, and the system transformation becomes:

d

=17 (3.72)
dZZ_

E_V (373)
423 _ 1,0 3.74
5 = LeBs (3.74)
d2: _ 1.0 3.75
o = LiBa (3.75)

where Lgb; =0, Lg0, =0, z; = Wy, z; = Liwp, 23 =03, 2, =0, and v = LEw, +
LoLewpu.
After solving
Lg93 = O, and Lg94 =0
to give suitably 8; = x4, and 8, = x,, the internal dynamics reduce to
dzs _ _ Ea

= — 7.
dt Tho
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This dynamic equation is stable.

!

Linearization of PSM2 for output function Egy = Eq — Eg

Similarly, the relative degree here is 1, because

0
_ , _ dEg, _ 0

Term 1: LgEqy = — glx)=[0 0 1 0] Il/TéJ + 0.
0

d

And the internal dynamic equations, which are also stable, are

dZZ =7 w

dt - 43 S

d23 _ 1

E —_ Bz\/COSZZ - BlEqO

dz E E .

—% = -1z, + =*Vsinz,,
dt Tho Tho

resulting from transforming the system to

dz

422 _ 1,9 3.77
5 = LB (3.77)
4z _ 1,9 3.78
5 = LeBs (3.78)
4z _ 1,9 3.79
o = LiBa (3.79)

such that Ly, = 0, Lg65 = 0, and L6, = 0.

3.3.2 Control Law 1

This section presents a control law which is derived from the general higher-order SMC
structure that can be tuned to achieve a desirable dynamic performance. Enjoying the
feature of a variable structure control system such as insensitivity to model inaccuracy

and robustness against system disturbances, it can guarantee finite-time stabilization of
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uncertain differentiable dynamic systems by ensuring that a set of system output-based
constraints is met.
Given the potential uncertainty in the nonlinear system in (3.47), the thrust of the control

design involves subjecting system states to the following r constraints:

h(x) =0,
h(x) = 0,
h(x) =0,
hT-D(x) =0,

A discontinuous feedback law is employed in order to keep the system dynamic
performance intact, where r is the relative degree (which is also called the sliding order)
and h(x) is the output of the system. This means that the convergence of these constraints
in finite time translates to stabilizing the states of the system. The only requirements are
that the relative degree must be known, the zero dynamics must be stable, and the control
signal must be finite and bounded.
The structure of the universal controller is given by (Levant, 2001, 2005)
u=—Ke,_.(hhh, .. hED) (3.80)
where

hD -+ Mj r@j_1
@ = sat | ————, & ),
r

and

(r=j)

a R . _q
M, = (Jhlr + [B]FD 4 - + [nO-D[FD) a
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q . gl
M, = (|h|r + |h|(r—1) NS |h(r—1)| )4,

forj=1,2,...,r-1,&>0, and q =r!. K and o, are the parameters of the controller.

3.3.3 Control Law 2
The second control law is designed based on the concept of geometric homogeneity.
Homogeneity is the feature of functions and vector fields associated with dynamic
systems, which guarantees their transformation (dilation) from one point to another in the
state space (Bhat & Bernstein, 2005).
Generally, system dilation is in the form

Ay(z) = (vMiz,,vM2z,, .- vTing ), (3.81)
which is an extension of the standard dilation

Ay (z) = (vzy,VZy, -+, VZy). (3.82)
If a nonlinear dynamic system can be represented as a set of integrator chains (exact

linearization into the Bruvnosky normal form)

le

=1, (3.83)
d

=173 (3.84)
dzy —

2= Lih+ (LyLf "h)u = ugq (3.85)

with uq given by
Ueq = f(2),
then it can be dilated to result in ueq given by

Ueq = f(v™z) or ueq = f(vz). (3.86)
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This concept is employed to upgrade the finite-time stabilizing feedback controller
presented in (Bhat & Bernstein, 2005) (Proposition 8.1), and given as follows: Consider
the system defined in equations (3.37)-(3.39). There exists a feedback control law

Ueq(2) = —kysign(z,)lz, "t — -+ — k,sign(z,) |z,
which ensures that the origin is globally finite-stable. The positive numbers k;, ka,. . ., k;
are appropriately selected such that the polynomial

p"+kep™t + ke p"? + kg
is Hurwitz.

Vi, Vo, ...,V are found from

with
Vipp =1; v € (1 —¢,1);e € (0,1).
The overall control law u is now given by

el
U= (3.87)
LgLf

3.3.4 Control Law 3
Using a saturation function for the switching in equation (3.80), this law is a modified
form of CL1, and is adopted to reduce the severity of switching in u. It is given by

u = —Ksat(T;_y (h, b, h, ..., h=D),¢), (3.88)
where

I;; = h® + ;M sat ((Fj—l,r)r s),

Fl,r = }:l + alMl,rSign(FO,r)
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and

a .9 =1 @D
M;, = (lhr + |h|(r—1) 4ot |h(1—1)|(r—1+1)) a
forj=1,2,...,r-1,€>0, and q =r!. K, 0; are the parameters of the controller.
It is noted that “sign” (shown in Fig. 3.16) is the signum function, while “sat” (shown in

Fig. 3.17) represents the saturation function.

Sign(y)A sat(y, & )\
+— +1
I |
- 0 - - I I v
-€ €
-1 -1
v \J
sign(y) = +1(if y > 0) or -1(if y < 0) sat(y, &) = min(1, max(-1, y/e))

Fig. 3.16: Representation of sign(y) Fig. 3.17: Representation of sat(y, €)

3.4 Control Signals and Schemes for PSM 1
With h; representing the output function, the following equations are the respective
control signals for PSM1:

mh; =6,:r=n=3.

u; = =Ko, 3 (h1' h1' h1)

= —Ksat (W&, 82) (3.89)

3

hi+oa1 M1 3903
(13 = sat (M—3 &
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h
(o3 = sat (_1' 80)
’ [hy|

M3 = (|h1|2 + |h1|3)1/6

M1,3 = (|h1|2)1/3

1/6

Mg = (Ihyl? + By | + [iy] )

ueq—L?h

u, = LT (3.90)
Ueq = —kysign(vz,)|vz, |1 — k,sign(vz,)|vz, |2 — kssign(vzs)|vzs |3

= —k;sign(zy)|vz,|"* — k,sign(z;)|vz,|"z — kssign(z;)|vz;|V2

p® +ksp?+kp+ ks =(p+a)(pt+a)(p+az) =0

7, = hl; Z, = thl; Z3 = L%hl

U3 = _Ksat <(F2,3 (hli }:11, Hl)) ) epSI)

= —Ksat <(H1 + a2M2,3sat(F1,3, epsi)) , epsi) (3.91)

[3= h, + a1M1,3sign(F0,3)

Toz =hy
For each of the control signals u; and us, the controller gain K and parameters o; are
properly tuned to give satisfactory system performance. For control signal u,, parameters
k; are preselected based on the placement of a; in the complex frequency plane, and v > 0
is the dilation gain.

Thus, the resulting control scheme for PSM1 is shown in Fig. 3.18.
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Static Bxciter Urd . PSMAL .

F 3
u, Uz, U State vector
e Rotorangle
& output ol
. derivatives State-Estimator | ©EVIAH0N
Monlinear Controller ) and Differentiator

Fig. 3.18: Control scheme for PSM1

3.5 Control Signals and Schemes for PSM2
The control signals here are similar to the ones derived for PSM1. This is a good way to
evaluate the above control signals under the influence of unmodeled dynamics—the
design intent is to assess the performance of the three control laws when the dynamics of
the system changes. The system output function is h,, and the control signals are ua, us,
and us.

mh, =6,;r=n—-1=3.

u, = =K@y 3 (hz' hz' hz)

= —Ksat (W&,sz) (3.92)
3

hy+oa1 M1 3903
(13 = sat (M—3 &

h
(o3 = sat (_Z' 80)
’ |ha|

M3 = (|h2|2 + |h2|3)1/6

M1,3 = (|h2|2)1/3

. 6y 1/6
My = (Ihy % + [Bo|” + [i,]°)
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ueq—L’}h

Us = LT (3.93)
Ueq = —kysign(vz,)|vz, |1 — k,sign(vz,)|vz, |2 — kssign(vzs)|vzs |3

= —k;sign(zy)|vz,|"* — k,sign(z;)|vz,|"z — kssign(z;) [vz;|V2

p*+ksp* +k,p+k; =(p+a)(p+a)(pt+az) =0

2, = hy; z; = Lehy; 23 = L%hz

u6 = _Ksat ((FZ,?) (hz, }:12, Hz)) ) epSl)

= —Ksat <(H2 + a2M2,3sat(F1,3, epsi)) , epsi) (3.94)

F1,3 = }:12 + O(1M1,3Sign(l—‘0,3)
o3 =h;
The expressions for hy, by, h,, and h, are given in Sections 3.2.1.1 and 3.2.1.2.

Likewise, the resulting control scheme for PSM2 is shown in Fig. 3.19.

Static Exciter Ura . PSM2 S
F 3
Uy, Us, U State vector
e Rotorangle
& output gl
. derivatives State-Estimator | Seviation
Monlinear Controller ) and Differentiator

Fig. 3.19: Control scheme for PSM2
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3.6 Summary

This chapter discusses several modeling methods of the synchronous generator in
stability studies, and a number of nonlinear control schemes. It has been shown that the
fourth-and third-order models of SMIB can approximate a sixth-order model correctly,
and this supports the underlying system representations used for the construction of the
control laws. Moreover, this chapter presented detailed construction of three sets of
control signals, including the important concepts of exact and inexact linearization of
affine nonlinear systems. It has presented a number of MATLAB tools for verification of
the exact and inexact linearizations of nonlinear systems, and for calculating their relative
degrees. Besides, to inspire orderly flow of material and enhance intuitive mathematical
connection, this chapter has clearly laid out all the control signals as related to each
model considered. The next chapter will consider the effect of all the control signals and

how the parameters of some of these signals are tuned.
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CHAPTER FOUR: CONTROL LAWS’ TESTING AND PERFORMANCE
EVALUATION

4.0 Introduction

The main purpose of any control system design is to achieve a desirable dynamic
characteristic of the system being controlled. For some nonlinear dynamic systems such
as power systems, a good performance entails that a number of important system
variables must settle quickly (within 2-3s) with minimal oscillations. To maintain
synchronism of power system, rotor angles and speeds of all synchronous machines must
be stable following perturbation. Besides determination of equilibrium points for PSM1
and PSM2, this chapter focuses on the performance assessment of each of the control
laws presented in Chapter 3 when synchronous machines were modeled using PSM1 and

PSM2. Moreover, an approximate tuning method for CL1 and CL3 is provided.

4.1 Equilibrium Points for PSM1 and PSM2

Determination of equilibrium or singular points for nonlinear control system is very
important for analysis and design purpose because it allows a small-signal operation of
nonlinear systems to be studied and understood using linear control theory methods. On
the other hand, feedback controllers for general performance improvement can be
designed based on the deviations of the state variables from their steady-state values.

Let (x10, X20, X30) and (x10, X20, X30, X10) represent the equilibrium points of PSM1 and

PSM2, respectively. These are described by equations (4.1) and (4.2) as follows:
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|'—‘O o

M

X2 — Wg

1 . ) TgoF3F

A+ Eszzstx1 — A Vxgsinx; — 222 v2(x, — ms)coszx1> + (
—B;x3 + B,Vcosx;

)u (4.1)

oL

. Xy — Wg 0

x; /Al - %A2V251n2x1 — A,Vxssinx; + A3Vx4cosx1\ / 0 \

%5 | = —B; x5 + B,Vcosx; + T# u (4.2)
X4 — f%x4 + E%Vsinxl 80

qo qo
At equilibrium, all derivative terms in equation (4.1) are set to zero, i.e.,
B X,—ws=0
= Xy = Ws. (4.3)

1
| A1 + Eszzsinleo - A4vx3osinx10 = O

1 .
A1 +EF2V2 sin2xqg

= x30 = A4VSinx10 (4'4)
| - B1X30 + BZVCOSX10 + %UO = O
BZVcosx10++u0
— Tdo

= x30 —_ B1 . (4'5)
Combining equations (4.4) and (4.5), and using the identity sinx;,cosx;o = %sianlO,
gives

1 1 1 _

<§ Bzv A4_ - EBlv Fz) Slnleo + T—,A4Vu051nx10 = AlBl' (4’.6)

do
Equation (4.6) is solved numerically to obtain x;o (see Appendix D), and from either

equation (4.4) or (4.5), x39 can be found. Hence,

(%10, %20, %30) = (80, w0, Ego) = (0.6768,314.29,1.1300).
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Similarly, the equilibrium point of equation (4.2) is determined as follows:

| xzo_(l)S:O

= xZO = (DS' (4'7)
| A1 - iszzsinleo - A4vx3osinx10 + A3VX4OCOSX10 = O (4’.8)
| - B1X30 + BZVCOSX10 + T,LUO = O

do

1
B2VCOSX10 +T,—u0

— do
= X309 = = ) (4.9)
1
E Ep o .
u —L x40 + == Vsinx;, = 0
T T
qo qo
_ EZVsinxlo
= xgg = P, (4.10)

Substituting equations (4.9) and (4.10) into equation (4.8) leads to (4.11), which can be
solved for xj¢ as before to give

B,E,VZ2As

(i 82V2A4 +%Blva2 - )Sinleo + T,LAél_VuOSinxlO = AlBli (4.11)
do

1

Thus, the equilibrium set for PSM2 is

(%10, %20, %30, X40) = (80, o, Efo, Efgo) = (0.6768,314.29,1.1300,0.2927).
These two equilibrium sets are stable in the sense of Lyapunov (see Appendix D for
further details on how to compute the Jacobian matrix for equations (4.1) and (4.2) and

their corresponding eigenvalues).

4.2 System Simulations and Results

This section examines the performances of the three control laws (CL1, CL2, and CL3)
proposed in Chapter three when employed to control a single machine connected to an
infinite bus. To highlight the improvements that can be achieved with the proposed

control laws, closed loop results are compared against the open-loop equivalents
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(constant excitation). In this comparison, system operating conditions remain the same;
both 3"- and 4™-order synchronous machine models were employed. A solid symmetrical
three-phase fault, which is simulated by a sudden reduction of the infinite bus voltage to
zero, was applied to create a temporary mismatch between electromagnetic torque (7,)
and input mechanical torque (7,,); and post-fault and pre-fault conditions were assumed
to be the same. Two fault locations were examined: one at the infinite bus (V. =0 and Xg
= (0.24pu), and the other at the generator terminals (V,, = 0 and Xg = 0). Also, the fault
clearance time was varied to show the effectiveness of the proposed control laws in
retaining system stability and improving damping; especially as some of these control
laws include speed deviation terms. All the system simulations were carried out using
MATLAB R2012a on an Intel Celeron CPU530 @ 1.73GHz speed with 1.00GB RAM

and 32-bit Windows 7 Ultimate operating system.

4.2.1 Responses of PSM1 under the Action of the Control Laws

A) Fault at infinite bus: V = 0; Xi = 0.24; and fault clearance time tc =5, 7, and 9

cycles: Fig. 4.1 to Fig. 4.3 show the sets of waveforms of the rotor angle, rotor speed and
quadrature axis induced EMF of a synchronous generator for this case. It was observed
that, when tc was 5 cycles, power oscillations in load angles and rotor speeds were
damped quickly (within 2seconds), with CL1 yielding highest first peaks. Oscillations
due to constant excitation were large. For the 7-cycle clearance time, although the load
angles and rotor speeds produced from CL1, CL2, and open loop have similar first peak,
CL1 and CL2 exhibit better damping of power oscillations. Likewise, in the case of 9-
cycle clearance time, oscillations in load angles and rotor speeds for CL1 and CL2 are

well damped, but CL1 exhibits better performance as it has lower first peak in the load
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angle than that of CL2 and open loop (which means that CL1 improves transient stability
margin more than CL2). In all the cases of clearance time considered, it is important to
note that E4 due to CL1 and CL2 reflects the adjustment required to realize the desirable

damping in load angles and rotor speeds.

70

9]
(@)

1N
(@]

Load angle(Degree)

W
]

(a)PSM1 rotor angle waveforms for a fault at the infinite bus when closed-loop results
for CL1 and CL2 are superimposed on their corresponding open-loop (constant

excitation) result
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Omega(rad/s)

(b)PSM1 rotor speed waveforms for a fault at the infinite bus when closed-loop results
obtained with CL1 and CL2 are superimposed on their corresponding open-loop

(constant excitation) result

--.Open |00p IIHIIHICL1 _CL2

E'q(pu)

18 20 22 24 26 28 30 32 34

(c)PSM1 Quadrature EMF (E’q) waveforms for a fault at the infinite bus when closed-
loop results obtained with CL1 and CL2 are superimposed on their corresponding

open-loop (constant excitation) result

Fig. 4.1: PSM1 waveforms comparing the performances of the control laws CL1 and CL2

with the open-loop case when fault (Xg=0.24 and V = 0) is cleared after 5 cycles
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(a) PSM1 rotor angle waveforms for a fault at the infinite bus when closed-loop
results for CL1 and CL2 are superimposed on the open-loop (constant excitation)

result
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8 20 22 24 28 30 32 34

26
t(s)
(b) PSM1 rotor speed waveforms for a fault at the infinite bus when closed-loop

results obtained with CL1 and CL2 are superimposed on their corresponding

open-loop (constant excitation) result

94



(c) PSM1 Quadrature EMF (E’q) waveforms for a fault at the infinite bus when
closed-loop results obtained with CL1 and CL?2 are superimposed on their

corresponding open-loop (constant excitation) result

Fig. 4.2: PSM1 waveforms comparing the performances of the control laws CL1 and CL2

with the open-loop case when fault (Xg=0.24 and V = 0) is cleared after 7 cycles
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===Open loop """ CL1 ==CL2
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N
(@]

9 : : % 830
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(a) PSM1 rotor angle waveforms for a fault at the infinite bus when closed-loop
results for CL1 and CL2 are superimposed on the open-loop (constant excitation)

result
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%316 ......................... B B .
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(b) PSMI rotor speed waveforms for a fault at the infinite bus when closed-loop

results obtained with CL1 and CL2 are superimposed on their corresponding

open-loop (constant excitation) result

(c) PSM1 Quadrature EMF (E’q) waveforms for a fault at the infinite bus when
closed-loop results obtained with CL1 and CL?2 are superimposed on their

corresponding open-loop (constant excitation) result

Fig. 4.3: PSM1 waveforms comparing the performances of the control laws CL1 and CL2

with the open-loop case when fault (Xg=0.24 and V = 0) is cleared after 9 cycles
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B) Fault at generator terminals: V =0; Xg=0 and fault clearance time tc=5, 7, and 9

cycles: The waveforms of the system responses are shown in Fig. 4.4 to Fig. 4.6. The

observations here are similar to the ones previously presented.

70 v v v
===Open loop " CL1==CL2
Ths L S S S S S
o : : : : : : :
[1H]
Q 50
o
2
S 40
O
[13]
930
2 20 22 24 26 28 30 32 34
t(s)

(a) PSMI rotor angle waveforms for a fault placed at the machine terminals
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£ 315
o
T 314
[o)]

£
5313
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(b) PSM1 rotor speed waveforms for a fault placed at the machine terminals
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26
t(s)

(c) PSM1 Quadrature EMF (E’q) waveforms for a fault placed at the machine
terminals

Fig. 4.4: PSM1 waveforms comparing the performances of the control laws CL1 and CL2

with the open-loop case when fault (Xg=0 and V = 0) is cleared after 5 cycles
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(a) PSMI rotor angle waveforms for a fault placed at the machine terminals
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(c) PSM1 Quadrature EMF (E’q) waveforms for a fault placed at the machine
terminals

Fig. 4.5: PSM1 waveforms comparing the performances of the control laws CL1 and CL2

with the open-loop case when fault (Xg=0 and V = 0) is cleared after 7 cycles
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(b) PSMI rotor speed waveforms for a fault placed at the machine terminals
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(c) PSM1 Quadrature EMF (E’q) waveforms for a fault placed at the machine
terminals

Fig. 4.6: PSM1 waveforms comparing the performances of the control laws CL1 and CL2

with the open-loop case when fault (Xg=0 and V = 0) is cleared after 9 cycles

4.2.2 Responses of PSM2 under the Action of the Control Laws

The responses of PSM2 are principally to assess the performance of the control laws
when the relative degree of the system with respect to the output function changes. This
means assessing the performance of the system when its dynamic behavior changes from
a third-order representation to a fourth-order representation. In this case, the fourth-order
model (PSM2) was subjected to the same fault considered in Section 4.2.1 under the
influence of the control laws. The waveforms of system responses are displayed in this
subsection.

Fault at infinite bus: V = 0; Xg = 0.24 and fault clearance time tc =5, 7, and 9 cycles:

The corresponding system responses are depicted in the waveforms of Fig. 4.7 to Fig.
4.9. The results obtained here are similar to those obtained for PSM1. The only difference
is in minor variations in first peaks and settling times of rotor angles and speeds.
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(b) PSM2 rotor speed waveforms for a fault at the infinite bus
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(c) PSM2 internal EMF ( E= (E'd)2+(E'q )> ) waveforms for a fault at the infinite bus
Fig. 4.7: PSM2 waveforms comparing the performances of the control laws CL1 and CL2

with the open-loop case when fault (XE=0.24 and V=0) is cleared after 5 cycles
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(a) PSM2 rotor angle waveforms for a fault at the infinite bus
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Fig. 4.8: PSM2 waveforms comparing the performances of the control laws CL1 and CL2

with the open-loop case when fault (XE=0.24 and V=0) is cleared after 7 cycles
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Fig. 4.9: PSM2 waveforms comparing the performances of the control laws CL1 and CL2

with open-loop case when fault (XE=0.24 and V=0) is cleared after 9 cycles

Fault at generator terminals: V = 0; Xg = 0; and fault clearance time tc =5, 7, and 9

cycles: In this case, the waveforms of the system responses are shown in Fig. 4.10 to Fig.

4.12. Likewise, the results obtained here are similar to those obtained for PSM1.

Load angle(Degree)

(a) PSM2 rotor angle waveforms for a fault at the generator terminals
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(c) PSM2 internal EMF ( E=, /(E'd ) +(E'q )* ) waveforms for a fault at the generator

terminals

Fig. 4.10: PSM2 waveforms comparing the performances of the control laws CL1 and

CL2 with the open-loop case when fault (XE=0 and V=0) is cleared after 5 cycles
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Fig. 4.11: PSM2 waveforms comparing the performances of the control laws CL1 and

CL2 with the open-loop case when fault (XE=0 and V=0) is cleared after 7 cycles
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(a) PSM2 rotor angle waveforms for a fault at the generator terminals
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Fig. 4.12: PSM2 waveforms comparing the performances of the control laws CL1 and

CL2 with open-loop case when fault (XE=0 and V=0) is cleared after 9 cycles

4.2.3 Evaluation of Control Law 3
Because control law 3 (CL3) is an improvement of the control law 1 (CL1), which was
discussed earlier, the studies conducted with CL1 and CL2 will not be repeated with CL3.
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Instead, this subsection will assess the performance of CL3 with reference to open loop
(constant excitation), CL.1 and CL2, with emphasis on the following aspects: extension of
critical clearance time, and reduction of first swing and subsequent power oscillations. In
an attempt to reduce the number of plots that will be presented in this section, a limited
number of selected waveforms obtained using PSM1 and PSM2 will be presented.

A) Fault at infinite bus: V = 0; Xg = 0.24; and fault clearance time tc=9 cycles: Fig.

4.13 (a), Fig. 4.13 (b), and Fig. 4.13 (c) present respectively the synchronous generator
rotor angle, rotor speed and quadrature axis induced EMF obtained when the system
being studied was subjected to a three-phase fault at an infinite bus, with fault duration of
9 cycles. In this case, a third-order model (PSM1) was used, and open-loop results were
compared with those obtained using CL1, CL2 and CL3. It was observed that the load
angles and rotor speeds produced from these three control laws and open loop have
similar first peak, with CL2 exhibiting better performance from power oscillation point of
view, followed by CL3. Fig. 4.13 (c) shows that the improved performance of CL2 is

achieved with minimum adjustment of E; (adjustment needed in the generator EMF

through manipulation of the excitation system to counter the demagnetization effect of

the armature reaction during fault)
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Fig. 4.13: PSM1 waveforms comparing the performances of control laws (CL1, CL2 and

CL3) with the open-loop case when fault (XE=0.24 and V = 0) is cleared after 9 cycles

B) Fault at infinite bus: V = 0; Xg = 0.24; and fault clearance time tc=14.5 cycles:

This case repeats case A), but for fault clearance time of 14.5 cycles. Observe that the
open-loop case has lost synchronism, while the system that is being controlled using
CL1, CL2 and CL3 remains operational, with CL3 exhibiting better damping in load
angle, but higher first peak than CL2 (see Fig. 4.14 (a)). Fig. 4.14 (b) shows that the rotor
speeds for the open-loop and those for CL1, CL2 and CL3 have similar peaks, despite
that the open-loop case has fallen out of slip. Fig. 4.14 (c) indicates that the quadrature
axis EMF for the open-loop case has collapsed, while those for CL1, CL2 and CL3 regain
their previous steady state equilibrium points. Clearing times were increased
progressively till 14.5 cycles and 14.7cycles which represent the limits for CL1 and CL3,

respectively.
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(c) Quadrature EMF (E’()
Fig. 4.14: PSM1 waveforms comparing the performances of control laws (CL1, CL2 and
CL3) with the open-loop case when fault (XE=0.24 and V = 0) is cleared after 14.5

cycles

C) Fault at infinite bus: V = 0; Xg = 0.24; and fault clearance time tc=14.7 cycles: In

an attempt to establish which control law can maintain system stability for an extended
period of time, the cases A) and B) are repeated, but this time for fault clearance time of
14.7 cycles. Observe that the cases for the open loop and CLI1 have lost their
synchronisms, while the system that is being controlled using CL2 and CL3 remains
operational, with CL2 exhibiting lower first peak and faster deceleration compared to
CL3 (see Fig. 4.15 (a)). The plots for the rotor speeds in Fig. 4.15 (b) support the
observations drawn from the results in Fig. 4.15 (a). Fig. 4.15 (c) indicates that the
quadrature axis EMF for the open-loop and CL1 cases have collapsed, while those for

CL2 and CL3 regain their previous steady state equilibrium points.
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Fig. 4.15: PSM1 waveforms comparing the performances of control laws (CL1, CL2 and
CL3) with the open-loop case when fault (XE=0.24 and V = 0) is cleared after 14.7

cycles

D) Fault at infinite bus: V = 0; Xg = 0.24; and fault clearance time tc=15 cycles: To

further establish which of the control laws CL2 and CL3 can maintain system stability for
a more extended period of time beyond that established in cases A), B) and C), an
additional case that increases the fault clearance time to 15 cycles is presented. It is clear
from Fig. 4.16 that the cases for the open loop, CL1, and CL3 have lost their
synchronisms, while the system that is being controlled using CL2 remains operational.
Based on this result and those presented in A) through C), it can be concluded that the
control law CL2 performs better than CL1 and CL3 in extending the critical clearance
time of a single machine connected to an infinite bus system being studied. Although this
conclusion is drawn when the system is modelled using reduced order model PSM1, the

use of PSM2 will not affect the validity of this conclusion. To corroborate this point of
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view, additional results obtained when PSM1 is replaced by PSM2 are presented in Fig.
4.17 and Fig. 4.18 for fault clearance time of 9 cycles and 14.8 cycles. Fig. 4.18 confirms
the superiority of the control law CL2 in ensuring system stability beyond that achievable
with CL1 and CL2 as previously suggested above. Fig. 4.19 and Fig. 4.20 are given to
reveal the extent to which CL2 can retain fault. As shown in Fig. 4.20, CL2 can withstand

fault for a maximum duration of 15.30 cycles.
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Fig. 4.16: PSM1 waveforms comparing the performances of control laws (CL1, CL2 and

CL3) with the open-loop case when fault (XE=0.24 and V = 0) is cleared after 15 cycles
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Fig. 4.17: PSM2 waveforms comparing the performances of control laws (CL1, CL2 and

CL3) with the open-loop case when fault (XE=0.24 and V = 0) is cleared after 9 cycles
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Fig. 4.18: PSM2 waveforms comparing the performances of control laws (CL1, CL2 and

CL3) with the open-loop case when fault (XE=0.24 and V = 0) is cleared after 14.8

cycles
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Fig. 4.19: PSM1 load angle waveform comparing the performances of control laws (CL1,
CL2 and CL3) with the open-loop case when fault (XE=0.24 and V = 0) is cleared after

15.3 cycles
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Fig. 4.20: PSM1 load angle waveform comparing the performances of control laws (CL1,
CL2 and CL3) with the open-loop case when fault (XE=0.24 and V = 0) is cleared after

15.31 cycles

Sample waveforms that depict the general nature of the control efforts exerted by control
laws CL1, CL2, and CL3, respectively (selected from the cases where overall system
dynamic characteristics are stabilized) are given in Fig. 4.21 to Fig. 4.23. In these cases

and throughout the study, control effort u(t) = Er is limited to +5pu.
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Fig. 4.21: Control effort waveform (CL1)
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Fig. 4.22: Control effort waveform (CL2)
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Fig. 4.23: Control effort waveform (CL3)

General Discussion

The system simulations were performed by considering various degrees of perturbation

as highlighted previously. To be able to evaluate the control laws effectively, the system

was assumed to be operating close to its initial steady-state operating point before it was

disturbed. For both fault locations considered, the oscillations in the load angle following

fault clearance under constant excitation (open loop) subsided slowly and took up to 8s

for

the system to regain its steady state, with high first peak when the fault was at the

generator terminal. Furthermore, for most effective performance of the control laws, all

the

disturbance scenarios were employed to tune their parameters. First, an approximate

method of tuning the parameters of CL1 and CL3, which are a;, ap, and K, was

determined after several simulation runs (see Deduction 4.1 below).

Deduction 4.1: Consider a third-order affine power system model given in equation

(4.1

). The parameters K, a; and a, of the sliding mode control law (equations (3.80) and

(3.88)) for stabilizing the system are assumed to form the structure of a second-order
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linear time-invariant (LTI) system model as depicted in Fig. 4.24. For a, = 3a,, where o,
is a value chosen from a range of 3 and 5, employing the root-locus strategy (Awelewa et
al., 2013) to determine K (that will give a closed-loop response with a damping factor of

about 0.8) yields K =16, a; = 3, and a, = 9 for CL1 and CL3.

R(s) K p— 1/(s+0,)(s+0ay) Y (S)

Fig. 4.24: Unity feedback system for finding parameter K

Secondly, the parameters k;, ko, and ks of CL2 given in equation (3.87) were found using
the pole-placement method from
P’ +ksp? +kopt+ky = (p+ad(p+a)(p+as) =0

where a; =9, a, =15, a3 =2. Thus, k; = 90, k, = 73, and k3 = 16. The value of parameter vs,
from which v; = 1/2, and v, = 3/5 were obtained (see Section 3.2.3), is 3/4. The value of
the dilation constant v is 2.

Generally, it can be inferred that the responses of PSM1 and PSM2 under all control
actions closely correspond, signifying that any uncertainty in the dynamics of the system
does not have any appreciable effect on the dynamic characteristics of the system. The
only difference is in the small variations of the overshoots of the transient periods and of
the settling times. And generally, the longer the fault duration, the higher the peak
overshoots of the transients (see Table 4.1 to Table 4.4), and, under this condition, the

system is more stressed due to the protracted effect of the fault disturbance.
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The control laws, however, have their merits and demerits. As is clear from the
waveforms of the system response characteristics, the system rotor angle and speed settle
to steady-state values in less than 2.2s or much less under all control laws. CL2 performs
better than CL1 and CL3 in terms of damping system oscillations. Under CL2, the rotor
angle and speed oscillations died out quickly in less than 1.8s, although their initial peak
values are slightly higher. Likewise, the performance of CL3 is better than that of CLI,
because it facilitates quicker damping of oscillations. Besides, the performance
waveforms of the control laws show CL2 to be faster in reaching a steady constant value
(the value under constant excitation) than CL1 and CL3—it settles in about 1.92s, while
CL1 and CL3 settle in about 4.32s and 3.32s respectively.

Table 4.1: Peak values and settling times of PSM1 rotor angle and speed closed-loop
waveforms for V = 0; Xg =0.24

Fault CL1 CL2
cycle 0 (0 0 (0]
Peak | Settling | Peak | Settling | Peak | Settling | Peak | Settling
value(®) | time(s) | value(®) | time(s) | value(®) | time(s) | value(®) | time(s)
5 64 1.9 316.8 1.9 62 0.9 317 0.9
7 74 1.76 318 1.76 75 0.86 318 0.86
9 87 1.92 318.9 1.82 88 1.72 319 1.12

Table 4.2: Peak values and settling times of PSM2 rotor angle and speed closed-loop

waveforms for V=0; Xz =0.24

Fault CL1 CL2
cycle 0 (0 0 (0]
Peak | Settling | Peak | Settling | Peak | Settling | Peak | Settling
value(®) | time(s) | value(®) | time(s) | value(®) | time(s) | value(®) | time(s)
5 60 1.7 316.8 1.1 57 0.9 316.9 0.7
7 69 1.36 317.8 1.06 68 0.86 318 0.86
9 81 1.82 318 1.92 82 1.72 319 1.72
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Table 4.3: Peak values and settling times of PSM1 rotor angle and speed closed-loop
waveforms for V=0; Xg =0

Fault CL1 CL2
cycle 0 (0 0 (0]
Peak | Settling | Peak | Settling | Peak | Settling | Peak | Settling
value(®) | time(s) | value(®) | time(s) | value(®) | time(s) | value(®) | time(s)
5 65 2.1 317 2.1 62 1 317 1.1
7 76 1.86 318 1.86 75 1.06 318 1.06
9 88 2.06 319 1.82 89 1.76 319 1.12

Table 4.4: Peak values and settling times of PSM2 rotor angle and speed closed-loop
waveforms for V=0; Xg =0

Fault CL1 CL2
cycle 0 (0 0 (0]
Peak | Settling | Peak | Settling | Peak | Settling | Peak | Settling
value(®) | time(s) | value(®) | time(s) | value(®) | time(s) | value(®) | time(s)
5 61 1.8 316.8 1.9 57 0.9 316.9 0.9
7 71 1.76 317.9 1.86 69 0.86 318 0.86
9 81 1.82 318 1.82 82 1.72 319 1.72

4.4 Summary

The dynamic simulation of PSM1 and PSM2 as representative models of a SMIB system

under the action of three different control laws (as presented in Chapter three) has been

considered in this chapter. Various rotor angle, rotor speed, and quadrature-axis EMF

waveforms are presented when system was subjected to various durations of a short-

circuit fault at the infinite bus and the generator terminal. Also, the methods of computing

the parameters of the control laws are given. And under the disturbance scenarios

provided in the chapter, all the control laws have been shown to perform well, except for

fault durations of 14.7 cycles, 15 cycles, and 15.31 cycles in which CL1, CL3, and CL2,

respectively, failed to stabilize the system.
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CHAPTER FIVE: CONCLUSION

5.0 Summary

Development of three nonlinear control laws for synchronous generator excitation has
been carried out in this work, considering illustrative models of a single machine
connected to an infinite bus system. Two of these laws are higher-order sliding mode
control laws and the third one is a homogeneous finite-time stabilizing control law.

All the three control laws studied in this Thesis show clear improvement in the transient
stability of the system being considered, including in damping of oscillations following
fault clearance.

The three proposed controllers employ rotor angle and rotor speed deviations obtained
from the plant models as manipulative variables to construct a number of control signals,
which are tested using dynamic simulations, considering major perturbation (fault) with
different durations (fault clearance times).

Furthermore, under these control signals, the low-frequency oscillations in load angle and
rotor speed are damped quickly, with all state variables converging to stable steady-state
operating points within approximately 1 to 2.2s. The exception here is where control laws
CL1 and CL3 fail to stabilize the system as from the fault durations of 14.7 and 15
cycles, respectively.

The studies conducted in this Thesis show that the proposed controllers extend fault
critical time of the system being studied, with CL2 offering the longest extension of this

time.

5.1 Achievements and Contributions to Knowledge

This section summarizes the main contributions of this study as follows:
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il.

iil.

1v.

Vi.

Improvement of the existing general higher-order sliding mode control
structure for synchronous excitation control.

Development of an approximate method of tuning a general higher-order
sliding mode control law for synchronous generator excitation control.
Introduction of a new gain parameter, called dilation constant, to the
existing homogeneity-based control structure for synchronous generator
excitation control.

Establishment of the property that an affine nonlinear excitation control-
based power system model exhibits inherent internal dynamics stability—
at least marginally.

Development of MATLAB tools for calculating the relative degree of any
affine nonlinear system and also for testing its exact linearization
condition.

Extension of the third-order SMIB model to include an additional term in
the rotor speed dynamics. This could offer more accurate representation

for power system stability analysis.

5.2 Recommendations for Future Work

L.

il.

For practical implementation of the control signals constructed in this Thesis, it is
important to adopt a good and stable state-estimating algorithm for obtaining the
output function.

Calculation of output function time derivatives required for the complete
computation of the control signals should be carried out online using an accurate

and very effective differentiator.
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iil.

1v.

Dynamic interactions between the controls developed in this Thesis and other
generation unit controls should be investigated.

Investigation of transient stability of larger power systems, especially the
Nigerian Power Network, using the control schemes developed in this Thesis
should be carried out. For the Nigerian Power Network, this investigation can be

conducted if complete manufacturers’ data of all generating units are available.
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Appendix A: Damper Winding Manifold Approximation
A.1 o Approximation
To find Gy and G; in equations (3.32) and (3.33), equation (3.31) is modified as

o 0(Go+Gya) d§ 0(Go+Gy1a) dw ta 3(Go+Gya) dEg
08 dt ow dt 0Eg dt

= _El(GO + G10() + EZVSIH(S. (A. 1)
The corresponding coefficients of o’ and a'on both sides of equation (A.1) are equated

respectively as follows:

O(O: O = _ElGO + E2V51n8 (A. 2)
= Gg = 22 Vsin.
E;
1. 9Go)ds | 0(Go)dw | 9(Go)dEq _ _
25 dt | ow at | 9EL dt E1Gy (A-3)
Ez _ do dBq _ _
(2 Veoss) (@ — we) + (0 G2 + (5 = —EqGy
E
w Gy =—(=2Vcosd ) (w— w
1 (E% ) ( s)
A.2 o Approximation
To find H,, equation (A.1) is rewritten as
9(Go+Gya+Gya?) d§ 9(Go+G1a+Gpa?) do 9(Go+Gya+Gya?) dEg
a8 dt dw dt 0Eg dt
= _El(GO + G10( + GZOLZ) + E2V51n8 (A. 4)
or
a(aG0+Gla2+Gza3)§+a(Gla2+Gza3)d_m 9(Gpa%) dEq
a8 dt dw dt 0Eg  dt
= _ElGO + E2V51n8 - E1G10( - E1G20(2 (A. 5)
since 260 _ 9(Go) _ 9(G1) _

! !
o 9Ej ~ OEy
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The second term in equation (A.5) can be expanded to give

) 2 3 9 2 3 .
(G10(6:)G20( )(ji_(: = (G1O(a:)G20( )(Al _ %A2V251n28 + A3VE&COSS .

A,VEgsing)
or

9(G1a?+Gya3) d 9(Ga?+Gya® 1 :
(G4 - 2 )d_c: _ 9(Gy - 2 )(A1 _EA2V25m28+A3Vcos<‘3(GO +

Gy + Gya?) — A4VEasin8) (A.6)

Substituting equation (A.6) into equation (A.5) and comparing coefficients of o“on both

sides of the resulting equation leads to

a;c;l) (0 —wy) + 6((;;1) (A1 - §A2V251n28—A4VE(’lsin8 + GOA3Vcos<‘3) =
—E;G,. (A.7)
Hence,
G, =— Eila(aGsl) (0 —wy) — Eila;i)l) (A1 - §A2V251n28—A4VE(’lsin8 +
GOA3Vc058) =Gl + GZ (A.8)
where

1 _ _ 1 (Eayy. _ 2
G; = . (E% Vsm8) (0 — wy)

G2 = 22 ycoss (A1 — §A2V251n28—A4VE(’lsin8 + A; F1V251n8c058)

E; E2
The expression for Ej is now obtained from equation (A.9), and is given in equation
(3.36).
Eg = Gy + Gy + Ga? (A.9)
Also, the expression in equation (3.43) can be obtained by substituting equation (3.36)

into equation (3.17) as follows:
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dw

= A, — ~A,V?sin28 — A,VEgsing + A;Vcoss {F1Vsin8 — a2 V(w —

Wg)coss — o % (w — wg)?Vsing +
1
o? E—%VcoséS[T1 + A3;F;VZsinScosd —
A4VE(’1$in8]} (A.10)

By ignoring all terms in o except those that are proportional to (w — w)?, equation

(A.10) can be rearranged to give equation (3.43).
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Appendix B: Algorithm for Output Function Derivation
The algorithm for deriving the output function that guarantees r = n for a SISO nonlinear
system is as follows:
Consider a general nonlinear SISO system defined as
x = f(x) + gl)u. (B.1)
The following are the steps for finding an output function that makes r equal to n.

Step 1:Create the set

S = {g(x), adg(x),ad?g(x), -, adP 'g(x)}, (B.2)
and establish the subsets S;, So, ..., Sy, where S; is composed of the first i elements of S.
That is,

S, = {g()},

S, = {g(x), adeg(x)},

S5 = {g(x), adsg(x),ad?g(x)},

Sn = {g(x), adeg(x), adfg(x), -, adf " g(x)}. (B.3)

The elements of S in equation (B.2) are determined appropriately.
Step 2:Find the vectors S;,S,,++,S,,. S; and all the elements of S; are linearly dependent.
In other words, S; represents a linear combination of the elements of S;. This can be
mathematically expressed as

S; + ag4(0)g(x) = 0,

Sy + 0218(x) + azzadeg(x) = 0,

Ss + az;8(x) + agzyadeg(x) + azzadfg(x) = 0,
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Sp + an18(x) + apzadeg(x) + - + appadf tglx) = 0. (B.4)
Step 3: Obtain the transformation function X = P(V) by finding the integral curve
Sz

P(vy,Va, -, Vy) = DY 0 D52 0 -0 DI (Xo). (B.5)

This is done by computing sequentially

X1 x1(0)
Sh d [ X = x,(0
(D\Szn(xo) :E ;2 = Sp: 2;( ) = Xo»
Xn xn(o)
X1 x1(0)
Sn— Sn d [ X s x,(0 Sn
Pyt o O (Xg) = 5| | = Saa: 2(0)) 2 oS (xy),
Xn x,(0)
X1 x1(0)
5, s 55 a (%2 o [ %00 s 5
CD‘Sfi°cD‘S’§°"'°(D\Srn(X0):>d—V1 2] =5 z( ) = B3 00 DI(Xp).
*n xn(o)

The result of Step 3 gives

X1 Pl(V1'V2' :Vn)
X2 — PZ (V1'V2' :Vn)

H - : )
Xn Pn(V1'V2' :Vn)

from which the inverse function

Vi Pl_l(x1'x2""lxn)
V.Z — PZ_l(x1'x2""lxn)
Vn Pn_l(x1'x2""lxn)

could be found. v, is actually the function being sought for. The procedure in Step 4
validates this function.

Step 4: Determine new function vectors f(x) and g(x):
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fa) = Jp,_ f(x) = | 2(%0)

80 =Jr, 80 = O |=
0

where T,.; denotes the transformation

Zin—l) — fz(n_2)|

V=P~ 1(X)
(n-1) _ (n—2)|
z =f
2 3 V=P~ 1(X)
-1
Zl(ln ) = Vn|v=P—1(x)
and

FPD () = Jp, f* D).

(B.6)

(B.7)

Ty, To, ..., Too and £, ', ..., £ are required to obtain the transformation T,.;. The

starting point is the calculation of the pair (f°, T1) given by

£ )
£(0) ) = ]P_lf(x)|X=P(v) — kfz(o):(v));
£ (v)

Ty:
Zil) = fz(o) v)
Zgl) = féo) v)

20 =v,
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The form of equation (B.7) is very important, as it determines whether these steps indeed
produce exact linearization results—or whether this algorithm has ‘converged’ (so to
speak).

Application of this algorithm to the fourth-order model, rewritten as equation (B.8), is

given below.

X1
Xy | _
X3
X4
X
_ B E2 v
/ . X + " Vsinx, (1)
—B;x, + B,Vcosx, + Tho (B.8)
A — %A2V251n2x4 — A4Vx;,sinx, + A3Vx,cosx, 0
.X3 - (l)s ?’x )
fx) 7

Step 1:
S = {g(x),adsg(x), ad?g(x), ad}g(x)}.
Therefore,

S, = g0}

S, = {g(x),adrg(x)};

S; = {g(x), adeg(x),adfg(x)};

S, = {g(x), adeg(x), ad?g(x), ad?g(x)}.

All elements of S are found in the following.

0

1

g(x) =| T |;
0
0
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,_\

T o]
adeg(x) = | , v * )
smx4
0
/ ] \
a ti |
r8(x) = ws) + A4Vsmx4 ;
: smx4
do
/ ﬂstxA, \
ZquTdo
| B _ ByA.V? |
adf g(x = | Tdo Tdo Sln Xa I
S(3,4)
wg) — smx4
where
A4-V 2 . .
S(3,4) = 7 [A;cosx, + Bisinx, + A;Vx;cos2x, — A, Vx,sin2x, —
do
— A,V2cos2x,sinx, — sinx, (x; — wg)? +
Bicosx, (x5 — wg)].
Step 2:
0
2\ [o
§1 + all Téo = )
0 0
0 0
0
Ny
§2 + aZl TC;O + aZZ Ay VTdo = O )
0 sinx, 0
O Tdo O
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0
(1) By \
= — Tj,
S3 + 0(31 Td a32 A4V +
0 sinx,
do
0
0
/ : \
B}
- 0
I do | 0
@93 | 2 cosxy (s — @) + 1 AgV =lof
7 C0Sx4 (X3 — W 4Vsinx, 0
o
0
smx
I 4
Tdo

__\
%o
___/

+

4
cosx,(x3 — wg) + A4Vsmx4

do

, smx4
do

E,A,V?
2T, Ty,
B}  ByAV?

— ——sin‘x, _
Oyq T T =

S(3,4)

—2— 77 COSXy (x3 — wg) — —=—sinx,
do do

sin2x,

=N el

The values of vectors S;,S,, S3, S,are found without much difficulty from the above

expressions, and are given as

2]

o~

I
OO O
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Step 4:

P(VLVZ: :Vn) = ° (D 3 (XO)
Xq 1 x1(0) Eqo
— O) EI
S d xZ _ O xZ( — qo0
X4 0 x4(0) So
Xq Edo + Vy
X3
X3
X4
Xq 0 x1(0) Ejo + Vs
S d (X2 | _ [0} x2(0) _ E(Ilo
Pyl 0 Dy (Xo) = avalxs [ Tlo ) | xs(0) W,
X4 1 x4(0) S0
X, Ejo + Vs
X2 Eqo
X3 Wy
x4- 50 + V3
Xq 0 x1(0) Eqo + Vs
— — O) EI
5 5 5 d [ X2 _[0]) [ x2( _ q0
D2 0 DY 0 D (Xo) = ol O Rl (Ol O o
X4 0 x4(0) 0 + V3
Xy Ejo + Vs
Xy _ Ec’lO
x3 0)0 + VZ
Xa 8o + V3
Xq 0 x1(0) Eqo + Vs
— — O) EIO
5 5 5 5 d [X2| (1 X2 ( _ q
DY o DY 0 DY 0 DY (X,) = wil x| = o [ | o) w00 v,
X4 0 x4(0) 8o + V3
X1 Eqo + V4
x3 0)0 + VZ
Xa 8o + V3
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Thus,

X1 Py (v4, V32, V3,V4) Ego + V4
X2 | _ [ P(vy,va,va,vy) | q0 T V1
X3 |\ P3(vy,vp,va,vy) | wo + V3
X4 Py (v1,V2,V3,V4) 8o + V3
and
2 /Pl‘l(xl,xz,x3,x4) x; — Eqo
Vo | 1 Pt g, x3,x) | [ X3 — wo
V3 Py 1(xy, x5 X3,%,) | | Xa— 8o
Va Py (xq, xp, X3, X4) x1 — Ego

The output function is v, = x; — Ejy = Eg — Ejo-
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Appendix C: Novel MATLAB Tools for General Affine Systems

C.1 MATLAB Code for Testing the Exact Linearization Condition for a General

Affine Nonlinear System
% This function OutputResult=ELCOND(F,G,S)is used to determine the exact
%Ilinearization conditions for any given affine nonlinear SISO system dX/dt=f(X) +
%g(X)u, where X represents the states (x1, x2,....xn) of the system. F,G, and S are
J%symbolic expressions for f(x),g(x), and the states, respectively.OutputResult is a vector
%of string elements stating whether the system can be exactly linearized or not. Note that
%the order of the system must be at least 2. ALSO,NOTE THAT THE STATES IN F
%AND G APPEAR AS x1, x2, x3,..., xn, WITH THESE , OF COURSE, HAVING
%BEEN DEFINED AS SYMBOLIC VARIABLES. For example, the system
Jodx(1)/dt=x(1)sin x(2)+20x(1)-2u and dx(2)/dt=cos x(1)+ 10u having steady-state values
9%x0(1)=0.5 and x0(2)=2 is created as: syms x1 x2 f g
% t=[x1*sin(x2)+ 20*x1 cos(x1)+10]";g=[-2 10]";x=[x1 x2]";
functionOutputResult=elcond(f,g,x)
sysorder=Ilength(f);d=sysorder-1;
m=zeros(sysorder,sysorder);dd=zeros(sysorder,d);
M= sym(m);D=sym(dd);
f_diff=jacobian(f,x);
M(:, D=g;
% Compute the elements of M
for k=2:sysorder

M(:,k)=(jacobian(M(:,k-1),x)*)-(f_diff*M(:.k-1));
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end
% Compute the elements of D and De
if d==1;
D(:,d)=g;
else
fori=2:d;
D(:,1)=M(:,1);
end
D(,1)=g;
De=D;
De(:,sysorder)=jacobian(D(:,2),x)*D(:,1)-jacobian(D(:,1),x)*D(:,2);
end
% Check for the exact linearization conditions
input('Enter all the n steady-state values as: x1 = ;x2=;x3=;...;xn=; )
input('Enter all the system parameters if any or press the return key ')
M_comp=subs(M);D_comp=subs(D);De_comp=subs(De);
M_rank=rank(M_comp);D_rank=rank(D_comp);De_rank=rank(De_comp);
if d==1;
ifM_rank==sysorder;
OutputResult="The system can be exactly linearized, i.e., there is an output function
that makes the system relative equal to the system order ';
else

OutputResult="The system cannot be exactly linearized, i.e.,an output function does
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not exist to make the system relative equal to the system order ;
end
else
ifM_rank==sysorder&&D_rank==De_rank;
OutputResult="The system can be exactly linearized, i.e., there is an output function
that makes the system relative degree equal to the system order’;
else
OutputResult="The system cannot be exactly linearized, i.e.,an output function does
not exist to make the system relative degree equal to the system order";
end
end
C.2 MATLAB Code for Finding the Relative Degree of a General
Affine Nonlinear System
% This function RelativeDegree=RELDEG(F,G,H,S) is used to determine the relative
%degree of any given affine nonlinear SISO system dX/dt=f(X) + g(X)u, y=h(X), where
%X represents the states (x1, x2,...,xn) of the system. F, G, H and S are symbolic
Joexpressions for f(x), g(x), h(x) and the states, respectively; f and g vector functions,
% and h is a scalar function. RelativeDegree is a positive integer between 1 and the order
%(i.e., n) of the system. Note that the order of the system must be at least 2.
% ALSO,NOTE THAT THE STATES IN F, G AND H APPEAR AS x1, x2, x3,..., xn,
%WITH THESE , OF COURSE, HAVING BEEN DEFINED AS SYMBOLIC

%V ARIABLES. For example,the system dx(1)/dt=x(1)sin x(2)+20x(1)-2u, dx(2)/dt=cos
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ox(1)+ 10u and y=x(1) + x(2) having steady-state values x0(1)=0.5 and x0(2)=2 is
%created as: syms x1 x2 fgh

% f=[x1*sin(x2)+ 20*x1 cos(x1)+10]";g=[-2 10]";h=x1+x2;x=[x1 x2]’;
functionreldegResult=reldeg(f,g,h,x)

sysorder=length(f);

m=zeros(1,sysorder);d=zeros(1,sysorder);

LfHx= sym(m);LgL.fHx=sym(d);

LfHx(1)=h; % the first element of LfHx

% Compute the other elements of LfHx

ifsysorder==2

LfHx(sysorder)=jacobian(LfHx(sysorder-1),x)*f;

else

for k=2:sysorder

LfHx(k)=jacobian(LfHx(k-1),x)*f;

end

end

% Compute the elements of Lgl.fHx

for k=1:sysorder

LgLfHx(k)=jacobian(LfHx(k),x)*g;

end

% Find the relative degree of the system

input('Enter all the n steady-state values as: x1 = ;x2=;x3=;...;xn=; )

input('Enter the values for all the system parameters if any or press the return key )
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LgLfHx_comp=subs(LgL.fHx);
p=find(LgL.fHx_comp);
RelativeDegree=p(1);

9 Output the result

reldegResult=['the relative degree of the system is: ' num2str(RelativeDegree)];

161



Appendix D: Equilibrium Point Computation of PSM1 and PSM2
D.1  Using MATLAB Function ‘fsolve’ to Solve Equations (4.6) and (4.11)
% %This function file creates equation (4.6).
functionaweresult = awefun(x)
system_parameters;
aweresult=((b2*v*v*ad/2)-(b1*£2*v*v/2))*sin(2*x(1))+(ad4*v/tdop)*x(2)*sin(x(1))-
x(3)*b1/M;
%This script file solves equation (4.6) by calling function file ‘awefun’
options=optimset('Algorithm','Levenberg-Marquardt');
x_steadystate=fsolve(@awefun, X0, options)
D.2  Computing the Jacobian Matrix of f(x) of PSM1 and PSM2
% This script computes the jacobian matrix of function vector f(x) of PSM1 and can be
%modified for PSM2 as well.
syms x1 x2 x3;
system_parameters;
j1=x2-ws;
j2=(0.8413/M)+0.5*2*v*v*sin(2*x1)-ad*v¥*x3*sin(x1)-(1/M)*tqop*f3*f1 *v*v*(x2-
ws)*cos(x1)*cos(x1);
j3=-b1*x3+b2*v*cos(x1)+(1/tdop)*1.5603;

syspsml=jacobian([j1;j2;j3],[x1 x2 x3]);
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