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ABSTRACT

This thesis research has designed and developed an optimal predictive excitation control,
named the Model Predictive Excitation Control (MPEC), for utility generators. Four
significant results are achieved: First, the MPEC has been designed and has significantly
improved the classical model predictive control and is much simpler and computationally
efficient. Second, the MPEC simulation program and results have been accomplished, and
study cases have demonstrated the effectiveness of the MPEC. Third, the Modified classical
model predictive control procedure has been formulated to correct a timing error such that
the controlling input for the present time step is re-written as that for the next time step.
Fourth, the MPEC optimization formulation and procedure has been developed for the
generator control with only two substation-ready-available measurements which are the

generator terminal voltage and speed.
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Chapter 1

Introduction

1.1 Motivation

The electricity power system is often subjected to various disturbances, caused by for
example, fault activating, capacitor switching, large load changing, transmission line
switching, etc. These disturbances, if not properly handled, can cause stability problems on
the power system. With appropriate operations on power system controls such as correct
circuit breaker operations and proper generator excitation controls, the disturbed power
system can either regain the pre-disturbance operating state or reach a new stable operating
state after the disturbances. This thesis deals with the design of an optimal generator
excitation control for enhancement of the stability of the power system, particularly after the
power system has been subjected to sever disturbances such as a three-phase fault occurring

on or near the generator bus.

During the dynamic process in which the power system changes from one operating state to
another after disturbances, the generator voltage and generator speed may operate in a low
frequency oscillation. As a standard practice, the generator terminal voltage would be
maintained within £5% of its rated voltage, the generator speed should be controlled within
+0.2% of its rated speed and kept it nearly constant, and if there is any generator speed
oscillation that should be damped as soon as possible. Poor generator excitation control
would result in overvoltages or undervoltages. The overvoltage usually causes sever
problems. For example, the performance of some electric equipment could be considerably

affected by the supply voltage changing out of the £10% range. Similarly, the undervoltage



could cause problems too, for a simple example a light bulb of 100 W will operate at about
80 W when the supply voltage drops by 10% as the power consumed by the light bulb varies

with the square of its supply voltage.

The problems of frequency oscillation, overvoltage, and undervoltage, etc. caused by

disturbances occurred on the power system are investigated in this research.

1.2 Introduction of Generator Excitation Control

An exhaustive investigation is carried out in this thesis research on the control of power
system generator excitation for enhancement of the power system stability. The basic function
of an excitation system is to provide direct current to the synchronous generator field
winding.  Excitation controls have functions of both adjusting voltage and damping
oscillation by controlling the field voltage. The following describes the cause of power
system oscillations, the need for generator excitation control, the conventional excitation

controls, and the modern digital controls.

The power system generator terminal voltage could drop substantially during a large
disturbance such as a three-phase fault occurring on or near the generator bus. During the
fault, the flow of the electrical power to the power system is interrupted, and the generator
rotor speed is accelerated by the input mechanical power. The protection circuit in the power
system will normally operate to clear the fault. The generator is then reconnected to the
power system and recovers the power supply to the system. This recovery often results in
some post-fault oscillations caused by the energy stored in the generator rotor during the
period of the fault. The damper windings on the generator rotors can be used to control these
oscillations. However increasing the damper windings is costive when designing and making
the generator. The generator excitation control provides, in general, a better control in terms

of cost and control effectiveness.

One classical generator excitation control is the automatic voltage regulator that controls the



generator terminal voltage. This type of regulator normally increases the field voltage to
quickly recover the terminal voltage to its pre-fault level. Such a fast recovery of the
generator terminal voltage will impose a negative effect on the damping of the post-fault
oscillation, because the oscillating torque that causes the oscillation increases relatively with
the terminal voltage. With addition of a power system stabilizer to the automatic voltage
regulator, this combined generator excitation control, if proper designed, could eliminate any
negative effects on the damping of the post-fault oscillation. However, this combined control
has drawbacks [1-4]. The regulator and the stabilizer are usually designed separately. The
regulator is designed to meet the required voltage regulation performance and the stabilizer is
designed to damp the oscillations. The coordination of two goals often has some problems

when operation conditions change.

As the modern digital control techniques are replacing the classical analog control techniques,
increasing number of controllers are designed and implemented based on new digital signal
processing (DSP) technology, such as DSP-based controllers with high precision sensors.
Comparing with analog controllers, the DSP-based technology has outstanding performance

in terms of reliability, accuracy, and implementation.

Various modern control techniques have been proposed for the design of the excitation
controllers such as the optimal control, adaptive control, artificial intelligent control, fuzzy
control, etc.[5]. A linear optimal excitation controller was designed to minimize the system
state variation, so that it worked for both voltage and speed deviations [6]. The design focus
was on formulating the performance index. The optimal design procedure was to minimize
the performance index to get the optimal control. Comparing with stabilizers, the
compensation blocks was not needed and a wider band of frequencies was obtained [7].
However, based on linearization at a specific operating point, this controller cannot provide a
good response when the operating condition changed widely. The adaptive controller can
modify performance of the controller in response to changes in the dynamics of the process
and in the characteristics of disturbances. Normally the parameters of the conventional

controllers such as fixed gain, lead lag and PID, are determined off-line at a nominal



operating point to give good performance. However, the controller dynamic response may be
unsatisfied when the operating point changes. Adaptive controller can change its parameters
to the new operating condition according pre-designed rules, so that adaptive controllers can
work well over a large operating range, but it is time consumption for real-time system

identification [8]. These controllers cannot be used for fast on-line control.

New techniques such as fuzzy logic and artificial neural networks have been used in power
system applications. Some new excitation controllers based on artificial neural networks
were claimed to be effective for different operating points, but they required complex
algorithms and a long time for training neural nets [9]. Fuzzy logic controllers have been
used in design power system stabilizers [10]. This type of controllers does not require any

kind of computational complexity, but it always needs a right off-line design.

The findings from this exhaustive investigation on the generator excitation controls have
initiated the focus of this thesis research that leads to the development of the MPEC, an

optimal generator excitation control.
1.3  Thesis Objectives

The objective of this thesis research is to design and analysis an optimal control of the
generator excitation based on the model predictive control, a modern digital control

technique. This thesis research has three targets:

. Researching an effective real-time control of the power system generator excitation.
. Assessing the correct application of the model predictive control.
. Designing and analyzing an optimal control of the generator excitation for

enhancement of the power system stability, particularly after the power system is

subjected to sever disturbances such as a three-phase fault occurring on or near the



generator bus.

1.4 Organization of This Thesis

The following provides an outline of this thesis.

Chapter 2

Chapter 3

Chapter 4

presents an exclusive review of the cause of power system oscillation, the need
for generator excitation control, the classical automatic voltage regulator with
addition of power system stabilizer, the modern digital control techniques that
include the adaptive control, fuzzy logic control, artificial neural network
control, and the predictive control. This chapter presents the modelling of
generator, power system network, excitation system, and turbine governor

system for the design of an optimal excitation control in this thesis

presents the basic model predictive control that forms the base for the optimal
predictive control designed in this thesis research. This chapter shows that the
basic model predictive control simply consisting of two key components: one
for system prediction and one for control optimization. First, the system
prediction is formed using the state equation of the controlled system that is the
power system with the generator being considered in this thesis research.
Second, the control optimization is formed using the optimal predictive control

process.

presents the MPEC design and formulation. This chapter illustrates that the
MPEC, the core development in this thesis research, has made substantial
improvement upon the standard model predictive control. This chapter shows

that the MPEC is a simpler and computationally efficient control.



Chapter 5  presents the computer simulations of the MPEC design. This chapter illustrates

the effectiveness of the MPEC design for typical power system conditions.

Chapter 6  presents the conclusion of this thesis.



Chapter 2

Generator Excitation Control and

Basic Modelling of Generator and Network

This chapter first presents a review of the causes of power system oscillations, the need for
generator excitation control, the classical automatic voltage regulator with addition of power
system stabilizer, the modern digital control techniques that include the adaptive control,
fuzzy logic control, and artificial neural network control. Finally the predictive control is

introduced.

Second, this chapter presents an efficient generator model for the excitation control design
and evaluation. This model is power invariant with respect to the phase reference and the

well-known Park’s dq0 reference to simplify the design formulation and evaluation.

Third, this chapter presents a simple power system network model developed in this thesis
using a straightforward network equivalent circuit approach. This network model that has
been successfully used for the generator excitation control design eliminates the limitations in

the standard approach using a single generator-infinite bus configuration.

Fourth, this chapter presents a simple formulation for modeling the effect of the generator
saturation that is included in the simulation models developed for evaluation of the
effectiveness of the optimal excitation control designed in this thesis. This is needed
particularly for assessing the control performance right after a sever disturbance such as a

three-phase fault in the power system near the generator bus when the generator excitation is

operating at its high level.



Fifth, this chapter presents a second-order linear model for the hydraulic turbine and speed

governor control. This control is used to improve long-term stability performance of the

generator in addition to the excitation control. This chapter also presents the steps of

computer simulations for verifying the design and the findings in this thesis research.

The following outlines the sections in this chapter.

Section 2.1

Section 2.2

Section 2.3

Section 2.4

Section 2.5

Section 2.6

presents a review of the cause of power system oscillation, the need for
generator excitation control, the classical and the modern control techniques for

the design of power system generator excitation control.

presents a power invariant generator phase model and dq0 model that form the

base for the generator excitation control design and evaluation.

presents a 3-order generator model without any damper windings and a 6-order
generator model that includes three damper windings. Their corresponding

equivalent circuits are given.

presents a simple equivalent network model for the power system network that

the generator being studied is connected to.

presents the modeling of the generator saturation effects for the accurate
assessment of the design developed in this thesis particularly for the generator

operating at high excitation levels.

presents the generator excitation system model and the turbine governor system

model.



Section 2.7 presents the steps for computer simulations for evaluating the design and the

findings in this thesis research.

Section 2.8 presents the concluding remarks of this chapter.

2.1 Review of Power System Generator Excitation Control

This section presents the findings of an exhaustive investigation carried out in this thesis
research on the control of power system generator excitation for enhancement of the power
system stability. The basic function of an excitation system is to provide direct current to the
synchronous generator field winding. Excitation controls have functions of both adjusting

voltage and damping oscillation by controlling the field voltage.

The following describes the cause of power system oscillation, the need for generator
excitation control, the automatic voltage regulator (AVR), power system stabilizer, modern
digital control techniques, adaptive control, fuzzy logic control, and artificial neural network

control. Finally the predictive control is introduced.
(a) Cause of power system oscillation and need for generator excitation control

The terminal voltage of the power system generator could be very low during a large
disturbance such as a three-phase fault occurring on or near the generator bus. During the
fault, the flow of the electrical power to the power system is interrupted, and the generator
rotor speed is advanced by the input mechanical power. After the protection circuit has
cleared the fault, the generator is reconnected to the power system and recovers the power
supply to the system. Very often this recovery results in some kind of post-fault oscillations
caused by the energy stored in the advancement of the generator rotor during the period of the
fault. The damper windings on the generator rotors can be used to control the oscillation, but
this method is very expensive. Compared with damper windings, the generator excitation

control provides, in general, a better alternative in terms of cost and control effectiveness.



(b)  Automatic Voltage Regulator for Generator Excitation Control

One classical generator excitation control is the AVR that regulates the terminal voltage of
the generator based on the terminal voltage feedback. The AVR normally increases the field
voltage to quickly recover the terminal voltvage to its pre-fault level. Such a fast recovery of
the generator terminal voltage will impose a negative effect on the damping of the post-fault
oscillation, because the oscillating torque that causes and maintains the oscillation increases

relatively with the terminal voltage.
(c) Power System Stabilizer

With addition of a power system stabilizer (PSS) as a supplementary controller to the AVR,
this combined generator excitation control, if proper designed, could eliminate any negative
effects on the damping of the post-fault oscillation. Figure 2.1 shows a block diagram of the

combined AVR and PSS excitation control.

. PSS
. Compensation [~ Washout [ Gain [
Aw
Generator
Vref 4 4 u
—»é—» AVR [P —»>
E,

Figure 2.1 : Block diagram for the AVR and PSS excitation control system

The control signal for the PSS is either the speed deviation (Aw,), or the electric power (AP),
or the system frequency (4f) as additional feedback signals for introducing a damping torque
control component. The speed signal is the most commonly used. In general, the PSS
consists of three blocks: a phase compensation block, a signal washout block, and a gain

block. The phase compensation block provides the appropriate phase-lead characteristic to

10



compensate for the phase lag between the exciter input and the generator electrical torque.
The signal washout block serves as a high-pass filter, with the time constant high enough to
allow signals associated with oscillations in Aw, to pass unchanged. The gain determines the
amount of damping introduced by the PSS. The stabilizer can produce a component of
electrical torque in phase with the rotor speed deviation. Therefore, those oscillations relative
to the rotor speed can be detected and damped by the PSS. The power system dynamic

performance is improved by the damping of post-fault oscillations.

The PSS is designed based on the model of a single machine to an infinite bus system under a
specific operating condition. This method is commonly used by industry till today for

damping the oscillations. However, it has the following drawbacks:

e The AVR and PSS are usually designed separately. The AVR is designed to meet the
required voltage regulation performance and the PSS is designed to damp the oscillations.

The coordination of two goals has some problems when operation conditions change.

e The PSS, which is designed for a narrow band of oscillating frequencies, cannot provide a

total satisfactory damping when the oscillation frequency changes.
(d) Modern digital control techniques for generator excitation control

As the modern digital control techniques are replacing the classical analog control techniques,
increasing number of controllers are designed and implemented based on new digital signal
processing (DSP) technology, such as DSP-based controllers with high precision sensors.
Comparing with difficulty for maintaining the accuracy of analog controllers, the DSP-based

technology has outstanding performance in terms of reliability, accuracy, and

implementation.

11



For overcoming the drawbacks in the conventional excitation control, various modern control
techniques have been proposed for the design of the excitation controllers such as the optimal

control, adaptive control, artificial intelligent control, fuzzy control, etc.

A linear optimal excitation controller was designed to minimize the system state variation, so
that it worked for both voltage and speed deviations. The design focus was on formulating
the performance index. The optimal design procedure was to minimize the performance
index to get the optimal control. Comparing with the PSS, the compensation blocks was not
needed and a wider band of frequencies was obtained. However, because of based on
linearization at a specific operating point, this controller cannot provide a good response

when the operating condition changed widely.
(e) Adaptive control, fuzzy logic control, and artificial neural network control

The adaptive controller can modify performance of the controller in response to changes in
the dynamics of the process and in the characteristics of disturbances. Normally the
parameters of the conventional controllers such as fixed gain, lead lag and PID, are
determined off-line at a nominal operating point to give good performance. However, the
controller dynamic response may be unsatisfied when the operating point changes. Adaptive
controller can change its parameters to the new operating condition according pre-designed
rules, so that adaptive controllers can work well over a large operating range, but it is time
consumption for real-time system identification. These controllers cannot be used for fast on-

line control.

New techniques such as fuzzy logic and artificial neural networks have been used in power
system applications. Some new excitation controllers based on artificial neural networks
were claimed to be effective for different operating points, but they required complex
algorithms and a long time for training neural nets. Fuzzy logic controllers have been used in
design power system stabilizers. This type of controllers does not require any kind of

computational complexity, but it always needs a right off-line design.

12
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g

) Predictive control versus conventional PSS

The conventional PSS mainly depends on the feedback control theory such as PI or lead-lag
control. These feedback controllers act on the past states of the controlled system. However,
the new predictive control considers both the past situation and the changing of the system in
a finite future time horizon. Predictive control is one of only a few advanced control methods

used successfully in industrial control applications.
2.2 Basic Model for Power System Synchronous Generator

For the power system application, a typical synchronous generator consists of a three-phase
winding on the stator, and a field winding together with one or two damper windings on the
rotor. The generator models in the phase “abc” variables and in the synchronous-rotating

“dqQ” variables are presented in this section.
2.2.1 Generator model in abc phase reference

As a standard practice, the magnetic axis of the field winding is defined as the rotor direct
axis (d-axis), and another axis at a position of 90 electrical degrees from the field winding
magnetic axis is defined as the rotor quadrature axis (g-axis). Figure 2.2 shows a simplified
circuit model for a generator used in the electricity power system, where the generator stator
has three windings in the three-phase axes, and its rotor has one field winding and one
damper winding in the d-axis and two damper windings in the g-axis. Based on the reference

direction defined in Figure 2.2, the generator flux-current relationship can be written in the

form of:
Wabcs — Ls Lsr - iﬂbC-\‘ . (2. 1 )
qur L:r Lr idq’

13



where w . =lv, v, v.I is the 3-phase stator winding flux linkage vector,

Yagr = [V/ i YVia Yy l//zq]T is the rotor winding flux linkage vector,
igpes =lia i iC]T is the 3-phase stator winding current vector,
Lggr = [i f hd g izq]T is the rotor winding current vector,

lau lab lac
L =\l, [, . is the stator winding inductance matrix,

lca lcb lcc
where [ =L, ,+L,,cos28 is phase a self inductance,

Ly, =L,0+L,,,c0s2(0—-27/3) is phase b self inductance,

'aa0 a

l.=L,+L,,cos2(@+27/3) is phase c self inductance,
l,=1,=—L, —L,,cosQ8+x/3) isphase a to phase b mutual inductance,
l,.,=1,=—L,,—L,,cos(20—m/3) is phase a to phase ¢ mutual inductance,

l,,=1,=-Lu,—L,,cos(20—7x) isphase b to phase ¢ mutual inductance,

0 is the electrical angle between the magnetic axis of the phase a and the

magnetic axis of the field winding.

Lfﬁ, Lﬂd 0 0
Lfld Llld 0 0 . .. . .
L = 1S rotor winding inductance matrix,

’ O O L‘llq l‘]Zq
O 0 L‘qu l‘I’.Zq

where Lgy is self inductance of the field winding,

Li14, Li1q and Ly, are self inductances of the damper windings at the d-axis
and the g-axis respectively.

Lsiq is the mutual inductances between the field winding and the damper
winding in the d-axis, and

Lj24 1s the mutual inductances between two damper windings in the q-axis.’

The mutual inductances between stator and rotor windings are,

14



Lps cos@ Lg14 cos@ —Lgy,sin@ —Lgp,sin@
L, =| L, cos(6-2r/3) L, ,cos(8—-2x/3) — Lygsin(@—2x/3) —L,,,sin(@-27/3)
Lopa OO +213)  Lgyy cos(0+2713) =Ly, sin(@+2713)  —Lyp, (6+27/3)

where Lugs, Lara, Lajq and Ly, are the peak mutual inductances between the stator

winding and rotor windings.

d-axis
Iga A
+O_>_L Yid
Ctd L T
o——T
. Log Ye
iig L % ’
1\ a-axis
g-axis 6
i~ S
qu qu tator
i1q izg Rotor

Figure 2.2 : A typical synchronous generator model

The generator terminal voltages can be written as:

€ abcs _ Rs 0 'iabcs +p Y abes (2 2)
edqr 0 Rr idqr y’dqr

where p is differential operator d/dt,

Cues =lea @ e F is the three-phase stator winding voltage vector,
€qr :[e w 00 OF 7 is the rotor winding voltage vector with the

short-circuited damper windings,

R =diag[R, R, R,] is the three-phase stator winding resistance matrix,

15



R, =diag [Rﬁ, R, R, R, J is the rotor winding resistance matrix,

Equation (2.2), together with (2.1), is the typical generator mathematical phase model that
can be used to design the generator control and to analyze the generator performance.
However as shown in (2.1), the stator winding inductances L and the mutual inductances L,
between the stator and the field winding are varying with the rotor position 8, and therefore
this varying parameter makes the computation of the generator phase model difficult. On the
other hand, the computation can be greatly simplified if the generator model can be expressed
in a reference frame rotating with respect to the rotor. The modeling of the generator in the

rotating reference frame is discussed in the following.
2.2.2 dq0 transformation

In order to simplify the computation of (2.1), the stator currents and voltages can be
transformed into two sets of rotating orthogonal variables. One set aligns with the d-axis
defined along the magnetic axis of the generator field winding, and the other set aligns with
the g-axis defined at 90 electrical degrees from the d-axis [15]. This transformation is known

as the Park’s dqO transformation. The following matrices can be used for the transformation.

2 2
9 coff—= 0+=
co COS( 3 ) COS( + 3 ) cosd -sinf 1/‘/5
2l . ]
pz‘/g sinf -sin0-5) -sin0+5)| P = 2leot0-2 ) -sin0-2 ) 1142 |23)
N2 142 142 cos(eJ% ) sin@+2F) 1142

The coefficient of the matrices is particularly chosen to make the expression of the generator
electrical output to be power invariant for both abc phase variables and dg0 variables. This
simplifies the generator per-unit model, to be shown in the next section, for the design of the

excitation control.

16



The above matrices are used to transform the abc phase variables of the stator flux linkage,

voltage and current in dg0 variables as follows:

quOs = P'/Iabcs

edq()s =P eabcs ’ (2'4)
iqus = Piabcs
where o = [!//d v, WO]T is the dqO stator flux linkage vector,
€ 105 = [e ¢ € eO}T is the dqO stator voltage vector,
Lgp0s = [i P io]’ is the dqO stator current vector.

The generator flux-current relationship of (2.1) can be expressed in dqO variables using (2.3)

and (2.4) as follows:

Yapos | _| PLP" PL, -qum (2.5)
Y dgr Ljs-rP " Lr Lagr
L 0 0
3 Lafd Lald 0 0 3 Lafd 0 0
_ _ _ T -l I ‘ald
where PL, = \/; 0 0 Ly, L, L.P 200 -L, O
0 0 0
0 0 L, O

PLP" =digglL, L, L)

Ld:LaaO""Labo-{'BL(zaZI2 Ld =L!+Lad

Lq = Lsa0 + Lapo —3La2 12 L =LI +L
aq

Lo = Laao —2Lapo !

where L4, L,, and L, are commonly defined as the d-axis inductance, g-axis
inductance and zero-sequence inductance respectively. L, is the leakage inductance,
and L,y and L,, are the mutual inductances associated with the air-gap leakage flux

~ linkages due to iy and i, respectively.
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Equation (2.5) shows that with the dq0 transformation, all position 0-varying inductances in

the original generator equation of (2.1) are eliminated. In addition, it clearly shows that the
two axes are decoupled such that current in the d-axis produces only d-axis flux and the g-
axis current produces only the g-axis flux. Therefore the dqO transformation makes the

| analysis of the synchronous generator simple.

Similarly with the dqO transformation, the stator voltage equation (2.2) becomes

equs = -iquSR.‘; + PP(P -]WdQOS) = -iquSRS + PP-I dequ + P( pP-l )l/]qus (2 6)
= -iqust + p'/’qus + wr [_ !//q Wd O]T

where w,=d0/dt=2nfelectrical rad/s. This equation is expressed in detail as follows.

17RO 0 0 0 o 07-i] [w. -y,

e,| |0 R, 0 0 0 0 0-i| |y v,

| |0 0 R 0 0 0 0|-i| |w 0

ex|=|0 0 0 R, 0 0 0 |iy|+p¥Wul+o| 0O @.7)
o| |0 o 0o o R, O 0 |i, Vi 0

o/ |0 o 0o 0o o R, O]i, V., 0
(0] 0 0 0 0 0 0 Ry|ip| |w| | 0]

| The zero-sequence component in (2.5) and (2.7) can be eliminated for the stability analysis of
{ a power system with balanced circuits, and the component of pyy,0s in (2.6) which is small
j and decays fast in post-disturbance can also be eliminated to simplify the analysis of the
generator stability and the design of the generator control. This leads to the following

equation that is simplified from (2.7).

(2.8)
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where @, is the generator rotor speed in electrical radians per second. The three-phase

generator terminal power can be calculated from the terminal voltages and currents as below:

P=e,i +ei +eli
2.9)

F=ej,tei,

The internal electromagnetic power P, produced by the generator can be obtained from the
generator terminal power plus the losses on the stator winding resistance, and can be

expressed in terms of flux linkages by substituting (2.8) into (2.9) as below:

P=P+(i; +i)R, =0 (y,i, ~y,i,) (2.10)
The electric torque can be obtained from (2.10) by dividing the rotor speed as follows:
T, =F, ] @ppep = O, W4l =W i) @y, =1, Wi, — Wiy )2 2.11)

where @ is the rotor speed in mechanical radians per second, and n, is the number of

poles.

2.2.3 Per-unit model for generator excitation control design

For the power system stability analysis, it is convenient to use a per-unit system to normalize
system equations. Compared with using physical units, the per-unit normalization can
simplify the system equations and make them less stiff to solve that reduces their

computational effort. The following defines a per-unit model for the generator excitation

control design and evaluation.

(a) Simplifications for per unit model -
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To obtain a computationally efficient per-unit model for the power system generator, the first
simplification is to define a per-unit system such that the mutual inductances, between the
stator and rotor windings with respect to the stator side and the rotor side at each axis, are to

be equal in per unit, that is:

I_‘ud = Lafd = Zald
wg = Larg = Loa, (2.12)

The detail for achieving the above per unit relationship is given in Appendix L
The second simplification, to obtain a computationally efficient per-unit model for the

generator, is to define the torque of (2.11) in per unit as below. The detail is given in

Appendix L
T,=W,i, -V, (2.13)

The third simplification is to neglect a small variation of @, by setting it to be 1 in the per unit

formulation of (2.8) as below. The detail is given in Appendix L.
_ad (2.14)

(b) Per unit model equations
The superbar notation is dropped for writing the per-unit equations in a simple form in this
thesis, since all variables and parameters are in per unit except time t in seconds. Therefore,

equation (2.7) can be written as:
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(ed =-y,— R,

e, =¥, —R,i,
JPVu= Dyley = Ryipy)
Py = =W R, i,

py,, =—@OR i,

| PV = "a)oquizq

(2.15)

where wg= 27fyu5e=377 electrical rad/s. The detail is given in Appendix I

Note that the per-unit formulation of (2.15) provides the mathematical relationships, first for
the generator terminal voltage, stator flux and terminal current in dg reference and, second for
the change of the generator rotor flux in real time, the damping current, and the excitation
voltage and current in dq reference. The first mathematical relationship given in the first two
equations of (2.15) is used to connect the generator model to the power system network
model for computer simulations of various power system disturbances. The second
mathematical relationship given in the third equation of (2.15) is the key equation for the
generator excitation control, and the remaining equations in (2.15) is used for the study of the

effects of damping on the generator control.

The rotor motion equation that represents the mechanical characteristics of a synchronous
generator and the unbalance between the electromagnetic torque and the mechanical torque

on the generator is given below:

{pAa), =T, —-T,-KpAw,)/2H (2.16)

pé= OyAW,
where T, = i, —,1, is generator electrical torque, T, is mechanical torque in pu,

Aw, is change of rotor angular velocity, & is the rotor angular position,

H is the moment of inertia in second, and Kp is the damping factor.
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2.3  Generator Equivalent Circuits in d-axis and g-axis

The use of equivalent circuits is a common method to provide a visual representation of the
generator model. Both the standard generator model with 3 damper windings and the
simplified generator model without any damper windings are presented in this section. The
generator model without damper winding is used for simplifying the design of the generator
excitation control. The generator with 3 damper windings is used in computer simulations

for accurate assessment of the excitation control design developed in this thesis research.

2.3.1 6-order model with damper windings

The mutual inductance between the damper winding at d-axis and field winding, Ly can be
determined using the d-axis air-gap flux linkages, and the value is close to L,y. Similarly, the
mutual inductance between the two damper windings at g-axis, L;z, is approximately equal to
Lqy,. For power system stability study, it generally assumes Lsg=L,qand L;2,=L,g, and the self
inductances Lgy, L4, L114and Ly, are split into leakage inductance and mutual inductance as

below [1].

rLfld =L,
leq =Laq

<Lﬁd =L,+L, @2.17)
Ly,=L,+L,
an = an +Laq

LLzzq =L, +L,

Using (2.17), all the flux linkages in the generator can be assembled together as:
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Ya L, o0 L, L, 0 0 I-¢,]
v, 0 L 0 0 L, L, |- L,
Y@ _ L, 0 L g L 0 0 |¢ I
., - L, 0 L, L, 0 0 i, (2.18)
Vig Laq 0 0 Ll 1q Laq ilq
V| [0 L, O 0 L, Ly, | iz |

Equations (2.15), (2.16) and (2.18) forms the basic generator model in dqO frame, which is
commonly used in the commercial software for utility applications. With these equations, the

equivalent circuits expressing the relationship between flux linkages and currents can be built

as shown in Figure 2.3.

In Figure 2.3, the d-axis flux linkage w, consists of the leakage flux linkage produced by
current iy through L;, and the air-gap flux linkage y,s produced by current iy through L.
Similarly, the g-axis flux linkage y, consists of the leakage flux linkage produced by current

iy through L,, and the air-gap flux linkage y,, produced by current i, through L,,.

+ )
+ Iq i 1q qu Iaq qu
‘l’q \V + + qu
aq Laq p‘l’lq R]q p\vzq |

Figure 2.3 : Equivalent circuits of the Synchronous generator with three dampers
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Equations (2.15), (2.16) and (2.18) can be written, based on the equivalent circuits of Figure

2.3, as below.

(pAw, =(T,-T, - K,Aw,)/ 2H
poé=wAw,

) PV, = wo(ejd - R[difd)

pY =R iy,

PY, = _wOquilq

PV = =R, iy,

e, ==Y, — Ry,

e, =Y, - Raiq
V=V —lsly

W, =V, —iLL

ifd = (y/[d ~Wu)! Lfd
by =W —Vu) Ly
hy =Wy —Wa) Ly

\iZq = (V/Zq - '//uq)/ l'Zq

(2.19)

The time and angles are expressed in seconds and electrical radians respectively where all

other variables are in per unit. Equation (2.19) forms the typical generator model for power

system stability analysis. This model consists of 6 differential equations, so that this model is

called the 6-order generator model.

In this thesis, this model is used for computer

simulations to verify the generator excitation control design.

2.3.2 3-order model with no damper winding

Figure 2.4 shows the equivalent circuits for the generator without damper windings for

simplifying the design of the excitation control.

I

ia
o<—_fYW\ —
+ L+
Ly
Lad
W
Wad T + Rf 4
PVta -+

—_ — €4

o)

Figure 2.4 : Equivalent circuits of the synchronous generator without dampers
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Without damper windings, the generator model equation (2.19) becomes (2.20). The new

model equation (2.20) consists of three differential equations, so that this model is called the

3-order generator model.

ey =—y, - R,i
pAw, =T, ~T, — K pAw,)/ 2H 47 Tam Nad

5_ eq ='//d _Raiq
PO = @A, Wa=Vaa —ialy (2.20)
pPVWa =aoley —igRey) Wy =Wag —igLy

U =W =VWaa) Ly

Neglecting of the damper windings reduces the computational effort and makes the analysis
casier with a lower order model, but it introduces some errors. Taking advantages of this

simple model is useful for the excitation control design to be shown in later chapters.

2.4 Network Model for Excitation Control Design and Evaluation

The design of an optimal generator excitation control needs to initially establish typical
operating conditions for the generator. This thesis research develops a simple power system
network model to which the generator is connected. Figure 2.5 shows the network model that
is simply a Thevenin equivalent circuit. This equivalent circuit consists of an equivalent
voltage source Vi and an equivalent impedance Z; (=R+Xg). This equivalent circuit can be
obtained by running the standard power flow studies on the power system network that the
generator is connected to under predefined power system operating conditions. A typical
predefined condition at the point of connection is, that the generator terminal voltage V; and
power P, are specified, and then the generator current J; is computed. This network model,
which though is quite similar to the classical model of a generator-infinite bus configuration
used for the power system stability studies, eliminates the limitations imposed by the classical

model such as assumptions of constant infinite bus, pre-fixed transmission elements between

the generator bus and the infinite bus, etc.
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G

Figure 2.5 : Connection of a generator to an equivalent power system network

The equivalent circuit varies corresponding to the power system changes, such as faults
occurring, loads switching, and transmission operating. For example, with a three phase fault
occurring at the generator bus, the equivalent impedance Zg becomes zero. Various
disturbances can be simulated with the change of the parameters Zz and Vg as to be discussed

in later chapters.

In the conventional power system stability study using a single generator-infinite bus model,
the voltage magnitude of the infinite bus is always assumed to be constant and the voltage
phase angle is often assumed to be zero that is used as the reference in the analysis
computation. In the new equivalent circuit model approach, the generator terminal voltage
phase angle Jr is used as reference. As distinguished from the conventional approach, the
magnitude Vg and phase J; of the equivalent circuit voltage is determined by the power
system network operations being under studied. The generator rotor angle J; is then

computed from both the generator model and the network model.

A phasor diagram illustrating the operation of a generator connected to a power system
network is shown in Figure 2.6. The generator terminal voltage and equivalent network

voltage in dq reference can be expressed as:

V.=e, + je
{’ 47 /% 2.21)

VE =é€py +jqu
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ey =V,sind; N PR

where { are the dq components of V, ,

e, =V, cos g,

ey, =V_sind
{ & £ E are the dq components of V.

ep, =V cos o,

A g-axis
Vi
€q
V\S
Bq 5 VE
d-axis
|
€d €Bd

Figure 2.6 : Phasor diagram of a generator connected to a power system network

With respect to Figure 2.6, the network voltage and current are related as follows:

V, =V, + (R + jX )], (2.22)
where I, =iy +j ig is the generator terminal current in terms of dq
components,

=ep; +Rpi; — X i . .
{ed Bd TTEd T Eq are the dq components of V, in terms of circuit

eq '—_-qu +RElq +XEld

components.

2.5 Model for Generator Saturation Effects

The effects of the generator magnetic saturation are included in the evaluation of the
performance of the excitation control design developed in this thesis. This section develops a

simple formulation for the effects of the generator saturation. The assumption used in
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developing the formulation is that the leakage inductances are assumed to be independent of
the iron saturation, since the leakage flux paths are mostly in air gap. With this assumption,

the generator saturation can be represented as:

{Lads = K.vd Ludu (2.23)

where L4, and L, are the unsaturated values of the mutual inductances Lygand L, on the d-
axis and g-axis respectively. K,;and Kj, are the saturation factors that identify the degrees of

saturation in the d-axis and g-axis respectively.

In Figure 2.7, Ay is defined as the difference between the calculated unsaturated air-gap flux
linkage ., and the actual saturated air-gap flux linkage w,,. An exponential function is

introduced to describe the characteristics of the generator saturation as follows:
A l/j = Asal exp(B.ml (‘”ml - l//TH )) (2-24)
where yry is the threshold value of saturation, and Ay, and B, are constants. These values

are provided by the generator manufacturer or can be obtained from the open circuit test on

the generator.

Wa \ Ladu Lads
WYeal 7777777
A
Wear |t
Yrn |/ .
|f(_1

Figure 2.7: Representation of saturation effects
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A simple method can be used to determine the saturation factor K, First, obtain the air-gap

flux at the d-axis s and the air-gap flux at the q-axis Yaq from known terminal voltage and

current. Second, calculate the saturated air-gap flux as follows.

Vi =W +V2 (2.25)

Third, use (2.24) to calculate Ay. Fourth, calculate the saturation factor as follows.
st = WSar /(l//mr + Al//) (2.26)

For the salient pole generator, since the path for the g-axis flux is largely in air, there is no
significant variation with L,. The Ky, can be assumed as 1 per unit for all loading
conditions. For the round rotor generator, there is magnetic saturation in each axis, but the g-

axis saturation data is usually not available. Usually, K, is assumed to be equal to K.

The effect of saturation in the generator excitation winding has been included in the
simulation models for the evaluation of the effectiveness of the excitation control designed in
this thesis research. This is needed for the accurate assessment of the performance of the
excitation control design, particularly for evaluating the controller performance right after a
sever disturbance such as a three-phase fault in the power system near the generator when the

controller is operating at its maximum level.

2.6 Excitation System and Speed Governor System

Figure 2.8 shows a simplified generator excitation system. The exciter is taken as a
controllable dc voltage source that supplies power to the field winding. The exciter is simply
modelled as a gain with a delay of which the time constant is Tg and the gain is Kg. The

exciter output is limited between the maximum value Ep,, and the minimum value Eppin.
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Exciter
Excitation | Control K, N Fllei
Control | Signal / 1+5T, Winding

Efmin

Figure 2.8 : Block diagram of the excitation system

A second-order linear model of the hydraulic turbine and speed governor is given by:

pG =[u; +G,-GlIT, (2.27)
pT,=2G-T, T, (u, ~G+G,)IT,)IT,

where p = d/dt, and T,,, G and ug are mechanical torque, gate position and governor control

input respectively. Gy is initial value of the gate position at the steady state. T, and Tg are the

water flow time constant and the governor response time constant respectively.

The first equation in (2.27) represents characteristics of the speed governor. The speed
governor adjusts the gate position G according to controller input us. The second equation in
(2.27) represents characteristics of the turbine system. With changes in the gate position G,
the turbine system changes the mechanical torque. The speed governor and the turbine

system can be modelled with the block diagram of transfer functions shown in Figure 2.9.

Ug 1 € 1-T,s _T>m
1+Tgs 1+7T,5/2
GO

Figure 2.9 : Block diagram of the speed governor and turbine system

Equation (2.27) can be used as the turbine and governor model for the control design.
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2.7 Formulation for Computer Simulation

In this section, a detailed simulation formulation is developed for verifying the generator
excitation control design. A 6™-order generator model and a 2™-order turbine model are used
for computer simulations. For verifying the generator excitation control alone, the
mechanical input torque is assumed to be unchanged in the simulation and the six differential
equations in (2.19) is computed. With consideration of the turbine and speed governor

control, the mechanical torque is determined by solving the two differential equations in

(2.27).
2.7.1 Obtaining initial values

For the computer simulation, the initial values of the differential equation (2.19), which

include 6, dw,, Y, W14, W14 and y2,, are obtained as the following.

For the generator and the power system network shown in Figure 2.5, with given generator
terminal voltage V;, network equivalent voltage Vg, and generator terminal power P,, the
initial value of generator power angle J can be obtained. The detailed derivation of the
equations is given in Appendix II. The power angle J by which Vi leads the g-axis can be

expressed as,
0=0,+06 =arcsink B /VV,)+ tan” [(X ol €osp—R. I sing)/(V, + R I, cosp+ X 1, sin@)] (2.28)

where I, is the terminal current of the generator, and ¢ is the power factor angle at the given
operating condition. X, is reactance of the stator winding at the g-axis. Its numerical value

equals to L, in per unit which is saturated value. I;, ¢, L, and O are calculated in Appendix

I

Before a disturbance is applied to test the response of the generator excitation control, the

generator is assumed to be operating at a steady state. Each state variable has a steady state
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value, and all time derivatives pyy, pwis, pyiq and pyo, are equal to zero, therefore the
currents on damper windings i, i, and i;; are zero, and the flux linkages of damper
windings are equal to the corresponding axis air-gap flux linkages (W1,=¥25~Yaq and W;/~Vaq)

in (2.19). From (2.18) and (2.19), the flux linkage, the field current and voltage are obtained.
Wu=Ly (l//ad/L:;ds +i,—¥../Ly) (2.29)
where L, =1/Q1/L,, +1/L, +1/L,) and y,, =e, +R,i +i,L;.

The electromagnetic torque is calculated by using (2.13). At the steady state, the generator

runs at the rated speed, 4w, equals to zero. All initial values are calculated.
2.7.2 Network equations

During the transient process, the currents are solved from the network equations with updated
state variables, which include yy, w14, W14, W2, and 6. The currents i, and i, are presented in
terms of state variables as the following equations. The detailed derivation is given in

Appendix IL

(2.30)

"

iy =[(X; + X )€, —Eycosd)—(R; +R,)e, +e; sind)l/[(Ry +R,)* +(X; + X, )X, +X,,)]
i, =[(Rg +R,)e, —e; cosd) +(X; + X, Ye, +epsind)/[(R; +R)* +(X, + X, )X +X,)]

where

e; = l’;qs (qu /qu +W2q /L2q)
€= Lads(Wfd /Lfd Ty, /Ly)

"4s and L"4 are also called the d-axis sub-transient inductance and the g-axis sub-
transient inductance respectively, which are given in Appendix II.

X"qsand X", are reactances corresponding to L";and L",, they are equal to L', and

L"4 in per unit.
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In the simulation process, the mutual inductance L,z and L4 are updated at computing every
step with the flux linkage changing. With (2.25), the air gap flux ;. can be obtained, then by

(2.23) to (2.26), the mutual inductances are updated for considering the effects of saturation.

2.7.3 Simulation steps

Disturbances can be simulated by modifying parameters (Rg, Xz and Vi) of the equivalent
circuit or changes inputs of the generator (7,, and V,.,) in Figure 2.5. Due to the disturbance,
the terminal voltage and current change instantly, but not the state variables J, @, and y, etc.
e"y and e"; are relative to the state variable yy, w4 w14 and y, that cannot change suddenly.
For any given disturbance, currents are solved at first, then voltages, flux linkages and torque.
When finished algebraic equation solving, differential equations are solved, and state
variables J, @, W W14 W14 and Y, are updated, then go to solve the algebraic equation with

updated o, e”; and e",.
The process of simulation is as the following,

1 Input the parameters including all resistance (R., Rg, Ry, Rj4, Ri4 and Ry,), reactance and
inductance (Xg, X4, Xy, Xi5 Ly Lia, L4 and Ly,), constants (inertia H, damping factor Kp
and information of saturation) and simulation time (¢) and sample time (At).

2 Calculate initial value at steady state by using (2.28) and (2.29). For given operating
condition (P,, V; and Vi), we can obtain all the initial values such as current, power angle,
exciter input and etc. at steady state, all time derivatives are equal to zero.

3 Check if the network changes, such as load varying, faults and transmission line switch
on/off. Then modify parameters such as Rg, X, and Vi, correspondingly.

4 Compute network equations to obtain currents iy and i, by using (2.30), flux linkages yud,
Waq, vOltages ¢4 and e, by using (AIL11) and (AlL.12).

5 Acquire currents on the rotor by using (2.19)

6 Calculate K,; and K,, to update saturated inductance Lggs and L4 using (2.23).
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7 Obtain the torque T, by using (2.13).

8 Solve the differential equation (2.19) with updated torque and currents. For turbine
governor control, include equation (2.27).

9 Update state variables yy, W4, Wig, Y2, , and J, and calculate e, e’ by using (AII.15)

10 Go back 3 and repeat until reaching predefined simulation time.

The fourth-order Runge-Kutta method is used as the solution of the differential equation.
During the process of solving the deferential equation (2.19), at every stage (four stages) of
per time step (0.01s), the differential equations are solved, and then the updated state
variables are used to solve network equations; this updating goes through four stages. The

detailed simulation is shown in Figure 2.10.

Input system parameters

v

Calculate initial values

v

Network variable changes (operating, faults and etc) [€

v

Solving Network algebraic equations at time step

v

Solving state differential equations to update state
variables and Network algebraic equations to
update network variables at each integral stage
Integral Process

v

Update all variables

t>tmax

No, t+At

Yes ¢

End and print results

Figure 2.10 : Flow chart of digital simulation
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2.8 Concluding Remarks

This chapter has presented an exclusive review of the cause of power system oscillation, the
need for generator excitation control, the classical automatic voltage regulator with addition
of power system stabilizer, the modern digital control techniques that include the adaptive

control, fuzzy logic control, artificial neural network control, and the predictive control.

This chapter has presented the modeling of generator, power system network, excitation
system, and turbine governor system for the design of an optimal excitation control in this

thesis. A summary is given below:

e A 3"%order generator model prepared for the excitation control design, and a 6"-order
generator model prepared for the performance evaluation of the optimal predictive

control developed in Chapter 3 and Chapter 4.
e A simple power system network model developed for the generator excitation control
design that eliminates the limitations in the standard approach using a single

generator-infinite bus configuration.

e A simple formulation for generator saturation developed for evaluation of the

effectiveness of the optimal excitation control designed in this thesis.
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Chapter 3

Model Predictive Control:

Concept and Formulation

This chapter presents the fundamental model predictive control that forms the base for the
optimal excitation control. Two key components of system prediction and control
optimization are included in the model predictive control. The system prediction is formed
by using the system state equation and the control optimization is formed by using the

optimal control process.

The control optimization process is implemented by minimizing the least square values in
terms of a system performance index. The performance index includes two terms of
deviations of the selected outputs and variations of the inputs of the controlled system. The
first term is to minimize the deviations between selected system outputs and their control
references. The second term is in an implicit (not obvious) form acted like a classical

negative feedback.

The standard classical formulation for calculating the controlling input does easily cause
confusing. According to the standard formulation notation, the value of controlling input at
the present time step is calculated from the data at the same time step. Since all the data at
the present time step, including the controlling input, are known, it is therefore not possible to
calculate, through an optimization process, the already-known data. In the generator
excitation control considered in this thesis research, the controlling input at the present time
step is already known and also has been applying to the controlled system. Therefore, this

thesis research proposes to re-write the classical predictive control state equation expression,
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such that the controlling input for the present time step should be re-written as the controlling

input for the next time step. This chapter shows the proposed new predictive control state

equation.

The following outlines the sections in this chapter.

Section 3.1

Section 3.2

Section 3.3

Section 3.4

Section 3.5

presents the concept of the model predictive control. This section describes the
algorithm of the fundamental model predictive control that forms the base for
the optimal predictive control for the power system generator excitation control

designed in this thesis research.

presents the formulation of the prediction model. This section describes the
prediction model of the controlled system, the generator and its connected

power network, that is simply the state equation model of the system.

presents the formulation of the performance index. This section describes the
performance index used in the optimal predictive control to determine the

controlling input to the controlled system.
presents the formulation of the controlling input to the controlled system that is
the controlling voltage feeding to the excitation winding of the synchronous

generator connected to a power system.

presents the concluding remark of this chapter.

3.1 Model Predictive Control

The fundamental model predictive control is presented, for the optimal excitation predictive

control which is designed in this thesis research. The fundamental model predictive control

simply consists of two key components: one for system prediction and one for control
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optimization. The key component for the prediction of the controlled system, that is the
power system with the generator being controlled, is formed using the state equation model of
the controlled system. The state equation model for the generator and its connected power
system has been presented in Chapter 2. The key component for control optimization is

formed using the optimal predictive control process. This section is focused on the basic

predictive control process.

The basic model predictive control is simply a control optimization process using a form of
least square minimization computation in terms of a system performance index. And the
performance index is best formed by a set of the squared values that includes two terms:
deviations of the selected outputs of the controlled system, and variations of the inputs to the
controlled system. The first term is obvious that the optimization process is to minimize the
deviations of selected system outputs with respect to their control references. For the power
system generator excitation control, the system outputs selected in this thesis research are
generator voltage, speed, and acceleration. The second term is in an implicit (not obvious)
form that includes the variations of the controlling inputs in the optimization computation
acted like a classical negative feedback. The controlling input selected in this thesis research

is the generator excitation voltage.

The following discusses the characteristics of the basic model predictive control for

application in the power system generator excitation optimal control.
Figure 3.1 shows a block diagram of the model predictive control process. As shown in the
figure, the control process consists of three blocks: one for the prediction model of the

controlled system, one for the optimal controller, and one for the system to be controlled.

The figure can be used to illustrate the algorithm of the model predictive control.

A simple algorithm can be described as follows:
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1. A prediction model (a set of state equations) of the controlled system is used to
predict the system outputs in the next few time intervals based on the outputs, at the
present time, measured from the controlled system. In terms of control parameters as
shown in Figure3.1, the prediction model is used to produce a set of predicted system
outputs, y(z+kAt), starting from the present-time measured system output y(z), where
kAt represents the next &” time interval from the present time ¢. These predicted
outputs can be calculated recursively as represented by y(#+A4t|f), where t+At|t means
the predicted value at the time r+4r is calculated based on the value at the time . For
the power system generator excitation control, the predicted system outputs include

the generator terminal voltage, speed, and acceleration.

2. An optimal predictive controller is used to determine the controlling input to the
controlled system. The determination process is simply an optimization computation
in the form of least square minimization in terms of a system performance index J.
The value of J is computed as a summation of a set of square values obtained from the
deviations of the predicted system outputs from their references, Ae, and the

variations of the controlling inputs to the controlled system, Au.
N n,

J =Y (4e"Qde)+ > (4u"Rdu) 3.1
1 0

To speed up the process of determining the optimal controlling input to the controlled
system, weighting factors, O and R are added to the summation for J. For the
generator excitation control, the controlling input u is simply the generator excitation

voltage.

3. The control optimization process is simply setting the derivative of J in (3.1) to zero

and then computing the value of the controlling input .
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4. The vector u consists of k controlling input values: u(t+A4t), u(t+24r), u(t+34) ...,
one for each of the next k intervals selected in the control optimization process. Only

the controlling input value of u(t+At) is applied the generator exciter.

r(t+k) 4+ r(t+k)-y(t+klo)

‘ Optimal controller u(tlt)
> (Generator excitation controller)
References ~ Deviations

Input of controlled system
Output of optimal controller

Controlled system
(Electricity power system)

y(t+kle)
) Prediction model 1 ———
Predicted output of Measured system outputs  y(t)
controlled system Of controlled system

Figure 3.1 : Block diagram of the model predictive control

The following sections present the general formulation of the model predictive control. The
formulation provides the base for the design of the power system generator excitation control
developed in this thesis research. The model predictive control consists of two key
components: Prediction Model and the Optimal Predictive Controller. Therefore, first the
formulation for the prediction model is presented. Second the formulation for the optimal

predictive controller is given. Third the formulation for the control algorithm is presented.

3.2 Formulation of Prediction Model

This section presents the formulation of the prediction model. The prediction model of the
controlled system, that is the generator and its connected power network, is simply the state
equation model of the system. The state equation, consisting of a set of the first-order

differential equations, for the generator has been given in Chapter 2.
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(a) State Equation
In general, the state equation of the controlled system can be written in the following form:

i) =Ax(t)+Bu()
y(@)=Cx(r) (3.2)

where x is the state vector, y is the output vector, u is the controlling input,

A, is the state matrix, B, is the input vector, and C is the output matrix.

(b) Discrete State Equation

The state equation (3.2) can be expressed in the following discrete-time form, using the first-

order Euler method.

x(k)=[x(k+1)—x(k)]/ At = A, x(k)+ B,u(k) 3.3)

where k = t / Ar that is defined as the k™ step in the predictive control, and 4r is the step

interval. Therefore from (3.3), the state equation in discrete form can be simplified as:

x(k+1)= Ax (k) + Bu(k) (3.42)
y(k)=Cx(k) (3.4b)
y(k+1)=Cx(k +1) (3.4¢)

where A = A, At + I, and B = BAt.

Equation (3.42) shows that the system state variables x(k+1) at the next time step k+/ can be
expressed by two components at the present time step k. One component is the state variables
x(k) that demonstrate the system process continuality, and the other is the controlling input

u(k).
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(c) Formulation for One-Step Model Prediction Model

The standard way for expressing the one-step model predictive control, based on the discrete

state equation of (3.4a) and (3.4c), is as follows:

x(k+1|k)= Ax(k)+ Bu(k | k) (3.5a)
y(k+1]k)=Cx(k+1|k) (3.5b)

where x(k+1|k) means the values of x at the time step k+1 is calculated based on the data
obtained at the time step &. The computation of the above model can be carried out as

follows:

a. Make the measurements y(k) at the controlled system. Calculate the sate valuables

x(k) from y(k) using (3.4b).

b. Use the prediction model to calculate x(k+1) from x(k) and u(k) using (3.4a).
Calculate the predicted output y(k+1) from x(k+1) using (3.4c).

c. Use the predictive optimization performance index given in (3.1) to calculate the

controlling input u.
(d) Modification on Standard Model Predictive Control Expression

Point 3 mentioned above for calculating the controlling input « will be further discussed in
the following sections. However, u(k|k) in the standard formulation of (3.5a) does easily
cause confusing, because according to the notation of k|k means the value of u at the time step
k is calculated from the data at the present time step of k. Since all the data at the present
time step  including the controlling input u, are known, it is therefore not possible to

calculate, through an optimization process, the already-known data. In this case, the
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controlling input u at the present time step is already known and also has been applying to the

controlled system.

It may not be a surprise that this confusing could exist, because the usual way of solving the
state equation is with a given input u to find the value of x. Conversely, in the predictive
control, the controlling input for the next time step to the controlled system needs to be
predicted, that is this control is always carried out to determine u at the next time step k+1

from the present time k.

Therefore, this thesis research proposes to re-write the predictive control state equation

expression, such that the u(k|k) in (3.5a) should be re-written as u(k+1|k) as follows:

x(k+1]k)=Ax(k)+ Bu(k +1| k)
y(k+1]k)=Cx(k+1|k) (3.6)

where u(k+1|k) means the controlling input to the controlled system, in the case of generator
excitation control that is the applied excitation voltage, at the time step k+1 is determined
from the data at the present time k. The equation for the system output y remains the same as

(3.5b).
(e) Formulation for N-Step Model Prediction Model

Prior to the formulation of the N-step prediction model, two parameters need to be defined: 1)
n, is defined as the control horizon that means that n, control inputs are considered in the
control optimizing process; 2) N is defined as the prediction horizon that means that N-step-
ahead system outputs are predicted. The control horizon n, is smaller than the prediction

horizon N. These two parameters are used to adjust the control effects.

The prediction process for N-step prediction control is shown in Figure 3.2. The present time

step is k and the future time step is k+i (i=1,2...N). For an example, y(k) are the present-time



systcm outputs and y(k+i|k) are the predicted outputs at time k+i that are calculated at time k.

u(kj|k) (j=0,1... n,-1) are the future control inputs at time k+; that are calculated at time k.

~——past future —»

fo) Relerance trajectory rik+N)
o O [e) O U e ®
Pradicted output variables
¥ o ylk+NIk}
o o] [«
o ﬂ,_,—l__—l Future control variables
u(k+n,-1]k)
ue) |
| | | ] ] | ] |
| | LR I | | ]
[ k+1 k+2 k43 K+t kN

k3 k2 k-1 -
Prediction horizon

Control horizon
Figure 3.2 : The prediction process of the MPC

When the time step = k+n,, the control inputs remain the same value as u(k+n,|k). For k <
time step < k+n,, the state variables and system outputs are predicted using the following

equations. The derivation of these equations is given in Appendix II

x(k+n,+1|k)=Ax(k+n, | k)+Bu(k+n,—1{k)
y(k+n, +1|k)=Cx(k+n,+1|k) (3.7

For time step = k+N, the state variables and system outputs are predicted as below. The

derivation of these equations is given in Appendix IL

x(k+N{k)=Ax(k+N—1|k)+Bu(k+n,—1|k)
y(k+N|k)=Cx(k+N|k) (3.8)

Using this prediction model, the system outputs y(k+i[k) (i=1,2...N) are predicted over the

interval time N starting at the instant k. These predicted system outputs are calculated from

the measurements y(k) and the control inputs u(k+jlk) (j=0,1... n,-1).
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3.3 Formulation of Performance Index . - = = .

This section presents the formulation of the performance index. The index is used, in the

optimal predictive control, to determine the controlling input to the controlled system.
(a) Formulation of One-Step Performance Index

The performance index J is computed as a summation of a set of square values obtained from
the deviations Ae of the predicted system outputs y from their references r, and the variations
Au of the controlling input u to the controlled system. To speed up the process of
determining the optimal controlling input to the controlled system, weighting factors, Q and R
are added to the summation for J. For the generator excitation control designed in this thesis

research, the controlling input « is simply the generator excitation voltage.

Therefore, the performance index for one-step model predictive control is defined as:

J=Ae"Q e+ Au"R Au 3.9)
where de=r—y(k+1|k) (3.9a)
Aulk +1] k) =u(k +1| k) - u(k) (3.9b)

The above equation is used to compute the controlling input u(k+1|k) for the next time step
k+1 from the data of the present time step k. The computation is simply, first by minimizing
the value of J to determine Au, and second by (3.9b) to calculate u(k+1|k). The process for

minimization of J is discussed in the following section.

(b) Formulation of N-Step Performance Index

Through the formulation of the N-step performance index is simply an extension of the

formulation for the one-step performance index given in (3.9), the detailed derivation
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however is fairly complex and is provided in Appendix II. The final equation of the N-step

performance index is given in the following.

N n,
J =Y (de"Qde)+ > (4u” RAu) (3.10)
1 Q
r(k+1) yk+1|k) u(k | k) u(k—1)
where go_| 76+ | | yk+20k) || w1k | |utk=1
rék+N)Y| |y + N1k ulk +n, —11k) | | utk—1)

3.4 Formulation of Controlling Input through Optimization

The section presents the formulation of the controlling input to the controlled system that is
the controlling voltage feeding to the excitation winding of the synchronous generator
connected to a power system. The formulation using predictive control optimization to
determine the controlling input u(k+1|k) for the next time step k+1 based on the data at the

present time step k.
(a) Formulation of deviations of predicted system outputs from references

The controlling input u(k+1|k) is computed through a optimization process using the
performance index J. Therefore in order to obtain the formulation for the controlling input, it
is necessary to express J in terms of u(k+1lk). However, since J is a summation of the
deviations de of the predicted system outputs y from their references r, and the variations Au
of the controlling input u to the controlled system, it therefore needs to first formulate 4e in

terms of u(k+1|k) prior to formulate J. This is done in the following.

The deviations de of the predicted system outputs y from their references r can be expressed

as:
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de=r—yk+1|k) R - S €2 ) ) B

where the predicted system outputs y(k+1|k) has been expressed in (3.6), as re-given below

for convenience:

x(k+1|k) = Ax(k)+ Bu(k +1|k)
y(k+1]k)=Cx(k+1|k) (3.6)

where u(k+1|k) has been expressed in (3.9b), as re-given below for convenience:
uk+1|k)=ulk)+ duk +1| k) (3.9b)

By substitution of (3.6) and (3.9b) into (3.11), the deviation e becomes:

de =r —CAx(k) — CBu(k)— CBAu(k +1| k) (3.12)

Equation (3.12) can be shorten as below:

de = E—~CBAu(k +1| k)
where E =r—-CAx(k)—CBu(k) (3.13)

(b)  Formulation of controlling input through optimization

The performance index J for one-step model predictive control has been expressed in (3.9), as

given below for convenience:
J =Ade"Q ,de+ Au" R Au (3.9

By substitution of (3.13) into (3.9), the performance index becomes:
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J = (E —CBAu(k +1|k))" Q,(E - CBAu(k +1| k) + Au(k +1]k)" R, Au(k +1]k)

J=E"Q,E-24u(k +1|k)" (CB)" Q,E + Au(k +1 | k)" ((CB)" @,(CB)+ R, )Au(k +1]| k) (3.14)
=ETQ,E—2Au(k+1|k)’G+Au(k+1]k)'HAu(k+1|k) '

where G=(CB)"Q,E ,and H = (CB)" Q,(CB)+R, (3.15)
By conducting a.minimization on the performance index J of (3.14) such as:

oJ 1 Au(k +1]k)=0 (3.16)
The result of the minimization from (3.16) on (3.14) is:

Auk+1|k)=H"'G (3.17)
Finally, the formulation, using predictive control optimization to determine the controlling
input u(k+1|k) for the next time step k+1 based on the data at the present time step k, can be
obtained from (3.17) and (3.9b):

u(k +1| k) =ulk)+ du(k +1] k) (3.18)

The above following formulation is derived for the one-step predictive control. The

formulation for the N-step predictive control is a similar derivation. The details are provided

in Appendix II.

3.5 Concluding Remarks

This chapter has presented the fundamental model predictive control. This control forms the

base for the optimal predictive control, to be described in Chapter 4, for the power system
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generator excitation control. This chapter has described the two key components of the
fundamental model predictive control that are the system prediction and the control

optimization.

This chapter has demonstrated the basic model predictive control that is simply a control
optimization process using a form of least square minimization computation in terms of a
system performance index. This thesis research has found that the performance index is best
formed by a set of the squared values that includes two terms: deviations of the selected
outputs of the controlled system, and variations of the controlling inputs to the controlled
system. The controlling input selected in this thesis research is the generator excitation

voltage.

The following summarizes the procedure for carrying out the optimal model predictive

control.

a. Make the measurements y(k) at the controlled system. Calculate the sate valuables

x(k) from y(k) using (3.4b).

b.  Use the prediction model to calculate x(k+1) from x(k) and u(k) using (3.4a).
Calculate the predicted output y(k+1) from x(k+1) using (3.4c).

c. Calculate the components G and H of the deviations 4e of the predicted system

outputs y(k+1) from their references r using (3.15).

d. Finally, calculate the controlling input u(k+1|k) for the next time step k+1 based on

the data at the present time step k using the predictive control optimization final equation

of (3.18).
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Chapter 4

Model Predictive Excitation Control

(MPEC)

This chapter presents an optimal generator excitation control, named the Model Predictive
Excitation Control (MPEC) in this thesis research. This control is a significant further

development upon the modified predictive control concept provided in the previous chapter.

This chapter will illustrate that the MPEC, the core development in this thesis research, has
made substantial improvement upon the standard model predictive control. The MPEC is
much simpler and computationally efficient because: 1. The MPEC calculates the constants
representing the generator and its connected power system only once, as compared to the
standard one that requires all the state equations to be calculated for each time step. 2.
Within the MPEC control loop, the only significant computational effort is to calculate a few
3x1 vectors, as compared to the standard one that requires several matrices multiplications to
be calculated for each time step. 3. The MPEC has increased practical use since it only
requires two practically available measurements, the generator speed and terminal voltage, as
compared to the standard one that requires many measurements to calculate the complete
system. 4. The MPEC can be well implemented for the real-time control of the power system
generator excitation, as compared to the standard one that requires heavy computation effort
that prevents it to be a real-time control. 5. The MPEC is superior to other controls, since it

has achieved significant improvement upon the standard one, and the standard one has

claimed to be better than others.

The following outlines the sections in this chapter.
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Section 4.1

Section 4.2

Section 4.3

Section 4.4

presents the basic procedure for the modified standard model predictive
control, as a base for reference, comparison, and illustration of the core
development in this thesis research, the MPEC for generator excitation control

design.

presents the MPEC design formulation, Part I, the selections of the controlled
system output variables, controlling input variables, state variables, and
optimizing variables, for the objective of serving two prime requirements of
the generator excitation control: one to regulate the generator terminal voltage,
and one to suppress oscillations caused by disturbances occurred in the power

system.

presents the MPEC design formulation, Part 11, for the predicted perturbed
generator speed, generator terminal voltage, generator torque, and their

optimizing variables.

presents the MPEC design formulation, Part 111, for the optimizing index and

the controlling input to the generator excitation circuit.

Section 4.5 presents the concluding remark of this chapter.

4.1 Basic Procedure for Modified Standard Model Predictive Control

This section presents the basic procedure for the modified model predictive control, as

expanded from the materials given in Section 3.5.

Pl:  Compute the state matrices A, B, and C for the MPEC prediction model as given in

(3.6):
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P2:

P3:

P4.

P5:

x(k+1|k)= Ax(k)+Bu(k +1| k)
y(k+1]k)=Cx(k+1]|k) (3.6)

Make the measurements y(k) at the controlled system. Calculate the sate valuables
x(k) from y(k) using (3.4b):

y(k)=Cx(k) (3.4b)

Use the prediction model to calculate x(k+1) from x(k) and wu(k) using (3.4a).
Calculate the predicted output y(k+1) from x(k+1) using (3.4c).

x(k+1) = Ax(k) + Bu(k) (3.4a)
y(k+1) =Cx(k +1) (3.4c)

Calculate the components G and H of the deviations de of the predicted system

outputs y(k+1) from their references r using (3.15).

G=(CB)'Q,E,
H =(CB)"Q,(CB) +R, (3.15)

Calculate the controlling input w(k+1|k) for the next time step k+I using the

predictive control optimization equations of (3.17) and (3.18):

Autk+1|k)=H"'G (3.17)

uk +1|k) = utk) + du(k +1]k) (3.18)

The above procedure of the modified standard model predictive control has been further

improved and simplified, in this thesis research, for the application in power system generator

excitation control. This is described in the following sections.
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4.2 MPEC Design Formulation 1

This section presents the design formulation, part I, for the optimal generator excitation
control, named the Model Predictive Excitation Control (MPEC) in this thesis research. The
MPEC can be recognized as a further development upon the modified standard predictive

control concept provided in the previous chapter.

The two prime requirements of the generator excitation control are: one to regulate the
generator terminal voltage, and one to suppress oscillations caused by disturbances occurred
on the power system. The following selections of the output variables in y, the state variables
in x, the controlling input u, and the optimizing variables in e are simply to serve the above

two prime requirements.
4.2.1 Selection of controlled-system output and controlling input variables

In order to serve the first requirement of the MPEC for regulating the generator terminal
voltage, the terminal voltage V, that is practically measurable is selected as one of the system

output.

In order to serve the second requirement of the MPEC for suppressing oscillations that
directly relates to the change of generator speed, the generator speed @ that is also practically

measurable is selected as the other one of the system output.

Therefore, the output vector is composed of:

@, (k)]
@.1)

yUC):[V,(k)
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The controlling input u for the generator excitation control is simply the generator field

voltage ey. Therefore,
Au(k +1|k) = Ae,, (k +1| k) 4.2)

4.2.2 Selection of state equation and state variables

From the power system generator excitation control point of view, there are two key state
equations (differential equations) requires to be included in the design: one is the generator
electrical and mechanical dynamic second-order differential equation, and one is the
generator excitation electromagnetic first-order differential equation. This requirement leads

to the selection of three state variables: one for generator speed @, one for power angle o, one

for excitation flux y.

The generator electrical and mechanical dynamic equation can be written as:
dAw, (k) dt =T, (k)-T,(k))/2H 4.3)
dAO (k) dt = w,Aw, (k) 4.4)

where T, is the mechanical torque, T, is the electrical torque, H is the rotor mechanical

inertia.
The generator excitation electromagnetic equation can be written as:

AW, (k) dt = &, 4 (k) = @,Bu(k) 4.5)
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Equations (4.3) to (4.5) are the state equations required for the design of the generator
excitation control. Therefore, the state variables in the design for any time step can be written

as:

Aw, (k)
x(k)=| ASKk) (4.6)
Ay, (k)

4.2.3 Selection of control optimizing variables

The selection of the correct optimizing variables is important for the success of achieving the
two prime requirements of the generator excitation control that is to regulate the generator
terminal voltage and to suppress oscillations caused by disturbances occurred on the power

system.

Originally, in the standard model predictive control, the optimizing variables are the terms in
the performance index. The performance index is best formed by a set of the squared values
of the deviations of the selected outputs of the controlled system with respect to their

references, de, and the variations of the controlling inputs to the controlled system, Au.

However, there are lots of limitations in the real power system environment that makes the
implementation of the standard model predictive control become impractical. It is either too
expensive or not practical to obtain all the measurements from the generator and its
connected power system required for the standard predictive control implementation.
Therefore, this thesis research makes a significant change in the implementation of the model
predictive control. The first part of the change is to define the optimizing variables for the

generator excitation control design, as shown in the following.

In order to achieve the first prime requirement of the excitation control for the regulation of

the generator terminal voltage, the deviation of the terminal voltage V, from its pre-
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disturbance value is used as one of the optimizing variable. This optimizing variable is

defined as:
Aeyy, (k+1) = AV, (k)— AV, (k +1) 4.7
where AV, (k)=V," -V (k)

Ae 4y, is the terminal voltage optimizing variable, V," is the pre-disturbance value, Vi(k) is the

terminal voltage at the time step , and AV (k+1) is the predicted perturbed value for the time
step k+1.

In order to achieve the second prime excitation control requirement for suppression of
oscillations in the power system, two deviations are used: one for the generator torque, and

one for the generator speed. These two deviations are defined as:

Aey,, (k+1)=T, —T.(k)~ AT, (k +1) (4.8)
Ae,,(k+1)=Am, (k+1)— AT, (k +1)At/ H (4.9)

where Ae,; is the generator electrical torque optimizing variable, T, is the mechanical

torque, T(k) is the electrical torque at the time step k, and AT, (k+1) is the predicted perturbed

value for the time step k+1, and Aw, (k +1) is the predicted generator speed deviation.

4.3 MPEC Design Formulation II

This section presents the design formulation, part II, for the MPEC developed in this thesis.
In this section, first extend the formulation of the state variables x(k) in (4.6) in terms of the

generator speed ay(k) and the generator terminal voltage V (k) measurements. Second, extend
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the formulation of the optimizing variables Ae,,, in (4.7), Ae,y, in (4.8), and Ae,,in (4.9) in

terms of the state variables and their reference values.
4.3.1 Perturbed variables formulation
(a) Perturbed state variables

The following extends the formulation of the state variables x(k) in (4.6) in terms of the

generator speed and the generator terminal voltage measurements in (4.1).

Aw,(k)=w,.(k)-o,
Ad(k) = w,AtAw, (k) (4.10)

Ay (k) = @,AtAu(k)

(b) Predicted perturbed generator torque

The following equation expresses the predicted perturbed generator electrical torque

AT,(k +1) of the next time step k+1, in terms of the state variables: the perturbed power
angle Ad(k) and the perturbed excitation flux Ay (k) of the present time step k. Appendix

I provides the detailed derivation of (4.11).

AT, (k +1)=kAS(k) + k, Ay, (k) (4.11)

where & =n, (W40 + L, is0) =1 W0 + Lyyi)
ky = (W ago + Loglao) =My (W g0 + Lygigo) +igo Loy I Ly,
m, = e5(Xr,sind — Ry c088,)/ Dy my = (X L )Dp (Lyy + L))
n = eg(R; sin G, — X7, c088,)/ Dy n, = (Rpy L )IDp(Lyy + L))

Rp=R,+Rg Xp =X +X Xp =X, +X, DT=RT2+XTqXTd
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(c)  Predicted perturbed generator terminal voltage

The following equation expresses the predicted perturbed generator terminal voltage

AV, (k +1) of the next time step k+1, in terms of the state variables: the perturbed power
angle AS(k) and the perturbed excitation flux Ay (k) of the present time step k. Appendix

II provides the detailed derivation of (4.12).
AV, (k +1) = k,AS(k) + k, Ay, (k) 4.12)
where k=S (-Rom,+Lin, + Lo |+ =R, =~ Lim,— L,,m

10 10

%

ky =240 [_R m, +Ln, + L+

v ° [_Ra"'z _Lﬂ’n’z +l:ad(1/Lfd _m'z)]
10

Voo
(d) Predicted perturbed generator speed

The following equation shows the use of the predicted perturbed generator speeds A, (k)

and A@,(k —1) to express the electrical torque T(k) from (4.3):

dAw, (k) dt = (T, (k) —T,(k))/2H 4.3)
T.(k) = T, (k) - 2H[Aaxk) — Awxk — 1]/ At 4.13)

Also, the predicted perturbed generator speed can be expressed as;
Awk +1)=2Aa(k) — Awk - 1) 4.14)
4.3.2 Optimizing variables in terms of state variables and references

(a) Optimizing generator terminal-voltage variable
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The following extends the formulation of the generator terminal-voltage optimizing

variable Ae,,, in (4.7), in terms of the state variables x(k) and their reference values.

Substituting (4.10) and (4.12) into (4.7), one obtains:

Aey, (k+1)= AV.(k)— AV, (k+1) 4.7)

Aeyy, (k+1) = AV, (k) — kA (k) — k, Ay, (k)

= AV, (k) + (-k;ANAw(k) + (—k,@, A1) Au(k) (4.15)
(b) Optimizing generator electrical-torque variable

The following extends the formulation of the electrical-torque optimizing variable Ae,,, of

(4.8) in terms of x(k) and their reference values. By substituting (4.10), (4.11) and (4.13) into

(4.8), one obtains:

A,y (k+1) =T, —T,(k)— AT, (k +1) 4.8)

Aeyp, (k+1) =2HAaw(k)/ At —2HAa(k ~1)/ At — kA (k) -k, Ay ,, (k)

Ay, (k+1) = (2H | At — kA Ac(k) + (~2H | Af) Ak — 1) + (~k,, At)Au(k) (4.16)
(c) Optimizing generator speed variable

The following extends the formulation of the generator speed optimizing variable Ae,, of

(4.9) in terms of x(k) and their reference values. By substituting (4.11) and (4.14) into 4.9),

one obtains:

Ae,, (k+1) = Aw, (k +1)~ AT, (k +1)At/ 2H 4.9)
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Ay, (k+1) =240, (k) ~ Ak — 1)~ Atk AS(k) I 2H — Atk, Ay (k)1 2H
Aeyy(k +1) = (2 - AtAtk, 1 2H)Aw, (k) + (~1)Aw(k — 1) + (AtAtk, @, 1 2H )Au(k)
4.17)

4.3.3 Optimizing variables in vector form

The following compiles the three optimizing variables in (4.15), (4.16), and (4.17) into a

vector:
Ae(k+1)= K Aw, (k) + K, A, (k = 1)+ K AV, (k) + E,Au(k)
Ae(k +1) = E, + E,Au(k) (4.18)
2—AtAtk, /1 2H -1 0 - AtAtk,w, 1 2H
where K, = —k,At , K, = 0 , K.=|1|,E,= -k, At
2H | At — kAt —2H /At 0 — k@, At
E =[K,Aw (k) + K,Aw,(k —1)+ KAV, (k)] (4.19)

44 MPEC Design Formulation II1

The section presents the optimization formulation designed for the MPEC developed in this
thesis research. Though the control concept is based on the standard model predictive
control, the formulation for the MPEC is modified and improved significantly from the
standard one. As compared with the standard one that has been given in Section 4.1, the
main improvement is the computational efficiency that is important for the real-time digital

control, since fewer matrixes need to be computed as shown below.

Formulation of controlling input through optimization

The performance index J for the MPEC has the same form as the standard predictive control

given in (3.9) which is given below for convenience.
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J =Ae"Q,de + Au" R Au (B9
By substitution of (4.19) into (3.9), the performance index J becomes:

J = (E, + E,Au)" O(E, + E,Au) + AuRAu

= E|QF, + E] QE,Au + E; OE,Au+ E,' QE,Au+ RAU’ (4.20)

By carrying out the optimization process that is to minimize the performance index J of

(4.20),

oJ I Au=0 (3.16)
Au(k+1|k) = E, (4.21)
where E, =(-E,QE, - E,"QF,)/2(E,"QF, + R) | (4.22)

Finally, the formulation for determining the predicted controlling input wu(k+I) to the

controlled system that is the generator and its connected power system is:

u(k +1]k) = u(k) + Auk +1| k)
u(k +1k)=u(k)+E, 4.23)

4.5 Concluding Remarks

The control process of MPEC is based on the formulations described in the above sections,

and it is summarized below:

Step 0. Calculate the constants for the prediction model of the generator and their
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Step I:

Step 2:

Step 3:

Step4:

connected power system using (4.19):

2—AtAtk, I 2H -1 0 - AtAtk, 0,/ 2H
K, = —k,At . K, = 0 , K.={1|,E,= -k,m,At
2H /At — kAt —2H /At 0 —k,m,At

Make the measurements of the generator terminal voltage and speed, and

calculate their perturbed values using (4.7) and (4.10):
AV,(K)=V, -V,(k), Aw,(k) = 0.(k)— @,
Calculate the constants of control optimization using (4.19) and (4.22):

E =K Aw.(k)+ KA, (k-1)+ KAV (k)

E,=(-E QE, - E,QE)/2(E,QE, + R)

Compute the controlling input to the generator excitation, that is the generator

excitation voltage ey, for the next time step k+/ using (4.2) and (4.23):

Ae g, (k+1|k)=u(k +1[k)=u(k) + E,

Go to Step 1, and repeat the computation.

The above-mentioned control optimization process, the core of the MPEC developed in this

thesis research, is simple and computationally efficient, as compared to the standard model

predictive control, because:

1. The constants, in Step 0, that represent the prediction model of the generator and its

connected power system, need to be computed only once.
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This significantly reduces the computation time, when compared with the standard
model predictive control that requires, for each time step, all the state equations to be

calculated (see Procedures P1, P2, and P3 in Section 4.1).

Within the control process loop, the only significant computational effort required is

in Step 2, of which the computation is just a few 3x1 vector calculations.

This substantially reduces the computation time, when compared with the standard
model predictive control that requires, for each time step, several matrices

multiplications to be calculated (see Procedure P4 and P5 in Section 4.1).

Only two measurements, which are the generator speed and terminal voltage in Step 1,
are required. These two measurements are already available in the power system
generating station. No new/additional installations for measurements are needed for
the MPEC.

This significantly increases the practical use of the MPEC, when compared with the
standard model predictive control that requires many measurements in order to be

able to make the prediction model functions.

The control process of the MPEC, designed in this thesis research, can be well

implemented for the real time control of the generator excitation.

However, the standard model predictive control requires considerably heavy

computation effort that mostly likely prevents it to be implemented for the real-time

control of the power system generator.

As presented in Section 2.1, the standard model predictive control is superior to other

methods for the excitation control of power system generator such as automatic



voltage regulator, power system stabilizer, artificial intelligent control, fuzzy control,

etc.

The MPEC power system generator control is superior to other control methods, since

the MPEC has made significant improvement on the standard model predictive

control.
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Chapter 5

MPEC Design Analysis

This chapter presents the design analysis of the MPEC, the Model Predictive Excitation

Control developed in this thesis research.

First, this chapter presents the computer simulation platform for the analysis of the MPEC

design developed in this thesis research.

Second, this chapter presents study cases for evaluating the performance of the MPEC
designed in this thesis research. In these study cases, the conventional controls including the
automatic voltage regulator (AVR) and the power system stabilizer (PSS) are used for
performance comparisons with the MPEC. The study cases are carried out using the

educational/commercial software Matlab.

Self-turning control can modify the controlling parameters in response to different
characteristics of the dynamic process under various disturbances and operating conditions
[19]. In this chapter, the self-turning method is applied for improving the predictive
excitation control by turning the weighting coefficients. As an extension of the model
predictive control applications, the predictive governor control is developed for damping the
speed oscillation. Based on the predictive excitation control and the predictive governor

control, an integrated controller is designed to implement functions of both the excitation and

the governor controls in this chapter.

This chapter presents the characteristics of power systems, by which the generator dynamics

are different under various operating conditions. The predictive excitation control is adaptive
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to these characteristics. When the operating condition changes from the original design
setting, the oscillation damping shrinks. By analyzing the power system characteristics and
considering the generator voltage boundary, the weighting factor self-turning strategy is

established to adapt the predictive excitation control to typical operating conditions.

This chapter presents how the weighting factors are selected. A useful guide for selecting the
weighting factors for the predictive excitation control is developed. How the weighting
factors affecting on the controller performance is also studied. Based on the analysis of
effects from the weighting factors, a detailed self-turning algorithm is designed for the
predictive excitation control. The computer simulations are provided for evaluating the self-

turning algorithm as well.

This chapter presents the design analysis of the MPEC, the Model Predictive Excitation

Control developed in this thesis research.

The following outlines the sections in this chapter.

Section 5.1  presents the computer simulation platform for the analysis of the MPEC

design developed in this thesis research.

Section 5.2 presents 4 study cases for evaluating the performance of the MPEC. In these
study cases, the conventional controls including the AVR and the PSS are

used for performance comparisons with the MPEC.

Section 5.3 presents self-turning strategy of the MPEC. The power system nonlinearity is
analysis by simulating the dynamic process of the generator experienced a
large disturbance. The requirements of the voltage and oscillation are also

given for the utility industry.
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Section 54  presents how the weight coefficients affect the MPEC performance. The
weight coefficients self-turning method is created for improving the MPEC.
The simulations for various cases are given for verifying the effectiveness of
the self-turning weight coefficients.

Section 5.5  presents the concluding remark of this chapter.
5.1 Computer Simulation Platform for MPEC Design

This section presents the computer simulation platform for the analysis of the MPEC design

developed in this thesis research.

(a) Typical power system configuration for generator excitation control studies

Figure 5.1 shows a typical power system configuration classically used for the study of both
the generator excitation control and the power system stability. This figure shows that the
generator is connected to the low voltage terminal LT of the step-up transformer. The
transformer has impedance of X, and its high voltage terminal HT is connected through two
transmission lines with impedances X;; and X, to the power system network EB. The
parameters for this power system configuration are given in Appendix IIl. The excitation
control was designed under the operating conditions of the generator providing the active
power P=0.9 per unit, the reactive power 0=0.436 per unit, and the terminal voltage V=1

per unit.

LT HT &0
U —VW\ X
‘ Xt _Z__/\/\/\/ —

Figure 5.1: A typical power system configuration for excitation control study
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Table 5.1 provides the parameter values for the studies of the MPEC optimal excitation
control. This table provides the values of the pre-fault power system operating conditions
(currents and power angles). This table lists the parameter values used to calculate k;, k7, k3,
and ky which are the parameters for defining the perturbed generator torque and terminal
voltage in equations (4.11) and (4.12). This table also gives the values of the weighting
parameters Q and R in equation (4.22), where Q consists of ky;, kr., and k4, as the weighting
factors for the optimizing variables of the perturbed generator terminal voltage, generator
torque, and generator speed respectively, and R has one weighting value k&, for the perturbed

generator excitation voltage.

Table 5.1: Parameter values for excitation control study

Pre-fault values Parameter values Weighting values
isq=0.9059 m;=1.1788 k;=1.6249 k=1
igo=0.4236 my=1.4196 kr=1.1164 k,=0.05

00=67.4321° n;=0.4824 k3=0.1768 k=8
Xrg=0.4725 ny=0.0059 ks=0.3782 k=5

(b) Typical power system disturbances for generator excitation control studies

The following provides four typical disturbances that are used for the studies of the generator

excitation controls.

Disturbance I: A large disturbance caused by a three-phase fault on the generator bus. This
disturbance assumes a three-phase fault occurring on the high voltage side of the generator
transformer, at the point F shown in Figure 5.1. This fault lasts for 0.07s. Then the fault is
cleared by the circuit breaker, and the faulted transmission line is put out of service. This
disturbance is used for testing the MPEC when the generator and its connected power system

are experiencing a sever disturbance.
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Disturbance I1: A medium disturbance caused by switching off a transmission line. This
disturbance assumes that one transmission line is being switched off. This disturbance is
used for testing the MPEC when there is a significant change of the energy flow in the power

system such as one transmission near the generator being put out of service.

Disturbance III: A small disturbance caused by a change of generator terminal voltage.
This disturbance assumes that the operating reference for the generator terminal voltage V, is
decreased by 2%. This voltage change is used for testing the MPEC when a significant

change of the generator electrical operations such as the generator being commanded to

reduce its output power.

Disturbance 1V: A small disturbance caused by a change of generator mechanical torque.
This disturbance assumes that the generator is experiencing with a 5% decrease of
mechanical torque 7,,. This disturbance is used for testing the MPEC when a significant
change of the generator mechanical operations such as the generator is being commanded to

increase its output power.
5.2 Study Cases for Evaluating MPEC Performance

This section presents 4 study cases for evaluating the performance of the MPEC designed in
this thesis research. In these study cases, the conventional controls including the automatic
voltage regulator (AVR) and the power system stabilizer (PSS) are used for the performance
comparisons with the MPEC. The study cases are carried out using the educational /

commercial software Matlab. The computer codes for the study cases are provided in

Appendix IV.

Study Case 1:  Disturbance I caused by a three-phase fault on the generator bus

71



Figure 5.2 shows the results of the Matlab computer simulation for the generator excitation
control of a large disturbance caused by a three-phase fault occurring on the generator bus as

described in the previous section.

The simulation results shown in Figure 5.2 include the generator speed, terminal voltage,
field voltage, and power angle. The simulation results show that the MPEC provides a better
damping on the generator speed oscillation than the classical control AVR+PSS. The speed
oscillation is suppressed within 3 s, as compared with the classical control AVR+PSS that
needs 4 s. The voltage regulation offered by the MPEC is about the same as that of the
AVR+PSS. The post-fault lowest points of the generator terminal voltage are about the same

for the MPEC of 0.935 per unit and for the AVR+PSS of 0.940 per unit.

Speed deviation (pu) Terminal Voltage (pu)
0.01 1.2
0.005 T T
0.8
0
0.6
-0.005 04
-0.01 0.2
0 2 4 6 0 2 4 6
Pover Angle (deg.)
120
--- CPSS
100 —— MPEC ||
80
60
-10 40
0 2 4 6 0 2 4 6
time(s) time(s)

Figure 5.2: Study Case I: Simulation results for Disturbance I

Study Case 2:  Disturbance II caused by switching off a transmission line
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Figure 5.3 shows the results of computer simulation for the generator excitation control of a

medium disturbance caused by switching a transmission line off the generator bus as

described in the previous section.

The simulation results in Figure 5.3 show that the MPEC provides a better damping on the
speed oscillation than that of the classical control AVR+PSS. The post-fault speed
oscillation is suppressed within 2 s, as compared with the AVR+PSS that needs 3 s. With the
MPEC, the terminal voltage is a little higher than that of the AVR+PSS. The highest point of

the generator terminal voltage is 1.035 per unit for the MPEC, comparing to 1.025 per unit
for the AVR+PSS after the fault.

4 10° Speed deviation (pu) o6 Terminal Voltage (pu)

1.04

1.02

-4 . 0.98
0 2 4 6 0 2 4 6
Field Voltage (pu) Pover Angle (deg.)
10 90
N --- CPSS
5 851 — MPEC
0
-5
% 2 4 6 6
time(s) time(s)

Figure 5.3: Study Case 2: Simulation results for Disturbance II

Study Case 3: Disturbance I11 caused by a change of generator terminal voltage
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Figure 5.4 shows the results of computer simulation for the generator excitation control of a
small disturbance caused by a change of the generator terminal voltage, as described in the

previous section.

The simulation results show that with the classical excitation control AVR+PSS, the terminal
voltage reaches the new reference very quickly, because the AVR has a high gain for the
voltage deviation. The MPEC achieves the best damping on the generator speed oscillation

but offers a slightly slower response to voltage regulation.

x 10 Speed deviation (pu) Terminal Voltage (pu)
10 1
5 0.99
0 0.98 A A
-5 0.97 .
0 2 4 6 0 2 4 6
Field Voltage (pu) Pover Angle (deg.)
5 .
0
-5
68 --- CPSS
—— MPEC
-10 . 67
2 4 6 0 2 4 6
time(s) time(s)

Figure 5.4: Study Case 3: Simulation results for Disturbance III

Study Case 4:  Disturbance IV caused by a change of generator mechanical torque
Figure 5.5 shows the results of computer simulation for the generator excitation control of a

small disturbance caused by a change of generator mechanical torque as described in the

previous section.
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In this case, the generator speed oscillation is in a smaller magnitude and a shorter time with
the MPEC than that with the other controls. Although the lowest point of the terminal
voltage with the MPEC is at 0.003 per unit lower than that with the other controls.

X 10" Speed deviation (pu) Terminal Voltage (pu)
1.005

0 2 4 6 0 2 4 6

. Field Voltage (pu) "~ Power Angle (deg.)
68
(\N‘— - CPSS
2 1 67 — MPEC
1 4
0 i
-1
2
0 2 4 6 6
time(s) time(s)

Figure 5.5: Study Case 4: Simulation results for Disturbance IV

5.3 Self-tuning Strategy
This section presents the characteristics of the power system, by which the generator

dynamics are different under typical operating conditions. A self-turning strategy of the

weighting factors in the predictive control is established to adapt the MPEC to typical

operating conditions.

5.3.1 Power system characteristics
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The power system dynamic process changes with different operating conditions. For
instance, with light loads demanding small generator power P, or heavy loads demanding
large P,, the generator has different dynamic responses under the same large disturbance. The
speed deviations are changed proportionally smaller with the light loads than that with the
heavy loads. However, the terminal voltages variations do not change the same as the speed

deviations. This is shown by the simulation results given in Figure 5.6.

From the equation (2.20), the rotor speed derivative is proportional to the difference of
mechanical torque and electric torque. The electric torque is the product of the terminal
voltage and current. The terminal current is the sinusoidal function of the power angle. The

power angle variations are determined by the speed deviations.

The MPEC designed in this thesis research is built based on the simplified 3-order generator
model. Parameters k;, k;, k3 and ks, defined in (4.11) and (4.12), of the controller are
calculated from the designed operating condition. When the operating condition changes
from the originally designed operating condition, the parameters k;, ko, k3 and k; change
correspondingly. The coefficient k» variations are given in Figure 5.6 as an example. These

variations affect the controller performance.
Study Case 5:  Large disturbance on the system under active power of 0.1, 0.4 or 0.9 pu

This study case investigates the MPEC performance for different operating conditions. The
simulation results are shown in Figure 5.6, where three curves represent the operating
conditions of P;=0.1 per unit, P=0.4 per unit and P=0.9 per unit respectively. Four graphs
show the voltage deviation (V,-V,.), the speed deviation (4w,), the power angle (J) and the

coefficient k».
The simulation results show that the speed oscillation magnitude increases with raise of the

active power. However, the terminal voltage deviation changes with the active power

differently. After the fault is cleared, the terminal voltage goes back to the rated value very

76



quickly for P=0.1 per unit and P=0.4 per unit, but it takes longer time to reach its rated value

for P=0.9 per unit. The coefficient k, changes largely with different conditions.

The weighting coefficients of the MPEC are self-turned according to different operating

conditions using the self-turning technique.

Terminal voltage (pu.) Hotor Speed (pu.)
0.2 0.01
O'F/" ~ 0.005
-0.2
0
-0.4
— Pt=0.9
0.6 | -0.005 --- Pt=0.4
— Pt=0.1
-0.8 : -0.01
0 2 4 6 0 2 4 6
Power angle (deg.) K2 coefficient
150 1.5
100 /\/\/\&
sof .
o ——— — —
0 2 4 6 6

time(s) time(s)

Figure 5.6: Simulation results for Study Case 5

5.3.2 Conflict of terminal voltage regulation and oscillation damping

Design of the generator excitation control has two prime requirements: one is the generator
terminal voltage regulation and the other is oscillation damping. In the process of
determining the weighting factors to improve the predictive control, it needs to achieve a
good performance on both the voltage regulation and the oscillation damping. However, by

turning the weighting factors for better oscillation damping, the generation terminal voltage

regulation may become worse.
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This section investigates the reason why the two requirements are not always coincident. In
some cases, they may be conflict. For example, the voltage regulation needs to increase the

field voltage while the oscillation damping needs to decrease the field voltage.

To investigate why these two requirements are not coincident, the dynamics process of a
generator, subjected to a large disturbance defined in Section 5.1, is simulated. The results

are shown in Figure 5.7 and 5.8.

The parameters k; and k4in (4.11) and (4.12) represent the relationship AV; and AT, with Ay
respectively, and Ayyy is changed by the controlling input directly. The changes of k; and k4
changes are given in Figure 5.7. Note k; and k4 used in the MPEC design are constant. They
are shown in variable values in the figure just for explaining the dynamic process of the

generator. As shown in the Figure 5.7, they are positive during the whole process.
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Figure 5.7: Changes of coefficients k; and k, with a large disturbance

In Figure 5.8, for convenient to compare, three output deviations in per unit are shown in the
same figure, which are the generator speed deviation (noted as Speed), the terminal voltage
deviation (noted as E-V,) from the reference and the unbalance torque (noted as T,-T,,) that
is proportional to and represents the acceleration. When the disturbance occurs at 0.1s, the
speed increases because the mechanical torque is greater than electric torque that becomes
zero during the fault. Then the fault is cleared at 0.17s. At this time, the terminal voltage

recovers to around 0.9 per unit, and the electric torque exceeds the mechanical torque because
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the power angle has increased during the fault. The electric torque is higher than the

mechanical torque that causes the generator speed to decrease.

During the period of 0.17s to 0.47s, the speed deviation is positive as shown in Figure 5.8.
The electric torque should be increased to decrease the speed deviation. In order to increase
the electric torque, it requires increasing the generator field voltage. For the condition shown
in Figure 5.8, the terminal voltage is lower than the reference. It needs increasing the
generator field voltage to raise the generator terminal voltage as well. For this case, the

regulation of the terminal voltage and the damping of the speed oscillation are coincident

during this period.

However for the period of 0.47s to 0.90s, the situation is different where the speed deviation
is negative. In order to reduce this negative speed deviation, it needs to decrease the
controlling input to reduce the generator voltage and therefore to decrease the electrical
torque or to increase the generator accelerating torque. However during this period, the
terminal voltage is lower than the reference. It requires the higher controlling input to reduce
the voltage deviations. Two requirements for the controller are opposed with each other, as
one requires for the control decrease to minimize the negative speed deviation and one

requires for the control increase to reduce the voltage deviation.

3-phase short-circuit with P=0.9 G=0.4
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Figure 5.8: Responses of rotor speed, tdque and terminal voltage with a large disturbance
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5.3.3 Self-turning strategy - R S

A self-turning controller has a strategy for turning the controller parameters [19]. For the

MPEC, the strategy is found as the following.

In the electricity power system, the variation of the generator terminal voltage usually does
not exceed £5% of its rated value. This variation of a short duration is acceptable to
industries. In this thesis research, +5% is considered as the boundary for the terminal voltage

deviation.

After disturbances, the terminal voltage is regulated quickly close to the pre-disturbance
value. If the terminal voltage is within this boundary, the weighting factors do not need to be

further turned to improve the terminal voltage.

Many papers are reported on the self-turning excitation control. Some of them use state
estimation technique to catch the model characters under various operation conditions for
modifying the controller parameters. For an example, in the paper [8], the recursive-least-
squares identification technique is used to track the system model changes. The model
characters under different operating conditions are identified by this technique. The
weighting coefficients for the identification technique also need to be chosen by the trial and
error method. On the other hand, this identification technique is time-consuming for

identifying system model online.
Study Case 6:  Large disturbance on the system for the light load P,=0.1pu and Q,=0.1pu.
For the MPEC, the control performance is not only relative to the prediction but also to the

weighting coefficients. The performance is not improved much if only the prediction is

changed with the operating conditions. This is illustrated in the study case shown in Figure
5.9.
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With the updated model, all parameters of prediction model, including k;, k2, k3 and k4, are
updated by measuring currents. With the fixed model, all parameters are constants calculated

from the initial values. Figure 5.9 shows two curves: one for the fixed model and one for the

updated model.

There are many parameters depending on the designed operating condition. If turning these
parameters on-line to adapt new operating conditions, either more measurements or complex
techniques are required. Even though these parameters are turned, the control effects may not
improved as shown in Study Case 6. In this thesis research, turning of the weighting
coefficients k,, k, and &, is studied for improving the predictive excitation control, while the
prediction model remains the fixed. The scheme of the predictive excitation control with

weights self-turning is shown in Figure 5.10.
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Figure 5.9: Simulation results for Study Case 6

The detailed self-turning algorithm is developed in the Section 5.4. The self-turning

81



algorithm consists of the weights self-turning block in Figure 5.10. The system
characteristics are checked with the weights self-turning block with measurements of the
generator speed and the terminal voltage. When the measured system outputs meet the self-
turning regulation, the corresponding weights are turned and applied to the predictive
excitation controller. The predictive excitation control works with the new weight

coefficients to improve control effects.

Weights
ke, kp and k, f Self-turning ¢

Yref Predictive | u | Power y

—?—P Controller [P System —>

Figure 5.10: Scheme of the predictive excitation control system with weights self-turning

5.4 Weight Coefficients Self-turning

This section presents how the weight coefficients are chosen for the predictive excitation
control. Based on analysis how the weights affect on the control, the self-turning algorithm is

created for improving the predictive excitation control.

5.4.1 Choosing weighting coefficients

Although optimal control becomes popular, there is no the general regulation about the
weight coefficients selection. A good rule of the weight coefficients choosing is made for
some controlled systems, but it may not work well with other controlled systems. The MPC
is a kind of optimal control, for applications based on the MPC, the weight coefficients are
chosen based on the characteristics of the generator and its connected power system.

In the performance index given in (4.20), the system output weight decides the rank with
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which the controller keeps the system output tracking its reference. A big weight causes the
corresponding output deviation to be minimized relatively quickly, compared with a small
weight on other controlling variables.  For satisfying two conflict requirements
simultaneously, weights should be chosen in a proper scale. Otherwise, one requirement is
over-met while another one is under-met. The control input weight is used to punish the

control input increments. The controller responses slowly with the big control input weight

and quickly with the small control input weight.

From the equation (4.22), the MPEC is mainly affected by the ratio between various weight
coefficients. Choosing the weights is actually finding the ratio between every weight

coefficients. It is a good start by choosing k, as unity, and then finding other weights.

Speed deviation (pu) Terminal Voltage (pu)
0.01 1.2
0.005 1'f</~’ "
0.8
0
0.6 — kw=16
-0.005 --- kw=8
0.4  kwed
-0.01 — 0.2
0 2 4 6 0 2 4 6
Power Angle (deg.)
120
100
80
60
. - : 40
100 2 4 6 0 2 4 6
time(s) time(s)

Figure 5.11: Simulation results for Study Case 7@)
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Study Case 7: Large disturbance happens on the system under the full load P=0.9 and
0=0.436, different weight coefficients k, and k, are verified with the
MPEC.

This case is to study the weight coefficients effects on the MPEC. The simulation results are
shown in Figure 5.11, including the generator speed deviation, the terminal voltage, the field

voltage, and the power angle.

From the results, the speed oscillation changes proportionally with the weight coefficients k.
With &, increases from 4 to 16, the magnitude of the speed oscillation decreases largely, and
the oscillation procedure decreases from more than 5 s to 2 s. But the voltage regulating is
affected negatively. It is because that the speed deviation is traced well with the higher k,.
Correspondingly, the terminal voltage is adjusted worse because the less control effort is
spent on tracing the voltage deviation. The other output weight coefficients &, and k, have

similar character as k,,.

Speed deviation (pu) Terminal Voltage (pu)
0.01 1.2
N err————————
0.005 1
0.8
0
0.6 E——
-0.005 0.4 --- ke=20 ||
—— ke=50
-0.01 0.2
0 2 4 6 0 2 4 6
Field Voltage (pu) Power Angle (deg.)
10 120
100
80
60
-10 40
0 2 4 6 0 2 4 6
time(s) time(s)

Figure 5.12: Simulation results for Study Case 7 (2)

In Figure 5.12, three curves represent the input weight coefficient of k=5, k,=20 and k=50
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respectively. From the results, the control input weight coefficient k, effects are verified. The
control input changes more slowly with the larger coefficient, and the oscillation lasts longer

time. The oscillation damping is weakened while the voltage adjusting is strengthened.
By the above method, the weight coefficients are selected as k=1, k,=0.05, k,=8 and k.=5.
54.2 Weight coefficients self-turning algorithm

The speed oscillation magnitude is proportional to the active power P, at the operation point
with the large disturbance. When the active power P, is much smaller than that at the
designated point which the predictive excitation control is designed based on, the weights
make the control damping function weakened. In this case, the weights (k, and k) should be

enlarged for keeping the good damping.

During the dynamic process after the large disturbance, Aw, reaches the peak value when the
acceleration speed crosses the zero. In the view this point, the weight coefficients can be
turned according to the peak value of Aw, from the measurements. At first, the peak value of
Aw, is found by checking the signs of Aw,(k-1) and Aw,(k). If the signs are different, the
acceleration speed crosses the zero, and Aw,(k) is the peak value. Then the weights are
changed according the peak value of Aw.(k) shown in the following self-turning algorithm.

This turning is made only at the point where the peak value Aw, of is found.

With the different reactive power Q, at the operation point, the terminal voltage changes
differently during the dynamic process after the large disturbance. When the reactive power
Q is negative, the terminal voltage may not go back within the boundary (+5%) of the rated
voltage. Under this situation, the weight k, should be increased for improving the voltage

adjusting. Turning k, is based on measuring the terminal voltage.

Based on above analysis, the weights self-turning regulation is made as: turning k, only when

the terminal voltage is out of the scale of 5%, otherwise turning k, and k,, to eliminate the
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oscillation as fast as possible. For the one-step predictive excitation control presented in the

last chapter, the detail of weight coefficients turning algorithm is shown as the following.

Self-turning algorithm

1. If Ae=le/V,[>0.05 pu, k, increases 2 times, k, and &, remain initial value, go to the
end.

2. Else k, remains the initial value, go to the next.

3. If the signal of Aw.(k)-Aw,(k-1) is same as the signal of Aw(k-1)-Aw(k-2), go to the

end.

If |Aw,(k)|<=3e-4 pu, k, and k, remain initial value, go to the end.
Else if |Aw,(k)[<=0.0013 pu, k, and k,, increase 3 times, go to the end.
Else if |Aw,(k)|<=0.0065 pu, k, and &, increase 2 times, go to the end.
Else if |Aw,(k)[>0.009 pu, &, and &, remain initial value, go to the end.

®©® N ok

End; apply the turned weight coefficients to the controller.

The first two steps are checking if the terminal voltage is in the preset scale (x5%). If yes,
just turning £, to adjust voltage first, otherwise go to the next for turning k, and k, to increase
damping. The third step is finding the extreme value of the speed deviation by checking if
the acceleration speed crosses zero. The fourth is checking if the speed deviation is small
enough. If yes, do nothing because the oscillation is dying out. The fifth and sixth are
turning k, and k, twice or three times according the magnitude of speed oscillation. The
seventh does not change the weight coefficients because the controller works at the designed
point. The control input weight k. is not turned by this algorithm. The scheme of the

coefficients self-turning algorithm is given as Figure 5.13.

If the weights are turned online, the high-frequency noise is introduced into the control input
by changing the weights too often. In this research, the weights &, and k,, are changed only at
the point where the speed deviation was checked at its peak value. It prevents the high-

frequency noise from the control input. The turning scale for Aw, can be divided smaller to
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make the control input smoother than above turning scale, for example, the scale of Aw,(k)

divided in zone [3e-4, 0.001, 0.003, 0.005,...] with the gain {1, 3.5, 3.0, 2.5,...].

Ao Max/Min [/ | Obtain Vt Aw
vy v
Aas3ed 0 ™ Vtout limit
i '
\

: Turning &,
Turning &, k, according Vt
according Aw

— | v
—»  Controller

Figure 5.13: Weights turning algorithm
5.4.3 Verifications by the computer simulation

To verify the effects of the above weights self-turning method, the following cases are studied

using the computer simulations.

Study Case 8: Large disturbance happens on the system under the full load P,=0.9 and
0:=0.436 with the self-turned MPEC.

This case is used to verify the self-turning algorithm. The simulation results are shown in
Figure 5.14, including the generator speed deviation, the terminal voltage, the field voltage,
the power angle and the variations of k., and k,. &, is turned with the same ratio as k,. Three
curves represent the generator dynamic processes under the classical control (AVR+PSS
noted as CPSS), the predictive excitation control (noted as Fixed MPEC) and the self-turning

predictive excitation control (noted as Self-turned MPEC) respectively.
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Figure 5.14: Simulation results for Study Case 8

From the simulation results, when the fault occurs, the voltage is lower than the preset scale
(#5%) in a short period. According the self-turning algorithm, k, increases 2 times and other
weights remain the same value for strengthening the terminal voltage adjusting. Comparing
the predictive excitation control without weights turning, the self-turning weights improves
the voltage adjusting with a little higher magnitude of the speed oscillation. With the weight
self-turning, the terminal voltage is regulated as fast as the classical control AVR+PSS. At
the second peak point of the speed deviation, the voltage is within the scale, so k, is turned
back initial value and &, and k, increase twice according the self-turning regulation to
improve the oscillation damping. And then k, and k, increase three times at the next peak
point of the speed deviation. The oscillation damping increases twice and three times by
turning k, and k,, the speed oscillation is ended by the self-turned MPEC in 2 s, while the

classical control and fixed MPEC need 5 s and 3 s respectively.
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In conclusion, the self-turning makes the controller gaining the good voltage adjusting like
the classical control and good oscillation damping like the predictive control. The control

effects are improved by the self-turning algorithm.

Study Case 9: Comparing the self-turned MPEC effects on the system with the large
disturbance under the light load P=0.1 and Q,=0.1 with the classical
control AVR+PSS and fixed MPEC.

Both predictive excitation control and classical control are designed based on a certain
operating condition. When the operating condition changes a lot, the control performance is
affected by the nonlinearity of the generator model. The self-turning method can overcome
this drawback by turning the weight coefficients according the characters of the different
conditions. The case 9 is studied for evaluating the self-turning algorithm. The simulation
results are shown in Figure 5.15, including the generator speed deviation, the terminal

voltage, the field voltage, the power angle and the variations of k, and k,.
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Figure 5.15: Simulation results for Study Case 9
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The MPEC has better oscillation damping than the classical control at the designed point that
is verified in the case 1 and 4. From the simulation results in Figure 5.15, with the new
operating point, the fixed MPEC has almost same oscillation damping as the classical control.
The good damping effects of the MPEC are shrunk when the operating condition changes.
With self-turning technique, the MPEC is improved with good damping because the weights

are changed to adapt the new operating condition.

Study Case 10: Comparing the self-turned MPEC effects on the system with the small
disturbance under the heavy load P=1.0 and Q,=0.436 with the classical
control AVR+PSS and fixed MPEC.

This case is studied for verifying the control effects with the small disturbance under the
operating condition P=1.0 and 0=0.436. The simulation results are shown in Figure 5.16,
including the generator speed deviation, the terminal voltage, the field voltage, the power

angle and the variations of &, and k,.
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Figure 5.16: Simulation results for Study Case 10
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From the resuits in Figure 5.16, compared with another two controls, the self-turning
predictive control has the best oscillation damping by sacrificing a little voltage adjusting.
The speed oscillation is brought to end in a half cycle. The terminal voltage deviation is -

0.015 pu which is permitted in the practical utility industry.

By studying the above case, the conclusion is obtained from the simulation results: the weight
self-turning algorithm improves the MPEC with different disturbances and different operating
conditions. The weight self-turning MPEC can damp the oscillation very fast and keep the

terminal voltage within the preset scale (+5%).
5.5 Concluding Remarks

Comparing the classical control, simulation results verify that the MPEC obtains a better
oscillation damping by sacrificing a little terminal voltage adjusting. The two requirements
voltage adjusting and oscillation damping of excitation control system are studied by the
simulation as well; two requirements are coincident during a period and are conflict during

another period.

The self-turning technique is applied for improving the predictive excitation control in this
chapter. The well-selected regulation makes the proposed control overcome the drawback
that the control is affected by the different operating condition. And also the controller
performance in the designed point is improved by the self-turning algorithm. The simulations
of three cases, which includes three operating condition and two disturbances, are given for

verifying the method.
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Chapter 6

Conclusion

This thesis research has successfully completed the design and development of an optimal

power system generator excitation control, named the Model Predictive Excitation Control

(MPEC).

This thesis summarizes an exhaustive investigation carried out in this research on the
methods and techniques for the control of power system generator excitation. This research
has found that the model predictive control technique, if properly implemented, can provide
an effective real-time control of the generator excitation through a digital optimization
process. This thesis research has found that the standard classical formulation of the digital
model predictive control for computing the controlling input easily cause confusing.
According to the notation given in the standard model predictive formulation, the value of
controlling input at the present time step is calculated from the data at the same present time
step. Since all the data at the present time step, including the controlling input, are known, it
is therefore not possible to calculate, through an optimization process, the already-known
data. In the generator excitation control considered in this thesis research, the controlling
input at the present time step is already known and also has been applying to the controlled
system. Therefore, this thesis research proposes to re-write the classical predictive control
state equation expression, such that the controlling input for the present time step should be

re-written as the controlling input for the next time step.
This thesis shows in detail the correct application of the model predictive control for the

power system generator excitation control. The standard model predictive control is a

multiple-step (N-step) optimal control process. This thesis has found that the model

93



predictive control with one-step optimization, if properly designed, is sufficient to provide an
effective generator excitation real-time control. The findings in this thesis research have
shown that the N-step model predictive control has a complex formulation and expensive
computation. In addition, the N-step control optimization virtually does not offer any
meaningful advantage to the efficiency of the generator excitation control. Therefore, this
thesis research recommends strongly not implementing the N-step control optimization for
the power system generator excitation control. This thesis details the support for this

recommendation and recommends the use of one-step predictive control.

6.1 Major Research Work Completed

The following presents a summary of the major tasks accomplished in this thesis research.

1. This thesis research has conducted an exclusive investigation on the cause of power
system oscillation, the need for generator excitation control, the classical automatic
voltage regulator with addition of power system stabilizer, and the modern digital
control techniques that include the adaptive control, fuzzy logic control, artificial
neural network control, the predictive control, etc. The findings of this investigation

have initiated the core research and development of this thesis.

2. This thesis research has completed the modeling of the synchronous generator, power
system network, excitation system, and turbine governor system for the design of
power system optimal excitation control. In particular, a 3"-order generator model
has been prepared for the excitation control design, and a 6™-order generator model
has been prepared for the performance evaluation of the MPEC developed in this

thesis research.
3. This thesis research has investigated correct application of the standard model

predictive control for the power system generator excitation control has been

investigated. This thesis has found that the model predictive control with one-step
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.’ optimization is sufficient to provide an effective generator excitation real-time
control. The findings in this thesis research have shown that the N-step model
predictive control has a complex formulation and expensive computation. In addition,
the N-step control optimization virtually does not offer any meaningful advantage to
the efficiency of the generator excitation control. Therefore, this thesis research
recommends strongly not implementing the N-step control optimization for the power
system generator excitation control. This thesis details the support for this

recommendation and recommends the use of one-step predictive control.

This research has found that the model predictive control technique, if properly
implemented, can provide an effective real-time control of the generator excitation
through a digital optimization process. This thesis research has found that the standard
classical formulation of the digital model predictive control for computing the
controlling input easily cause confusing. According to the notation given in the
standard model predictive formulation, the value of controlling input at the present
time step is calculated from the data at the same present time step. Since all the data
at the present time step, including the controlling input, are known, it is therefore not
possible to calculate, through an optimization process, the already-known data. In the
generator excitation control considered in this thesis research, the controlling input at
the present time step is already known and also has been applying to the controlled
system. Therefore, this thesis research proposes to re-write the classical predictive
control state equation expression, such that the controlling input for the present time

step should be re-written as the controlling input for the next time step.

This thesis has developed the Model Predictive Excitation Control (MPEC). This
thesis has illustrated that the MPEC, the core development in this research, has made

substantial improvement upon the standard model predictive control. The MPEC is

much simpler and computationally efficient.
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6.2

This thesis has conducted extensive computer simulations for the design analysis of
the MPEC. A total of 10 typical study cases has been presented in this thesis, of
which 4 study cases are focused on the demonstration of the effectiveness of the
MPEC when compared with the classical automatic voltage regulator and power
system stabilizer. The rest 6 study cases are concentrated on the improvement and
extension of the capacity of the model predictive controls including the MPEC and

the standard one, for the application in the power system generator excitation control.
Major Research Contributions

MPEC, an optimal generator excitation control, has been designed in this thesis
research. The MPEC has made substantial improvement upon the standard model

predictive control. The MPEC is much simpler and more computationally efficient.

MPEC simulation program and results have been accomplished in this thesis
research. Four typical study cases have been presented to demonstrate the
effectiveness of the MPEC excitation control, and six typical study cases have been
presented to illustrate the improvement and extension of the capacity of the model
predictive controls including the MPEC and the standard one for power system

generator excitation control.

Modified standard model predictive control procedure has been formulated in this
thesis research. This thesis research has found that the standard classical formulation
of the digital model predictive control for computing the controlling input easily cause
confusing. This thesis research has re-written the classical predictive control state
equation expression, such that the controlling input for the présent time step has been

re-written as the controlling input for the next time step.

MPEC optimization formulation and procedure has been developed in this thesis

research. This thesis has designed a unique formulation and optimization procedure
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for the control of power system generator with only two substation-ready-available

measurements which are the generator terminal voltage and speed data.

6.3 Future Work

The following presents recommended future work on the following areas:

e The design of the MPEC developed in this thesis is recommended to be fully

tested in the real power system network.

e The optimization process of the MPEC is recommended to be further investigated
to enhance its capability for different types of disturbances that could occur in the

real power system.
e The optimization procedure for the MPEC is recommended to be further

developed for other applications such as control of flexible ac transmission

systems.
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Appendix I Per unit

a. Base values for per unit

For using per unit, the base values are defined as the following.

Stator winding base values

VApase = the 3-phase volt-ampere rating of machine (MVA).

Csbase = the rated line-line voltage RMS value (kV).

Joase = the rated frequency (Hz).

Ishase = VApusel€spase, the rated phase current RMS value (kA), line current/ﬁ .
WDpgse = 27ntfpase=w0, the rated electrical rotor speed (electrical rad/s).

Ombase = 2wpase! Py, (p=number of poles) the mechanical rotor speed (mechanical rad/s).
Lsbase = €sbasel isbase, the impedance (€2).

Lopase = Zspasel Wpase, the inductance (H).

Wsbase = Lpaselsbase=€sbasel Wpase, the flux linkage (Wb.turns).

Topase = VApuse! Ombase= PAVsbaselsbase! 2, the torque (N.m).

thase = Hwpase=1/wyg, the time (s).

Field winding base values

Ifdbase = ispaseLadl (\[3/2 Lasa), the current (kA).

efdbase = VApaselifdvase, the voltage (kV).

Zfdbase = €fdbasel ifdbase, the impedance Q).

Ligpase = Zfibasel Wpase, the inductance H).

Yidbase = Liapaselfabase=€fdbasel @base; the flux linkage (Wb.turns).
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d-axis damper winding base values

ildbase = ispaseLadl(\[3/2 Lasa), the current (KA).

€ldbase = VAbpuseli1dbase, the voltage (kV).

Zidbuse = € 1dbasel L14base, the impedance (£2).

Lygpase = Z 1 dbasel @pase, the inductance (H).

Widbase = L 1dpasel 1dbase=€ 1dbasel @pase» the flux linkage (Wb.turns).

q-axis damper winding base values

ikghuse = ispaseLug/ (\3/2 Laxg), the current (kA).

Cigbase = VA pasel ikgpase, the voltage (kKV).

Ziqbase = Ekgbasel Ikgbase, the impedance (£2).

Ligbase = Zgbase! @pase, the inductance (H).

Wigbase = Ligbaselkgbase=€igbasel Dpase, the flux linkage (Wb.turns).

where subscript & is 1 or 2 that represents the first or second damper in the g-axis.
b. Inductances in per unit

From equation (2.5), the flux linkage at the d-axis of the stator can be expressed as:
W, =-Li, + V3/2Lafdifd (ALL)

where the mutual flux linkage ¥, (= 1/ 3/ 2L i) produced by the current iy can be expressed

in per unit as:
Vg = 3/ 2L TV e = i i l_‘afd (AL2)

where W, = L] 5. ar€ the base values of the stator quantities defined above.
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SR L,= MLLWI stbase | (Lpase] spase) 18 the mutual inductance Ly in per unit,

Ly =igy 11 4, 18 the field current in per unit,
Using the base value of the field current is defined above, l:,fd can be written as

Lafd = V 3/ 2Lafd I Jfdbase / ( beasel xbase)

= vV 3/ 2Lafd [I sbaseLad / (\l 3/ 2Lafd )] /(stasel sbase) = Lad / beaxe (AI’3)
= Zad

Similarly, the relationships of the following mutual inductances can be derived using the per

unit system defined above.

(E—afd = Zad

Ly, = Ead

Ja (AL4)
Lalq = Laq

LLa2q = aq

c. Torque in per unit

With the base value of the torque Ty, = P iy /2 » the torque in per unit can be

obtained:
= P (l//dl - W id ) Pf y/sbaseisbase
T =TT, =—L—"+—/
e e base 2 2 ( AI. 5)
=V, di.q - '/7qu

d. Voltage equations in per unit
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By neglecting a small variation of @, by setting it to be one in"per unit, the voltage equation

(2.8) in per unit is obtained as below:

e ="Ri, -V, (AL6)
€, = Razq +¥,

With the definition of the flux linkage base values, the rotor winding voltage equations in per
unit are obtained as below.
PV =PV W tiase =€ = Ryl )W pipuse = Bpoee (€5 —Rpyigy) €y = Dpoee (€ —R_fd{fd)
Similarly,
PV =€, — Efd{fd )
P¥iy =—WRy4i,
P V—fxq = _a)Oquilq
PV, =—WRy 0,

(AL7)
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Appendix I  Derivation of some equations

a. Initial values of the current 1, the power angle 3¢ and power factor angle ¢

For the generator and power network shown as in Figure 2.4, the equivalent resistance Rg is
very small comparing the reactance Xg, it is usually ignored in the power system study. With
given terminal voltage V,, equivalent voltage Vg and terminal power P,, referring the phasor

diagram shown in Figure AIl.1, the apparent power is,

Vi

~Referen

1Xel;

Figure All.1 : Phasor diagram of V;, Vg and I,

:S‘: =P+ jO, =‘7'1~,* =V,[(V, -V cosd; — jV, sind,)/ jX 1 (ALL1)
=VV,sind, /X, + j(V? -V,V cos ;) X

where & is the power angle by which V; leads V. It can be expressed as below.
o, =arcsin(X ; P, /V, V)
I =W -V.)/jX;=(V,=Vycos, — jV;sind;)/ jX;

The terminal current and power factor angle are solved by,

1, =\[(Vt -V cosd): +(V; sind)* /X, (ALL2)
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p=ctg” (F/10Q) (AIL3)

b. Initial values for saturation effects

With the terminal voltage V; and current /,, the saturation can be decided as the following.

To obtain the saturation factor for the initial value, from (2.25) the air-gap flux are expressed

as,
Yo =eq+Raiq+idL, (AH4)
W, =—e, =Ry, +i,L,

V/sat = ‘\’ l//jd + l/’fq

In per unit the air-gap flux is equal to the air-gap voltage ys.—=V and with the equation

(AIL4), the air-gap voltage is given in vector forms as

~

V.

sat

=V +(R, + jX I, (AILS)

where X is equal to L; in per unit.

Figure AII.2 : Phasor diagram for the terminal voltage and air-gap voltage
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The phasor diagram is shown as Figure AIL2, and the air-gap flux is obtained as

Vou =V, + X I,sinp—1,R, cosg)® + (IR, sing+ X,I, cos p)’ (ALL6)

then using (2.24) and (2.26) to obtain the saturation factor. The inductances Lyg4; and L, are

replaced by the saturated values by (2.23) and inductances Lys and Ly, are updated as below.

L, =L +L
{ ds‘ 1 adu (AII7)

L,=L+L

agu
c. Obtaining Initial position of the g-axis
The g-axis position is referenced to the equivalent voltage V; with the angle 6. From the

equivalent circuit Figure 2.2, the dq components are expressed as the following équation at

the steady state (i;4=i24=i14=0).

{‘/’ ad = "bglg HigLly (AILS)

Waq = _thaq

Substituting into (AIL4)

{eq =i L, —Rji,~i,L, (AIL9)

e, =i L, — R,
Rewriting in phasor form,

V. =e, + je, =R, (i, + jig)+ (= ji, —i) JLy + Jig Loy = Jia (L — L)

b ~ e (AIL10)
=E,—jL,I,-R,I,

where Eq = jigLy, — jis(Ly —Ly)
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The phasor diagram for the terminal voltage V; and current I, at the d-axis and g-axis is shown
in Figure AIL3.  The voltage behind R,+jX, is defined as E, that lies along the g-axis.
Using this phasor diagram, Along with V, , there are another two components R./cos¢ and
X,dsing.  Along with the 90 degree leading to V,, there are two components -R,/;sing and
X,slcosp.  With this analysis, the power angle d; by which V; leads the g-axis can be

expressed as,

& =tan”[(X, ], cosp—R 1, sing)/(V, + R I, cosp+ X I sing)] (AIL11)

Figure AIL3 : Phasor diagram of V;, 7, and components at the d-axis and g-axis

Voltages and currents at the d-axis and g-axis on the stator can be calculated as,

e, =V, cosd,
e, =V, sind,
i, =I,codd, +9¢)
i, =1,sinld, +¢)

(AIL12)
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From (2.20), the flux linkages at the d-axis and g-axis and the air-gap flux linkage

components on the stator winding are

Wq =_ea' _Raid
V,=e, -i-Raiq

. AllL 13
W =V, +i,L ( )
l//aq = l//q +iqu

The power angle 6 by which Vg leads the g-axis can be expressed as,

0=0; +8, =arcsink B, /V V) +tan " [(X,, ], cosp—R I, sing)/(V, + R,I, cosp+ X I, sing)]

(AIL14)

where [, is the terminal current of the generator, and ¢ is the power factor angle at the given
operating condition. X, is reactance of the stator winding at the g-axis. Its numerical value

equals to L, in per unit which is saturated value.
d. Obtaining Initial value for the field winding variables

At the steady state, all time derivatives are equal to zero. So currents on damper windings
are zero (i;;=i2g=i;¢=0) in (2.19), and the flux linkages of damper windings are equal to the
corresponding axis air-gap flux linkages (y1,=¥2,=¥aq and Y14=Yad) in (2.19). From (2.19)

and equivalent circuits in Figure 2.2,

W, = —Ladsl:d + L, z 2 Lugs f',d (AILL15)
Waq = _Laqslq + Laqsllq + Laqleq

Substitute currents ijg, izg, iz4 and ir; from (2.19) into (AIL15) to eliminate terms of currents,
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Wi = Loa iy ¥ W Ly + ¥4 Dg) e (ALL16)
'/laq = Laqs(-iq +¥Ilq /LIq +y/2q /L2q)

where

L, =V Ly +1/Ly +1/ L)
L, =1/ L, +1/L,+1/L,)

From (2.19), pyz=0 and y;=y.4, the flux linkage, the field current and voltage are obtained

Vu= LyW. /L:.d +i; —y, 1 Ly)
=Wy —Vu) Ly
€ =iuRy

(ATL17)

e. Obtaining current with updated state variables

During the transient process, the state variables are updated by solving the differential
equation, the current is obtained as the following.  For simple in writing, define the

following terms,

e:l = L;rqs (y/lq /qu +W2q /L2q) (AH 18)
e, = LoyWy /Ly +y¥,,/Ly,)

Then with (AIL.15), we have

Wad = e; —l‘:ldsid (AH 19)
Waq = ed _Laqsi -
With the equations of (2.19) and (AIL.19)
e, =W, —Rji,+Li =e;—L i —R,i, ALL20
€, =Wa —R,i, —Li, =e,—L,i,—R,i, (ALL.20)
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where

L:is = LI + L:ulx
L;s =L+ L:,q:

"as and L",; are also called the d-axis sub-transient inductance and the q-axis sub-transient

inductance respectively.

By using (2.22), solve currents I; and I, as,

ig =(Xgey +Rpey — X pep, —Rpegy)(RE + X ) (AIL21)

Eliminate terms of e; and e, by substituting (AIL.20) into (AIL21), currents iy and i, are

presented in terms of ey, e"'; and J as the following equations.

) (AIL22)

iy =[(Xp+X, e, —Ezcosé)—(Ry +R,)e, + e, sind[(Ry +R,) +(Xp + X, )X + X,
i, =R+ R, e, —e5c0osd) +(Xp + X, )¢, +e5 SINORy +R,)* +(X o + X )X+ X,,)]

where X";; and X", are reactances corresponding to L"g and L"y,, they are equal to L"y and

L" ;s in per unit with w=1.0 pu (X"4= @wL" 4 and X" y=wL" ;).
Jf. Obtaining torque and voltage in the perturbed value

From the equation (2.13) and (2.20), the electric torque is expressed in terms of Yu4, and Yaq

as (AIL23).
Te = '//adiq - l//aqid (AH'23)
To find the AT, in terms of Ayy; and Ad, all components of 7, (AIL.23), the perturbed value of

Wad> Wag» ia and i, should be found in terms of yy, and J at first. From Figure 2.3 and equation

(2.19),
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W =Luly+tVa 4
Vi = Lad (l A id ) (AH.24)

Ve = _Laqlq
Eliminating the term of iy in (AIl.24),
W = (Logiy + LWy I LI+ Ly I Ly)= Ly (=iy + ¥/ Ly) (ALL25)

The air gap flux linkage y.q and y,, is expressed as,

{V/ ad = Lad (g +¥ulLly) (AIL26)

Ve = —Laqlq

where L, =L, L, /(L +L,)is called the d-axis transient inductance.

Similarly solving network equation in the section 2.6.2 as (2.30), using (2.20) and (2.22), we

can obtain the expressions of iy and i, in terms of y and o:

by =[X e+ X)W Lg Iy + L) € cOsO)~(R + R, ey sindY/[(Re +R, ) +(X g + X )X . +X,,)] (ALL27)
i, =[(Rg +R)W Ly (L, + L) —e; cos8)+(X . +X ey Sind/[(Ry +R,) +(X ; + X )X +X,)]

where X’y and X, are d-axis transient reactance and g-axis reactance of the generator with

saturation, and they are equal to corresponding inductances (L s= L 4¢+L; and L,) in per unit.

By defining Ry =R, +Rp Xp, =X +X, X, =X +X, D, =R +X, X,

{id =[ Xy, WLy Lpy + Lyy) — €5 cOSO) — Ryey sind)/ D, (AIL28)

i, =(Re WLy Ly +Lyy) — €5 COSO) + X 15 5ind]/ D,
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All values at the operating point are expressed with subscript 0, for instance, iz means the

value of iy at the operating point. The perturbed value of i; and iq are approximately derived

as the following.

{id =lgo + AL, =X (W + AW, )L, (L, + L) —eg cos@, +AS)) — Rye, sin@, +AS)) D, (AIL29)

by =i + Ny =R (W + AW IL,, Ly, + L) — €, c08G, + AS))+ Xye, sin, +AS))/ Dy

bao *+ 8y =X W paoLigg I + L)V Dy +[X ;AW Loy KLy + L)V Dy +

[—X7,€5(cOsd, COSAG —sind, sinAd) — R,e,(sind, cosAd +cosd, sinAd)]/ D, (AIL30)
iy + 8, =[RW oLy KLy + L)V Dy +[RAW Ly KLy + L)V Dy +

[—Rye;(cosd, cosAd —sind, sinAS) + X e, (sind, cosAS +cosd, sinAd))/ D,
With AJ is small enough, sinA6=Ad and cosAd=1.

igo + A, =[ Xy, (WyoLyy (Lo, + Ly )—e, c088,)) — Rpey sind, 1/ Dy +
les(Xy, sind, — R, cos,)AS+ X, L, (L, + L, )Aw,, 1/ Dy

i + 0, =[ReWpo Ly Ly +Lyy) — €5 €088,) — X g€, 5in8,) 1/ Dy +
[e; (R, sindy — X, c0s8))AS + R, L, (L, + L )Ay 1/ Dy

(AIL31)

where with (AIL27) Lgo =[Xp, W oLy Ly +Lyy) — e cos§0)—R"TeB sind,1/ D,
igo =Ry WpsoLuy Iy + Lyy) —€p cosdy) + Xp,e, 5indy}/ Dy

Aig and Ai, are expressed in terms of perturbed values Ay, and A as the following:

{Aid =mAS +mAy gy (AIL32)

Ai, = Ad+n Ay gy
where m, = ey (X, sin 6, — Ry cos 0,)! Dy my =(Xp,L,,)/[Dr(Lyy + Ly))

n, = e, (R, sind, — X, c0s,)/ Dy n, =Ry L, )/[Dr (L + Lyl

From (AIL26) and (AIL32), the flux linkages AW, and Ay, are expressed as below:
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AV g = Loy (~Biy + Ay 4 1 L) = (1 Ly =my) Ly AY y ~m, L, AS  (AIL33)
Ay, =-L,Ai,=-n,L Ay, —nL, AS

From (AIL23), (AIL.32) and (AIL33),

AT, =¥ 4q0lig + AW 4qi40 = WagoBia =AW agia0

AT, =IjAS + Ay 1y (AlL34)
where

by = 1 W g+ Laghao) = 1 W gy + L)

k2 = n2 (Wado + LaqidO) - m2 (!//aqO + Ladqu) + quLad /Lfd

Similarly, obtaining the terminal voltage in terms of Ay, and Ad is as the following.

From the equation (2.20),

Ae, =—R,Ai, + LA, —Ay,,

Ae, =-RAi + LA, —Ay,, (AIL35)
and with

VoAV, = e e, +e e,

AV, = kA8 +k, Ay, (AIL36)
where
e .
= TRy + L+ Ly 42 (=R = Lymy = L)
Vi Vo

[4 e .
k, =%[-R,.mz +Ln, + L, ] +VL°[—R‘,"2 —Lm,+L,,(1/ L —m,)]

10 10
Vio, eg0and egqpare the value of the terminal voltage, its q-axis and d-axis components at the
operating point.

g. N-step predictive control algorithm

The prediction model is built based on the state equation as below.
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{x(k+N|k)=Ax(k+N—1|k)+Bu(k+n,—1|k) (ALL3T)

y(k+N|k)=Cx(k+N|k)

Using this prediction model, the system outputs y(k+ilk) (i=1,2...N) are predicted over the
interval time N starting at the instant k. These predicted system outputs are functions of the

measurements y(k) and the control inputs u(k+jlk) (j=0,1... n,-1).

In the general form of the MPC, the N-step-ahead system outputs and 7, control inputs are

considered in the performance index J. The performance index is shown in matrix form as

the equation (AIL.38).

N n,
J :%[Z(AeTQAe)+ZAuTRAu)} (AIL38)
1 4}
where
r(k+1) y(k+1]| k) u(k | k) u(k —1)
| rke+2) | | yk+2]0) S u(k+11k) | |utk-1
r(k+N)| | yk+N|k) utk +n, ~1\k)| |utk-1)
o 0 .. 0 R,b, 0 ... © k 0 .. O
R, ... O 0O k&, ... O
Q= O Q:z . 0 R= 0 :2 e Q= . S :
0 0 .. Qu 0 0 .. R, 0 0 .. k,
(1, 0 0
0 1 0
R, = :
0 0 l

Q; (i=1,2...N) is the system output weight matrix for the i-th predicted outputs. It is the
positive diagonal matrix which the size is the number of system outputs y (the system outputs
in dimension m). Its elements k; to k, are the positive weight coefficients corresponding to

the each system output. R; (j=1,2,... n,) is the control input weight matrix for the j-th control
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inputs. It is the positive diagonal matrix which the size is the number of control inputs # (the
control inputs in dimension I). Its elements [, to [, are the positive weight coefficients

corresponding to the each control input.

At the instant k, the control input u(k|k) includes two parts shown as the equation (AIl.39),
one part are the control inputs z(k-1) at the last instant k-1, and another part Au(k|k) are the
increments of the control inputs at the instant k, which are calculated by the control

algorithm.
u(k | k) = u(k 1)+ Au(k | k) (AILL39)
At the instant k+1, the control input #(k+1[k) consist of the control inputs u(k|k) at the instant

k and the control input increments Au(k+1]k) at instant k+1, which are calculated by the

control algorithm.

u(k +10k) = u(k | k) + Auk +1] k) = ulk —1)+ du(k | k) + duk +1| k) (ALL40)
Similarly,
uCk +nu—1]k)=utk —1)+ duk | k) +...+ du(k + nu—1| k) (AllL41)

For only n, control inputs are considered, at the instant k+n,, the control inputs remain the

same values as those at the instant k+n,-1.

uCk +nu| k) =uk =)+ duk | k) +...+ du(k + nu—1| k) (AIL42)
Until the N-th step,

uk+ N | k) = u(k =1)+ Au(k { k) + ...+ Au(k +nu—1|k) (AIL43)
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where the term (k+N|k) means the value at the instant k+N that is calculated at instant k.

From the equation (AIL37) to (AIL43), the predicted results of state variables and system

outputs can be rewritten as the following.
At the first step prediction,

x(k+1| k)= Ax(k)+ Bu(k | k) = Ax (k) + Bu(k —1) + Bdu(k | k)
y(k +1]k)=Cx(k +1]k) (AIL44)

At the second step prediction, substitute the first step results (AIl.44) into the second step
prediction model (AIL.37),

x(k+2|k)= Ax(k +1|k)+ Bu(k +1| k)
= A[Ax (k) + Bu(k | k)] + Bu(k +1| k)
= A’x(k) + ABu(k | k) + Bu(k +1| k)
= A2x(k) + AB[u(k — 1)+ du(k | k)] + Blu(k —1) + du(k | k) + Au(k +1| k)]
— A?x(k)+(A + I)Bu(k —1)+ (A + I)BAu(k | k) + BAu(k +1| k)

y(k +2| k) = Cx(k +2| k) (AIL45)

Similarly,

x(k+n, |K)=A" x(k)+ (A" +.t A+ DBusk —1) +(A™ +...+ A+ D)BAu(k| k) +...+ BAu(k +n, —1|k)

y(k+n, | k)=Cx(k+n, | k) (AIL46)

From the end of control horizon k+n, on, the control input increments remain the same value

as Au(k+n,-1k).

x(k+n, +1|k)=A""x(K)+(A™ +.t A+ DBUk -1 +(A™ +...+ A+ DBAuk|k)+...+ (A+ DBAu(k +n, —1|k)
y(k+n, +1|k)=Cx(k+n, +1]k) | (AIL47)
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Until the N-step, =~ - - S et

x(k+N|K)=A"x(k)+AY" +..4+ A+DButk-1)+(A"" +..+ A+ DBlu(k | k)+..+(A" ™ +..+ A+ D) BAu(k+n, —1| k)
y(k + N | k)=Cx(k+N | k) (AIL48)

The equations (AIL44) to (AIL.48) are expressed in matrix form as the below.

el 1A 7 B B 0 .. 0]
w110 . et AB<B B0 0
: : S A'B : L) uck[£)
x(k +nu| k) A )+ i=0 -1+ -l n,—zA_B 5 Au(k+1|k)
= b noo (k= i i .
x(k+nu+1{ky| | A > AB ;AB ; :
: : - e e |Autktn, =11k
xk+NK | A ] ”i Al Y AB Y AB .. ZA’BJ
L i=0 i=0 i=0
L i=0 J
w11k 0 ... 0 x(k+1]k)
FEUI N o ¢ oo xk+21h) (AIL49)
k+Nlk : : . : :
YEENIBI g o e xwn o

In the more compact matrix form, the above equations (AII.49) are expressed as below.

{X:A’x’(k)+B u(k—1)+ B Au (AIL50)
Y=CA'x(k)+CB'utk—1)+C'B'Au
where
Cx(e+1]k) A ]
: Au(k| k) :
: y(k+1]k) '
X x(k+nu|k) Y = Au = Au(k+1|k) A= A'lul
x(k +nu+1| k) yk+N|k) : A
: Au(k+nu—1\k) :
| x(k+N|k) | A"
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B 7 B 0 0
c o ... 0] |iu AB+B B 0 0
,|oc e | 2AB g 0
=l B={n |B=|DAB Y AB B
) ZA‘B i=0 i=0 _
0 0 C i=0 : :

N-n,

: ; N_2. . A N
& A'B A'B ... A'B
;AB z ; ; )

The predicted results include two components of the future process:

One part, which is in terms of x(k) and u(k-1), is the naturally moving ahead of the system
process and is uncontrollable. This part is used to calculate the system output differences
from their references. With this component, the differences between the predicted system

outputs and their references are expressed as below.

Err(k)=Y, (k)= C'A’x(k)~C'B'u(k 1) (AILS1)

where Yref (k)= [r(k +1) rk+2) ... rk+ N)]T are the references.

Another component, which is in terms of du, consists of the control inputs that are calculated
to minimize the differences calculated by above. The output differences included two

components from the reference are expressed as below.
de = Err(k)—C'B"du (AIL52)

With the above equation (AIL52), the performance index J (AIL38) is rewritten as the

following.
J = (Err(k)—C'B"Au)” Q(Err(k)— CB’Au) + Au” RAu

J = Err (k)" QErr(k)—24u™ (C'B") QErr(k) + Au™(C'B")" Q(C'B’)+ R)du (ALLS3)
=constant —24u"G + Au” HAu
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G =(C'B")" QErr(k)
H=(CB")Q(CB")+R

where

Finding the gradient of J and setting it to zero.

dJ/d4du=0 . (AIl.54)
The control inputs can be obtained as below.

Au(k)=H"'G (AIL55)
Finally the first optimal control inputs du(k|k) are applied to the controlled system. At the
next time instant k+1, this process is repeated all over again with the prediction horizon

shifted one step. All values will be updated to the next time k+1, and the control inputs

u(k+1]k+1) will be obtained and applied to the system.
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Appendix III  The generator parameters

A generator to a power system shown in Figure AIIL1 is used to research. Xt is the reactance

of the transformer and X11 and XI2 are the reactance of two transmission lines.

LT

Xt

F

AWM ——

W-—

X2

Figure AIIl.1 : A generator to a power system

The generator parameters are given in Table AIILI.

All Reactance are in pu based on

555MVA and 24Kv Base. This generator is used for studying the excitation control only.

Table AIIL.1 : The parameters of the generator connected to a power system

System Parameters Saturation AVR CPSS Initial
values

S=555MVA Xq4=1.81 R,=0.003 Asar=0.031 KA=200.0 Kab=9.5 P=0.9

V=24kV Xg=1.76 R¢e=0.0006 Bsar =6.93 | Tr=0.015s To=1.41s Q=0.436

f=60Hz X=0.16 R,4=0.0284 ¥r1,=0.8 Eimux=7.0 | Tip=0.154s E=1.0

Poles=2 Xq=0.165 R,4=0.0062 Wry=o0 Efmu=6.4 | T g=0.033s

H=3.5MWs/MVA | X,4=0.1713 R3,=0.0237
Kp=0.0 X14=0.7252 X=0.15
X2q=0.125 Xn=0.5/ X;p=0.95
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Appendix IV Matlab codes for the MPEC simulation

clear all;% clear all variables in memory

% Choosing the study case by selection of operating condition, disturbance and excitation control

% Select different excitation control separately, the comparison can be shown in the same figure

% The study cases can be down by setting as the following,

% Case 1:operating condition Pt=0.9 and Qt=0.436,Disturb=1 and Exciter=1,2,3 uncomment Figure 1
% Case 2:operating condition Pt=0.9 and Qt=0.436,Disturb=2 and Exciter=1,2,3 uncomment Figure 1
% Case 3:operating condition Pt=0.9 and Qt=0.436,Disturb=3 and Exciter=1,2,3 uncomment Figure 1
% Case 4:operating condition Pt=0.9 and Qt=0.436,Disturb=4 and Exciter=1,2,3 uncomment Figure 1
% Case 5:Disturb=1 and Exciter=3, and operating condition Pt=0.1,0.4 and 0.9 uncomment Figure 2
% Case 6:operating condition Pt=0.1 and Qt=0.1,Disturb=1 and Exciter=3

o comment/uncomment the line 142,uncomment Figure 1

% Case 7.operating condition Pt=0.9 and Qt=0.436,Disturb=1 and Exciter=3

% change the weight coefficient at the line 95,uncomment Figure |

% Case 8:operating condition Pt=0.9 and Qt=0.436,Disturb=1 and

% Exciter=1,3 comment/uncomment the line 164,uncomment Figure 3

% Case 9:.operating condition Pt=0.1 and Qt=0.1,Disturb=1 and

% Exciter=1,3 comment/uncomment the line 164,uncomment Figure 3

% Case 10:operating condition Pt=1.0 and Qt=0.436,Disturb=1 and

%o Exciter=1,3 comment/uncomment the line 164,uncomment Figure 3

% Choose the operating condition by setting the terminal voltage Et and Active power Pt and reactive power Qt
Et=1.0;Pt=.1;Qt=0.1;

% Choose the disturbance:

% 1 for Large;2 for Medium;3 for change voltage reference -0.02pu;4 for change the mechanical torque -5%
Disturb=1;

% Choose the excitation control:1 for AVR+PSS;2 for AVR only;3 for MPEC;4 for self-turned MPEC

Exciter=3;

% sample time and fault occur and clear time:
% ti,tp,tc,ts and tmax are initial time,pre-fault time,fault cleared time,sample time
% and maximum simulation time respectively.

ti=0.0;tp=0.15tc=0.17;tt=1.0;tmax=5.;ts=0.01;n=3;
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% generator parameters impedances and resistances -

% Xadu and Xaqu are unsaturated mutual reactances at d- and q-axis

% X1,X11,X1d,X1q and X2q are leakage reactances of stator winding,

% field winding, damper windings at d- and q-axis respectively.
Xadu=1.66;Xaqu=1.61;X1=0.15;Xf1=0.165;X1d=0.1713; X 1¢=0.7252;X2q=0.125;
% Ra,Rfd,R1d,R1q and R2q are resistances of stator winding,

% field winding,damper windings at d- and g-axis respectively.

Ra=0.003;Rfd=0.0006;R1d=0.0284;R1q=0.0062;R2q=0.0237;

% For saturation effects with the equation F1=As*exp(Bs*(Fa-ft1));
As=0.03125;Bs=6.931;ft1=0.8;

9% Inertia constant H and damping factor KD

H=3.5;KD=.0;

% Caculate initial value
% Calculate current It, power factor angle Fi and current in vector IT

It=sqrt(Pt"2+Qt"2)/Et;Fi=asin(Qt/abs(It)/Et); 1 T=cos(Fi)-j*sin(Fi);

% For the saturation

% Calculate the air-gap voltage Ea and flux Fa to find the saturation factors Ksd and Ksq
Ea=Et+(Ra+j*X1)*IT;Fa=abs(Ea);F1=As*exp(Bs*(Fa-ft1));Ksd=Fa/(Fa+F1);Ksq=Ksd;
% Update all reactances with saturated values

% Xads and Xaqs are saturated mutual reactances at d- and g-axis.
Xads=Ksd*Xadu;Xaqs=Ksq*Xaqu;

% Xadsp and Xagsp are saturated transient reactances at d- and q-axis Xad' and Xaq'.
Xadsp=1/(1/Xads+1/Xfl); Xaqsp=1/(1/Xaqs+1/X1q);

% Xadspp and Xaqspp are saturated subtransient reactances at d- and g-axis Xad" and Xaq".
Xadspp:l/(1/Xads+1/Xfl+1/X1d);Xaqspp=1/(l/Xaqs+1/X1q+1/X2q);

% Calculate saturated Xq,Xd",Xq"
Xgs=XI+Xaqs;Xdspp=Xadspp+X1;Xgspp=Xaqspp+XI;

% Calculate power angle and ed eq id iq and ifd etc initial values

% the angle between terminal voltage and g-axis
deltat=atan((qu*It*cos(Fi)-Ra*It*sin(Fi))/(Et+Ra*It*cos(Fi)+qu*It*sin(Fi)));
% the angle between terminal current and g-axis

ang=deltat+Fi;
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% voltage and current components at d- and g-axis ed,eq,id and iq
ed=Et*sin(deltat);eq=Et*cos(deltat);id=It*sin(ang);iq=It*cos(ang);

% solve algebraic equation at steady state with condition damper winding current ild,ilg,i2q
% and speed deviation RPM are zeros

i1d=0;i1q=0;i2q=0;RPM=0;

% obtain air-gap flux fad and faq; field winding current ifd, voltage efd and flux ffd
fad=eq+Ra*iq+Xl1*id;faq=-Xaqs*iq;ifd=fad/X ads+id;efd=Rfd*ifd;ffd=fad+Xf1*ifd;ifd0=ifd;
% obtain damper windings flux and electric torque, and mechanical torque Tm0 equals to Te
f1q=faq;f1d=fad;f2q=faq;fd=eq+Ra*iq;fq=-ed-Ra*id;Te=fd*iq-fq*id; Tm0=Te;

% obtain subtransient voltage Ed" and Eq"

Edpp=Xaqspp*(f1q/X1q+{2q/X2q); Eqpp=Xadspp*(ffd/Xfl+f1d/X1d);

% Power network equivalent circuit parameters

% Reactances is changed for the three-phase short-circuit:

% prefault Xtp=XT+XL1//XL2, during fault Xf=XT and after fault Xtc=XT+XL1

% where XT,XL1 and XL.2 are reactances of transformer and transmission lines
Xtp=0.15+0.5%0.93/(0.5+0.93); Xtf=0.15; X tc=0.15+0.5;

% Obtain the equivalent bus voltage EB and power angle delta between EB and g-axis
EB=Et-j*Xtp*It*(cos(Fi)-j*sin(Fi));delta=deltat-angle(EB); Eb0=abs(EB);

% EB component at d- and g-axis

Ebd0=Eb0*sin(delta); Ebq0=Eb0*cos(delta);

% Exciter parameters and limiters for AVR and PSS;
KA=200;TR=0.015;Kstab=9.5;TQ=1.41;TLD=0.154; TLG=0.033; Efmax=7.0;Efmin=-6.4;
vmax=0.2;vymin=-0.2;

% initial value for the exciter

Efd=efd*Xadu/Rfd; Vref=Efd/KA +Et;v1=Et;v2=0;vso=0;py2=0; Efd0=Efd;Vtdes(1:6/ts)=1.;
% for plot the initial values n=3
ET(1:n)=Et;TE(1:n)=Te;Fdelta(1:n)=delta; EFD(1:n)=Efd; IFD(1:n)=ifd;FRPM(1:n)=RPM;
Voll(1:n)=0;RPMI(1:n)=0; DRPM(1:n)=0;

% Controller parameter Excitation and governor systems

% system output weight coefficients speed deviation Kw, voltage Kv and electric torque Kp
% controlling input weight coefficient Ke.

Kw=8;Kv=1;Kp=0.05;Ke=5;

% Self-turning weight coefficients pfacl is for Kw and Kp; pfac2 is for Kv
pfacl=1;pfac2=1;
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% Main computing cycle start from n point and t from 0 -
k=3;t=0;
% Define different colors for different controller comparison

colorel="g';colore2="k--';colore3='b';

% Starting
while t<tmax;
% Disturbances define
% Disturbance 1 is large disturbance with a three-phase short-circuit on the generator bus
if Disturb==1;if t<tp Tm=Tm0;Re=0.;Xe=Xtp;Eb=Eb0;elseif t<tc Tm=Tm0;Re=0.;Xe=Xtf;Eb=0;
else Tm=Tm0;Re=0.;Xe=Xtc;Eb=Eb0;end;
% Disturbance 2 is medium disturbance with a transmission line switching off
elseif Disturb==2;if t<tp Tm=Tm0;Re=0.;Xe=Xtp; Eb=Eb0;elseif t<tc Tm=Tm0;Re=0.:Xe=Xtc;Eb=Eb0;
else Re=0.;Xe=Xtc;Eb=Eb0;end;
% Disturbance 3 is small disturbance with voltage reference changed with -0.02 pu
elseif Disturb==3;Vchg=-0.02;if t<tp
Tm=Tm0;Re=0;Xe=Xtp; Eb=Eb0;Vref=Efd0/KA+1.0;Vtdes(1:6/ts)=1.0;
else Tm=Tm0;Re=0;Xe=Xtp;Eb=Eb0;Vref=Efd0/KA+1+Vchg;Vtdes(1:2000)=1+Vchg;end;
% Disturbance 4 is small disturbance with mechanical torque changed with -5%
elseif Disturb==4;if t<tp Tm=Tm0;Re=0;Xe=Xtp;Eb=Eb0;
elseif t<tc Tm=Tm0-0.05*Tm0;Re=0;Xe=Xtp;Eb=Eb0;
else Tm=Tm0-0.05*Tm0;Re=0;Xe=Xtp; Eb=Eb0;end;

end;

% Solve algebraic equations

9% Calculate the reactances when the power network changes
Rt=Re+Ra;th:Xe+qupp;Xtd:Xe+depp;D=Rt*Rt+th*Xtd;Ebd=Eb*sin(delta);qu=Eb*cos(delta);
% Calculate Ed" and Eq" with updated flux (state variable) f1d,f1q,f2q and ffd
Edpp=Xaqspp*(f1q/X1q+f2q/X2q);Eqpp:Xadspp*(ffd/Xfl+f1d/X1d);

% Obtain the current and terminal voltage
id=(th*(Eqpp-qu)-Rt*(Ebd+Edpp))/D;iq=(Rt*(Eqpp-qu)+Xtd*(Ebd+Edpp))/D;it=sqrt(id"2+iq"2);
ed=Ebd-Xe*iq;eq=Ebq+Xe*id;et=sqrt(ed"2+eq"2);

% Flux and rotor winding currents
fd=eq+Ra*iq;fq=-ed-Ra*id;fad=fd+Xl*id;faq:fq+Xl*iq;fa=sqrt(fad"2+faq"2);
ifd=(ffd-fad)/Xfl;i1d=(fad-f1d)/X1d;i1q=(faq-f1q)/X1q;i2q=(faq-f2q)/X2q;

% Electric torque and output power
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Te=fd* iq-fq*id;Pt:ed*id+eq*iq;Qt:eq*id-ed*iq;Fi=acos(Pt/abs(it)/et);
IT(k)=it; ET(k)=et; TE(k)=Te; PT(k)=Pt; QT (k)=Qt; FI(k)=Fi; IFD(k)=ifd;

9% Calculate Controller parameters

ml=Eb*(Xtq*sin(delta)-Rt*cos(delta))/D;m2=Xtq/D;m3=-
Rt/D;n1=Eb*(Rt*sin(delta)+Xtd*cos(delta))/D;n2=Rt/D;n3=Xtd/D;
k1=n1*(fad+Xaqs*id)-m1*(faq+Xadsp*iq);

k2=n2*(fad+Xaqs*id)-m2*(faq+Xadsp*iq)+Xadsp*ig/Xfl;
k3=ed/et*(-Ra*m1+X1*n1+Xaqgs*nl)+eq/et*(-Ra*n1-XI*ml-Xadsp*ml);
kd=ed/et*(-Ra*m2+X1*n2+Xaqs*n2)+eq/et*(-Ra*n2-X1*m2-Xadsp*(m2-1/Xf1));
K1(k)=k1;K2(k)=k2;K3(k)=k3;K4(k)=k4;

% Using the fixed parameters k1 k2 k3 and k4 calculated initiaily
k1=1.6249;k2=1.1164;k3=0.1768;k4=0.3782; % comment this line if using updated model by measuring

current

% Saturation updating
if fa>=0.8 fi=As*exp(Bs*(fa-ft1));Ksd=fa/(fa+fi);Ksq=Ksd;else Ksd=1; Ksq=Ksd; end;
Xads=Ksd*Xadu;Xaqs=Ksq*Xaqu;Xadsp=1/(1/Xads+1/Xfl);

% Excitation control define
% 1 for AVR+PSS; 2 for AVR only; 3 for MPEC
if Exciter==1 Efd=200%Vref-200%*v1+200*vso;color=colorel;
elseif Exciter==2 Efd=KA*(Vref-vl);color=colore2;
elseif Exciter==
% Self-turning weighting
% Check speed deviation
if sign(DRPM (k-2))~=sign(DRPM(k-1));if abs(RPM)<=0.0001; pfacl=1;
elseif abs(RPM)<=0.001; pfacl=3;elseif abs{RPM)<=0.005; pfac1=2;else pfacl=1;end;end;
% Check terminal voltage
if abs(Vtdes(k)-v1)<0.001;pfac2=1;elseif Vtdes(k)-v1>=0.05;pfac2=2;pfacl=1; end;

%pfac1=1;pfac2=1;pfac3=1; % comment this line for self-turning
% Weight coefficients
Q=[pfac1*Kw*120*pi 0 0;0 pfac2*Kv 0;0 0 Kp];R=Ke;

PF1(1:4)=8;PF2(1:4)=1;PF1(k)=pfacl1*Kw;PF2(k)=pfac2*Kv; % for plot

% Predict system output
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DDdet(k)=120*pi*FRPM (k-1)*ts;

E1=[2 -ts/2/H*k1;0 -k3;2*H/ts -k1]*[FRPM(k-1);DDdet(k)}+[-FRPM(k-2); Vtdes(k)-et;-2*H/ts* FRPM (k-
2)I;

E2=[-ts/2/H*k2;-kd;-k2]*[120*pi*ts];

% Calculate controlling input

delta_u=-E1."*Q*E2/(E2.'*Q*E2+R);

Efd=delta_v*Xaduw/Rfd+Efd0;

Voll(k)=Voll(k-1)+abs(Vtdes(k)-et); RPMI(k)=RPMI(k-1)+abs(RPM);color=colore3; end
%delta_u(1)=0.0164*(Vtdes(k)-v1)-0.0216*FRPM(k-2)+0.0232*FRPM(k-1);

% Exciter limitation

if Efd>=Efmax Efd=Efmax;elseif Efd<=Efmin Efd=Efmin;end;efd=Efd*Rfd/Xadu;EFD(k)=Efd;

% Solve the differential equations by fourth-order Runge-Kutta

% The first 1/4

K11=120*pi*(efd+Rfd*(fad-ffd)/Xfl)*ts;ffd=ffd+K11/2;
K21=1/2/H*(Tm-Te-KD*RPM)*ts; RPM=RPM+K21/2;py2=120*pi*K21/2/ts;
K31=120*pi*(RPM)*ts;delta=delta+K31/2;
K41=120*pi*(R1d*(fad-f1d)/X1d)*ts;f1d=f1d+K41/2;
K51=120*pi*(R1q*(faq-f1q)/X1q)*ts;flq=f1q+K51/2;
K61=120*pi*(R2q*(faq-f2q)/X2q)*ts;f2q=f2q+K61/2;
K71=1/TR*(et-v1)*ts:v1=v1+K71/2; % Voltage transducer
K81=(Kstab/120/pi*py2-v2/TQ)*ts;v2=v2+K81/2;py5=K81/2/ts; % PSS
K91=1/TLG*(TLD#*py5+v2-vso)*ts;vso=vs0o+K91/2; % PSS

% Update the state variables

Ebd=Eb*sin(delta); Ebq=Eb*cos(delta);Edpp=Xaqspp*(f1 q/X1q+f2q/X2q); Eqpp=Xadspp*(ffd/Xfl+f1d/X
1d);

id=(th*(Eqpp-qu)-Rt*(Ebd+Edpp))/D;iq=(Rt*(Eqpp-qu)+Xtd*(Ebd+Edpp))/D;
ed=Ebd-Xe*iq;eq=Ebq+Xe*id;

Te=(Eb*cos(delta)+Xe*id+Ra*iq)*iq-(-Eb*sin(delta)+Xe*iq-
Ra%*id)*id;fad=Eb*cos(delta)+Xe*id+Ra*iq+XI]*id;

% The second 1/4

K12=120*pi*(efd+Rfd*(fad-ffd)/Xﬂ)*ts;ffd:ffd+K12/2;
K22=1/2/H*(Tm-Te-KD*RPM)*ts;RPM=RPM+K22/2;py2=120*pi*(K22+0.00*rand(l))/2/ts;
K32=120%pi*(RPM)*ts;delta=delta+K32/2;
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K42=120*pi*(R1d*(fad-f1d)/X1d)*ts;f1d=f1d+K42/2;
K52=120*pi*(R1q*(faq-f1q)/X1q)*ts;flq=Fflq+K52/2;
K62=120*pi*(R2q*(faq-f2q)/X2q)*ts;f2q=f2q+K62/2;
K72=1/TR*(et-v1)*ts;vl1=v1+K72/2;
K82=(Kstab/120/pi*py2-v2/TQ)*ts;v2=v2+K82/2;py5=K82/2/ts;
K92=1/TLG*(TLD*py5+v2-vso)*ts;vso=vso+K92/2;

Ebd=Eb*sin(delta); Ebq=Eb*cos(delta); Edpp=Xaqspp*(flq/X1q-+f2q/X2q); Eqpp=Xadspp*(ffd/Xfl+f1d/X
1d);

id=(Xtq*(Eqpp-Ebq)-Rt*(Ebd+Edpp))/D;ig=(Rt*(Eqpp-Ebq)+Xtd*(Ebd+Edpp))/D;
ed=Ebd-Xe*ig;eq=Ebq+Xe*id;

Te=(Eb*cos(delta)+Xe*id+Ra*iq)*iq-(-Eb*sin(delta)+Xe*iq-
Ra*id)*id;fad=Eb*cos(delta)+Xe*id+Ra*iq+X1*id;

% The third 1/4

K13=120*pi*(efd+Rfd*(fad-ffd)/Xf1)*ts;ffd=ffd+K13;
K23=1/2/H*(Tm-Te-KD*RPM )*ts; RPM=RPM +K23;py2=120*pi*(K23+0.00*rand(1))/ts;
K33=120*pi*(RPM)*ts;delta=delta+K33;

K43=120*pi*(R1d*(fad-f1d)/X1d)*ts;f1d=f1d+K43;

K53=120*pi*(R1q*(faq-f1q)/X 1q)*ts;f1q=f1q+K53;K63=120*pi*(R2q* (faq-f2q)/X2q)*ts;f2q=f2q+K63;
K73=1/TR*(et-v1)*ts;vi=v1+K73;

K83=(Kstab/120/pi*py2-v2/TQ)*ts;v2=v2+K83;py5=K83/ts;
K93=1/TLG*(TLD*py5+v2-vso)*ts;vso=vso+K93;

Ebd=Eb*sin(delta); Ebq=Eb*cos(delta); Edpp=Xaqspp*(fl¢/X1q+f2q/X2q); Eqpp=Xadspp*(ffd/Xfl+f1d/X
1d);

id=(Xtq*(Eqpp-Ebq)-Rt*(Ebd+Edpp))/D;ig=(Rt*(Eqpp-Ebq)+Xtd*(Ebd+Edpp))/D;
ed=Ebd-Xe*iq;eq=Ebq+Xe*id;

Te=(Eb*cos(delta)+Xe*id+Ra*iq)*iq-(-Eb*sin(delta)+Xe*iq~
Ra*id)*id;fad=Eb*cos(delta)+Xe*id+Ra*iq+XI*id;

% The fourth 1/4
K14=120*pi*(efd+Rfd*(fad-ffd)/Xf1)*ts;ffd=Ffd-K11/2-K12/2-K13+1/6%(K11+2*K12+2*K13+K14);
K24=1/2/H*(Tm-Te-KD*RPM)*ts;RPM=RPM-K21/2-K22/2-
K23+1/6*(K21+2*¥K22+2*K23+K24);py2=120%pi*(K24+0.00*rand(1))/ts;
K34=120*pi*(RPM)*ts;delta=delta-K31/2-K32/2-K33+1/6*(K31+2*K32+2*K33+K34);
K44=120*pi*(R1d*(fad-f1d)/X1d)*ts;f1d=f1d-K41/2-K42/2-K43+1/6*(K41+2*K42+2*K43+K44);
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K54=120*pi*(R1q*(faq-f1q)/X1q)*ts;f1q=f1q-K5 1/2-K52/2-K53+1/6*(K51+2*K 52+2*K53+K54);
K64=120*pi*(R2q*(faq-qu)/XZq)*ts;f2q=f2q-l(61/2-l(62/2-K63+1/6*(K61+2* K62+2*K63+K64);
K74=1/TR*(et-v1)*ts;v1=v1-K71/2-K72/2-K73+1/6*(K71+2* K72+2*K73+K74);
K84=(Kstab/120/pi*py2-v2/TQ)*ts;v2=v2-K81/2-K82/2-

K83+1/6*(K81+2*K82+2*K83+K84); py5=K84/ts;

K94=1/T LG*(TLD*pyS+v2-vso)*ts;vso=vso-K91/2-K92/2-K93+1/6*(K91+2*K92+2*K93+K94);

% Store variables for plot

FFD(k)=ffd; FRPM (k)=RPM;Fdelta(k)=delta;DRPM (k)=RPM-FRPM(k-1);
Voll(k)=Voll(k-1)+abs(Vref-et); RPMI(k)=RPMI(k-1)+abs(RPM);
DDDefd(k)=120*pi*(Efd-Efd0)*Rfd/Xadu;DDDir(k)=-120*pi*Rfd*(ifd-ifd0);
DDDffd(k)=(FFD(k)-FFD(k-1))/ts;

% Go to the next step time
t=t+ts;k=k+1;

end;

% For plot with time
t=0:ts:tmax-+ts;
if length(t)>length(FFD);t=0:ts:tmax-ts;elseif length(t)<length(FFD);t=0:ts:tmax+2*ts;end;

% Show the delta in degree
Delta=Fdelta*180/pi;

figure(1); % for studying the MPEC
subplot(2,2,1);plot(t,FRPM,color);xlabel("','FontSize',12);
ylabel("','FontSize',12);title("\it{Speed deviation (pu)}','FontSize',12);hold on
subplot(2,2,2);plot(t,ET,color);xlabel("',' FontSize',12);
ylabel(*','FontSize',12);title("\it{ Terminal Voltage (pu)}','FontSize',12);hold on
subplot(2,2,3);plot(t, EFD,color);xlabel('time(s)','FontSize',12);
ylabel("','FontSize',12);title(\it{Field Voltage (pu)}','FontSize',12);hold on
subplot(2,2,4);plot(t,Delta,color);xlabel(‘time(s)','FontSize',lZ);
ylabel("','FontSize',12);title("\it{Power Angle (deg.)}','FontSize',12);hold on
% figure(2); % investigate the power system nonliearity

% subplot(2,2,1);plot(t,ET-1 ,color);xlabel(",'FontSize',12);

% ylabel(", FontSize',12);title(\it{ Terminal voltage (pu.) }','FontSize',12);hold on
% subplot(2,2,2);plot(t,FRPM,color);xlabel(",'FontSize',l2);
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% ylabel(", FontSize',12);title(\it{ Rotor Speed (pu.)}', FontSize',12);hold on - SE e v
% subplot(2,2,3);plot(t,Delta,color);xlabel('time(s)', FontSize',12);

% ylabel(", FontSize', 12);title(\it{ Power angle (deg.)}','FontSize',12);hold on

% subplot(2,2,4);plot(t,K2,color);xlabel('time(s)', FontSize',12);

% ylabel(",'FontSize',12);title(\it{ K2 coefficient}','FontSize',12);hold on

% figure(3);% for studying the self-turning MPEC

% subplot(2,3,1);plot(t, FRPM,color);xlabel(", FontSize',12);

% ylabel(",'FontSize',12);title(\it { Speed deviation (pu)}','FontSize',12);hold on

% subplot(2,3,2);plot(t,ET color);xlabel(", FontSize',12);

% ylabel(",'FontSize',12);title("\it{ Terminal Voltage (pu)}', FontSize',12);hold on

% subplot(2,3,3);plot(t, EFD,color);xlabel(", FontSize',12);

% ylabel(",'FontSize',12);title(\it {Field Voltage (pu)}','FontSize',12);hold on

% subplot(2,3,4);plot(t,Delta,color);xlabel('time(s), FontSize',12);

% ylabel(",'FontSize',12);title(\it{Power Angle (deg.)}', FontSize',12);hold on

% subplot(2,3,5);plot(t,PF 1 color);xlabel('time(s)', FontSize',12);

% ylabel(",'FontSize',12);title(\it{kp}','FontSize',12);hold on

% subplot(2,3,6);plot(t,PF2,color);xlabel('time(s)', FontSize',12);

% ylabel(",'FontSize',12);title(\it{ kv }', FontSize',12);hold on

% figure(4);% for studying ignoring the field current changes

% plot(t,DDDir,'g",t, DDDffd,'b’,t, DDDefd, r');x]1abel('time(s)', FontSize',12);

% ylabel('pu',FontSize',12);title(\it{ Eliminating the changes of the field current}','FontSize',12);hold on
% figure(5) % for studying the conflict requirements of voltage adjusting and oscillation damping

% plot(t,(ET-1),'b' ,t FRPM,r't,(TE-0.9)/2/H,'g");x1abel('time(s)’, FontSize',12);

% ylabel('pu’, FontSize',12);title(\it{ Eliminating the changes of the field current}','FontSize',12);hold on
% figure(6)

% plot(t,K4,'g",t,K2,'d);

Db gy
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