Direct~current (DC) motors have found broad applications in industry
drives include adjustable speed over a wide range, constant mechanical
power output, rapid speed chanpe and responsiveness to feedback signals.
The speed of a DC motor can be varied by control of the field fiux, the
armature resistance, or the applied armature voltage. The three most
commonly used speed control methods are shunt-rheostat control, armature -
circuit resistance control, and armature terminal voltage control{5-1],

In this chapter, only the most versatile speed control, that is, speed

method alone, speed control can be realized with different control strategies,
one of which is PID control. PID stands for Proportional, Integral and
Derivative. Such a controller is used to automatically adjust a certain
variable so that the output of the controlled‘pragess will be held at some set—
point. The difference between set—point and the actual measurement of that
output is defined as error which is used to initiate the adjustment. This will

be further covered in section 5.4 where performance studies are carried out.

5.2 PROBLEM FORMULATION

Let us consider a separately excited DC motor[5-1] as shown in Figure 5.1.
The generated speed voltage and the electromagnetic torque developed by the

motor can be expressed as,

-J
~d



e, = Ko,0, =ki,o, (6.1)
T, = Ko i, = ki, i, (5.2
where,

K and k are constants,

¢, is the direct axis air gap flux that is linearly proportional to the field
current i ,

®,, is the angular velocity corresponding to the speed nf rotation, and

m

i is the armature current.

a

The voitage equation for the field circuit is expressed as,

d . . CRay
v, =L,,E(1,)+R,z, 63

where,
v,,i,,R, and L, are the terminal voltage, current, resistance and self-
inductance of the field circuit, respectively.

The voltage equation for the armature circuit is given by,
. d,. L e R
v,=e,+Ri, +L, —(lu) (5.4)
dt ‘
where,
v,,R, and L, are the terminal voltage, resistance and self-inductance

of the armature circuit, respectively.

The dynamic equation for the mechanical system of the motor is expressed

as,



T =kii = Jdi(mm)+ Bo, +T, , (5.5)
, AR , |

Iy
or
T = d = _ - -
T.-T,=J—(0,)+ Bw, ' (5.6)
- dt
where,

J 1is the combined polar moment of enertia of the load and the rotor of
the motor,
B is the equivalent viscous friction constant of the load and the motor,
T, is the mechanical load torque.

The Laplace transform of the voltage equation (5.4) for the armature circuit

can be written as,

where,
T, =L, /R,, the electrical time constant of the armature circuit.
The Laplace transform of (5.1) is given by,

E,=L{i, o,} (5.8)

where L denotes Laplace transform. It is noticed that this is a nonlinear
equation. When 7, is constant, it is easy to carry out the transform.

The Laplace transform of (5.6), with a zero initial condition, is given by,

T ~T, =JsQ, +BQ,, (5.9)

===m
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Fig. 5.2 Block Diagram of A DC Motor
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Figure 5.2 shows the block diagram of the dynamics of a DC motor. Suppose
that a 5~-hp, 220V, separately excited DC motor has the following parameters: .

R, =05Q,L, =03H,k=2H,R, =220Q, L, =110H . The combined constants of

a =% Sy
the motor armature and the load are J=3kg-m> and B=03kg-m*/s. The
field current can be changed by changing the field voltage V,. Using these
data, a simulation model of the motor is constructed as shown in Figure 5.3.
Let the step input voltage be 220V. Figure 5.4 shows the dynamic response.

The steady state value of the motor speed is 107 rad/s.

5.3 EESTGE OF AN ANN-FL CONTROLLER

5.3.1 Introduction

Based on the hybrid ANN-FL modeling techniciue presented in Chapter 4, an
intelligent control system can be ciersigneﬂ for speed control of the DC motor
discussed in this section, is needed.

(1) A knowledge base that consists of a rule base and a data base. The
rule base defines a set of linguistic rules established on expert
knowledge of the dynamic behavior of the fuzzy sets used in the
rule base. Experience and engineering judgment is incorporated in
designing the data base. This will be further covered in the

following sections.
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Fig. 5.4 Speed Response of the DC Motor with No Feedback Control

(2) Decision-making logic that imitates human’s decision-making
processes using fuzzy concepts.

(3) Fuzzification that transforms crisp variables into fuzzy sets. .
Defuzzification that does the Gppééite.

(4) An ANN-FL model as defined in Chapter 4.

(6) A training set of data that is collected either from real-world

(6) A training program that implements the above algorithm.

5.3.2 Structure of the ANN-FL Controller

(1) Linguistic Variables

The goal of DC motor control in this study is to constrain the speed of the

motor to a specified level. Suppose that the speed and its rate of change are
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accessible and measurable. These twc state variables can serve as inputs to
the ANN-FL controller to be designed. The output of the controller is a
change to the terminal voltage applied to the terminal of the amarture
winding of the DC motcr. Suppose that the state variables can be descﬁbed
by the following fuzzy sets, with v=very and m=moderate:

Change_of _speed =

[v_negative, m_negative, negative, positive, m_positive, v_pésitive]

Rate_of_speed_change =

[v_slow, m_slow, slow, fast, m_fast, v_fast]

The output variable of the controller can be described by a fuzzy geﬁ_ as
follows:
Change_of_voltage = [negative, positive]

In fuzzy set theory, it would not matter how beautifuily the linguistic
variables are named, the control algorithm recognizes only what is
happening in the physical process. Therefore, all the above fuzzy sets can be
represented by linguistic labels such as negative big(NB), negative
medium(NM), negative small(NS), positive small(PS), positive medium(PM),
and positive big(PB). That is, these fuzzy variables can be expressed in terms
of the corresponding linguistic labels as follows:

Aw =[NB,NM,NS, PS,PM, PB] (5.10)

Aw/ At =[NB,NM,NS, PS,PM, PB] (5.11)

AV =[N, P] (5.12)
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(2) Membership Functions

Suppose that the ranges of change of the fuzzy variables of the DC motor to
be controlled are known from design or operational requirements. Then the

universe of disclosure of the fuzzy sets can be determined. For example,

Aw = [-30,+30] (rad) (5.13)
Aw/ At =[~75,+80] (rad / s) (5.14)
AV =[-60,+60] (volr) (5.15)

Then, membership functions can be assigned to each of the above ﬁ;zz_y sets,
including both of those of the input and output variables. Figs. 5.5 = 5.7 show
the membership functions for the state variable Aw/At, Aw, and the output
variable AV, respectively. Membership functions for fuzzy Sét.s

A,

i2s+-»As(i =1,2) are expressed by Gaussian function which takes the form of
(5.16), and membership functions for fuzzy sets A,,A,,B, (i=12) are
expressed by a Bell function which takes the form of (5.17). Table 5.1 shows a

rule base for the ANN-FL controller, where A,,B(i=12;j=12,...,6) are

membership functions.

x—c }2

Fr.o.c)= e (5.16)

f(x,a,b,c)= (5.17)
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The parameters of these membership functions will be determined in a
training process with data obtained from simulations of the DC motor with

PID control.

(3) Structure of the ANN-FL Controller

A five-layer feedforward network, with two inputs and one output, is

variable is initialiy divided into six segments. There are six membership
functions for each of these variables. As has been mentioned earlier, each
membership function is labeled with A,(i=12;j=12,..6). :The output
variable has two membership functions, iabéled as Bi(i= I,E)i Definitions of
these linguistic labels are given by (5.10) and (5.12).

The generalized Bell-curve function is chosen as the membéréhip-
function of the output variable. Initially, A, and A, were represented by a
Z-shaped membership function and A4, and A, by & S-curve membership
function. After training and simulation comparison, they are replaced with
the generalized Bell-curve membership function. ',I‘hé:rest of the membership

functions are represented by Gaussian-curve function.
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Table 5.1 Rule Base of the ANN-FL Controller

Ay B, B B
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(4) Collection of Training Data

A number of simulation studies of the DC motor dynamic system, shown in
Figure 5.3, are carried out, simulating different load disturbances. These
disturbances cause the changes of the state variables in their corresponding
ranges as specified in (5.13) and (5.14). The available voltage change of the
power source is specified in (5.15). The results from the simulations are
recorded in Table 5.2. The first row in Table 5.2 is the speed deviation
relative to reference speed. The first column is the derivative of the speed
deviation. The numbers in Table 5.2 are the incremental voltage change
relative to the normal terminal voltage which is 220 volts. These data will be
used for training the ANN-FL controller. For design purpose, a near-optimal
PID controller is used in the simulation to obtain the desired performance of'
the system. The parameters of the PID controller will be given later in this

chapter when performance studies are carried out.

Up to this point, the ANN-FLC has an initial set of values for the
parameters of the membership functions, given the fuzzy partitions and fuzzy
logic rules. The task of a supervised learning scheme is to optimally adjust

these parameters so that the controller will perform optimally no matter

what the operating point is. Backpropagation [5-2] is used for the learning. A

training program has been written using MATLAB and its Fuzzy Logic
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Toolbox functionality. Another advantage of using this toolbox is that a
newly-designed fuzzy controller can be easily interfaced with the TSSP
package, see Chapter 7 of this thesis. The objective of the learning process is
to find an optimal set of parameter values for the node functions in the

network of Fig. 5.8 so that the total error function,

No
RS Y 5.18)
1=

O | —

is minimized. Detailed learning rules have been presented in Section 4.4 of
this thesis. There are 34 parameters for the membership functions, and 18
weights to be adjusted. The training set of data is given in Table 5.2. There
are a total of 127 pairs of training patterns.

As the input variables are fuzzy to the controller, the stopping criterion
for training doesn’t have to be high. That means, training can be stopped at
1000 epochs or if the total error is less than, say, 0.2. After 1000 epochs of
training, the network of the ANN-FL controller converges to a set of
parameters that determine the membership functions and weights. These
membership functions are displayed as per Figures 5.9-5.11. Figure 5.12
displays the RMSE(root mean squared error) curve of the training process.
An adaptive procedure is used for changing the step size during training. The
true step sizes used in the training are displayed in Figure 5.13. The reason
for using a varying step size in each itevation is to ensure that the error

function will not increase.
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Fig. 5.13 Step Sizes vs. Epochs
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Table 5.2 Training Data as Obtained from Simulation Studies
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5.4 PERFORMANCE EVALUATION

5.4.1 Introduction

As hardware and software technology has advanced a great deal in the last

indispensable with the growing requirements for higher supervisory
capability and better control performance in some control systems. For DC
motors to achieve speed—tracking control, some adaptive control algorithms
are required. Usually they are rather complicated and require a computer to
do the job. Therefore, almost all applications of adaptive control to motor
drives still remain in computerrsimulraticﬁ studies for this reason[5-4]. The
following study shows that a hjfbrid' artificial neural network and fuzzy-
logic(ANN-FL) c:t:mtre:llér needs mﬂy a simple and fast algorithm, once it is
designed. This may open the door for developing fasi: and economical adaptive

controllers for motor drives in the future.

DC motor dynamic system controlled by either a PID controller or the newly-
designed ANN-FL controller. The gains of the PID controller are tuned to
their optimal values at the normal operating point of the DC motor. In order
to carry out a fair comparison, the two controllers will be kept unchanged
during the entire simulation studies that follow. The investigation addresses
three operating conditions, i.e., (1) operating at normal conditions with
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different reference speeds; (2) operating at a speed of 110 radians per second
or 525 revolution per minute, experiencing a load change or an excitation

voltage change[5-4]; and (3) tracking a pre—specified trajectory[5-5).

5.4.2 Step Response with Different Reference Speeds

From earlier simulation studies, it is known that the DC motor under study
operates at 107 radians per second at normal terminal voltage of 220 volts
without any feedback control. When the DC motor is required to operate at
another speed, it is necessary to have some sort of feedback control such as
PID control. The PID controller used here has fixed design gains which are

determined for a specific operating condition. Assume now that the DC motor

Extensive simulation studies were carried out and only a fraction of the

obtained results are presented here. Figﬁr& 5.14(a) shows the situation where

the reference speed, ®,,, is 90 radians per second as applied in the

corresponding to the PID and the ANN-FL controller were obtained. By
increasing the step input to 130 rad/s and following the same procedure,
concluded that the PID controller outperforms the ANN-FL controller for

step responses.
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Fig. 5.14(a) Response of PID and ANN-FL Control to A

Step Input of 90 rad/s

(b) Step Input = 130 (rad/s)

Speed (rad/s)

Fig. 5.14(b) Response of PID and ANN-FL Control to A

Step Input of 130 rad/s
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5.4.3 Different Disturbances

Two situations are considered, i.e., load torque disturbance and field voltage
change. Load torque variation is present in any motor drive system, when a
motor experiences a load torque increase, the rotor speed decreases. When
the load torque decreases, the motor speed goes in the other direction.
However, speed response to load torque disturbance is responsive when a
- feedback control is present. Field voltage variations result in a field current
change which causes the emf change. In the end, it causes speed change.
Suppose that the DC motor is operating at a normal speed of 110
radians per second. Two scenarios were studied in this section for
demonstrating the performance difference of the two controllers when the
system withstands a certain disturbance. Scenario #1 involves load torque
disturbance. Let a periodical load disturbance, shown in Fig. 5.15(a), be
applied to the summation box S1 of the simulation model of the DC motor,
shown in Fig. 5.3. Figure 5.15(b) shows the speed response of the motor to the
disturbance, with the PID controller as feedback control. In.this case the
maximum speed ripple is 0.55 percent. Figure 5.15(c) shows the situation
with the ANN-FL controller. The maximum speed ripple is now only 0.1
percent. Figure 5.16 shows a detailed comparison of the speed responses
shown in Figs. 5.15(b) and 5.15(c). Note thét the time-axis is stretched out so

that transient details of the two controllers can be readily seen.
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Transient Details
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Scenario #2 involves field voltage change. A periodical voltage disturbance,

shown in Fig. 5.17(a), is applied to the summation box S2 of Fig. 5.3. Figures

5.17(b) & (c) show the speed responses of the system with the ANN-FL

percent, respectively. Figure 5.18 shows the transient details of the two

responses in this case.
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Fig. 5.17(a) A Periodical Field Voltage Disturbance
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5.4.4 Trajectory Control

The objective of this simulation study is to demonstrate which of the two
controllers can drive the DC motor to follow a pre-specified trajectory more
closely. Suppose that the pre-specified speed trajectory is defined by

®,, = 10sin(27f,r)+ 16sin(27f,1) (5.19)
where f,=){Hz, f,=),Hz and t=305.

The simulation was carried out as follows. First, the pre-specified
trajectory was computed and sampled with a sampling time step afl 0.01
second over a time interval of [0, 30]. Then, it was used as the reference

speed, ®,,, in the simulation, using the model of Fig. 5.3. Two simulations

were performed using either the PID or the ANN-FL controller. Figure
5.19(a) illustrates the situation where the PID is used. It can be seen that
there is a maximum of 15 percent discrepancy between the desired speed and
the actual response. Note that the manipulated variable is the output of the
controller which is the input to the DC system. This variable is restricted in
the range (—60,+60)voits.

It produces perfect speed-tracking control. The manipulated variable is also
shown in the graphic. Several other different types of reference trajectories
were simulated(results not shown). In each of these simulations, the newly-

designed ANN-FL controller demonstrated much superior performance.
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CHAPTER 6

MODELING OF COMPOSITE POGWER SYSTEMS

The stability problem in a power system is principally one of keeping the
interconnected synchronous generators in synchronism and damping rotor
oscillations following a system disturbance. Thérefore,.accurate modeling of
synchronous generators is of fundamental importance for off-line simulation
studies related to the nroblem. A synchronous generator includes three parts;
namely, a generating unit, an excitation system, and a speed—governing and
turbine system. Synchronous generators are- interconnected through an .
AC/DC transmission network to which various loads, such as induction
motors, are connected as the end users of electrical energy. This chapter

discusses the modeling aspect of these devices.

6.1 INTRODUCTION

The study of transient stability of a power system is concerned with the
investigation of changing phenomena of electric quantities when the
operating environment of the system is disturbed. To carry out such an
investigation, po.wer‘ apparatuses must be modeled using mathematical
expressions in computer simulations. They include syncnronous machines,

transformers, transmission lines, and loads. Synchronous machines play a
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vital role in a power system. Synchronous generators convert mechanical
energy into electric energy. Synchronous motors drive loads and convert
electric energy to mechanical energy. Synchronous condensers generate
reactive power into the system to improve voltage profiles. Transformers and
transmission lines are equipment indispensable in transporting electric
energy from the source to the i point of consumption. Electric loads are
variables that change over time.b The principal task of the power system is to
continuously match the electric energy supply to these changing loads, which
gives rise to the problem of stability.

Large power systems consist of many local power systems connected
through long transmission lines. In special situations, such connections may
not be possible by using AC transmission. For example, two AC systems with
different operating frequencies can not be connected with an AC link. In étich

situations high—voltage direct~current (HVDC) transmission has to be used.

6.2 MODELING OF POWER COMPONENTS

6.2.1 Synchronous Machines

The actual structure of a synchronous machine is complicated. Magnetically
it is equivalent to many windings coupled together. The synchronous
machine under study is assumed to have three identical, symmetrically

placed stator windings, one field winding and two amortisseur or damper

104



windings. All these windings are magnetically coupled, depending on the
position of the rotor. Therefore the flux linking each winding is a function of
the rotor position.

The mathematical description of the machine is very complicated as it
usually used to simplified this description[6-1].

This transformation projects the original variables onto a rotational
coordinate system called the d -g—0 system. When this transformation is
performed, the flux equations of the numerous axes become linear functions
of currents flowing in the stator and damper windings. A pictorial
representation of the synchronous machine is given in Figure 6.1. Assume

that positive stator currents i, and i, are generated currents, positive rotor

winding, the direct-axis and quadrature-axis damper windings. The voltage
equations of the various windings are listed below, with transformer

voltages ignored,

vd:—%(%)ﬂid BRCAY

d d L A
Yy =§;(¢d)‘rélq : (6.2)
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g-axis

Axis of phase b \

1Y

Field winding

Axis of phase ¢

Fig. 6.1 Pictorial Representation of A Synchronous Machine

v = the voltage,

r = the resistance, and

¢ = the flux linkage of a winding.
The flux linkage is determined by the following equation, accordingly,

by ==Xyl +x,0, +x,i,

(6.4)

(6.5)

(6.6)
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Op ==x,, + X0, +xp0p, (6.7)

bp ==x,,0, +,.rﬂjif +x,0, L , ‘ (6.8) .

X, Xl | S 6.9)

?,

¢Q = —quiq +IQ1Q (6.10)
where,

X;:X,:Xp,Xp and x, are complete reactance,

x,, and x, are mutual reactance, and

Solving (6.6) ~ (6.8) for ¢, expressed in terms of ¢ 0, and i,, we ,hag}é’z

04 ;—{( ~ 5 )0, +(x, =)0,
lfd(x,; +x, —zxm,) - (6.11)

*d

- —— b
2 d
ApXy = X

Defining the g —axis subtransient voltage as,

,Et!t,l,

;; ' E”—f{(lg = X )¢’f + (x! ~ Xaa )¢u} | 7 v(é.iz)'

XpXy = X

E

and subtransient reactance as,

Xy =Xy - L - (6.13)

Then the voltage equation of (6.2) can be rewritten as,

v, =E, ~xy3i, -1 (6.14)

a’y
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Similarly, defining the d —axis subtransient voltage and reactance as,

E =-2w¢, | (6.15)

x, =X, ——= (6.16)
Then the voltage equation of (6.1) on d —axis can be rewritten as

vy =E +x,i,-r1, (6.17)
A block diagram for this model is shown in Figuire 6.2.
(a) Two—-Axes Model with Subtransient
In this model, the damping effect of the rotor is represented by two sh’ért—
circuited damper windings. The following derived differential equations are

utilized to describe the subtransient behavior of a synchronous machine (see
Appendix A for detailed derivation):
dr(Eq);;{kEﬂ -E, E(,xd =X, )zd} : (6.18)

A )= =B = (xs =% )i} | -~ (6.19)

L (5} = {-E} +(x, - %)} (6.20)
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Fig. 6.2 Block Diagram of the Synchronous Generator Model

The differential equation describing machine motion is given by

d*s - ’ ,
- =(P,-P.-P-DAw)/2H - (6.21)

-3—?— =0, (Aw) (6.22)

where

H = the machine inertia constant in seconds,
P, = the mechanical power input to the generator,

P, = the electrical power output from the generator to the system,

P, = the power loss in the stator windings, and
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©, = the synchronous speed of the machine in radians per second.

Generator saturation can be taken into account by modifying the reactance

x,, and x, according to machine saturation at 1.0 per unit and 1.2 per unit

terminal voltage that usually are known from the manufacturer. There are
several algorithms to realize this modification [6-2,6-3]. An iterative

procedure was employed in the studies reported in this thesis. At the same
time, the corresponding time constants must also be modified. A detailed
derivation of these expressions is given in Appendix. The equations are
included here to maintain completeness of the mathematical model of the
synchronous machine modeled by the two-axis representation ‘with

subtransient. The saturated time constants are modified as follows:

T d"_T d(,?){k %(I—k)Tx’} ) (623)
i

Xy =X

o) - X, 7 SR
T =T o {’t +(1- )xm’—;é,} o (6.24)

," _x ’ .
TW=T qff’{k +(1= k)m—’} (6.25)

X,
saturation factor. Other symbols are listed at the beginning of this thesis.
The interface between the generator model and the ‘terminal of the

transmission network is accomplished by the fallnmng two equatmns

v, = Eq - x,i, = r.i, (6.26)
v, =E, +x;iq —r,i, (6.27)
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(b) Two-Axis Model with Transient

This model is similar to the one presented previously. The subtransient
effects are totally ignored, however, the transient effects are taken into
account. There are two rotor windings, one is the field winding in the J - axis
and the other is the equivalent damper winding in the g-axis formed by the

solid rotor. The basic equations of this model are given by:

v, = Eq —x, i, —r, i, (6.28)

v, =E,+x,i ~r,i, C (6.29)

%(E”:%{w,d ~E, ~(x.—x,)i,}  (6.30)

d : o\ | '

Z(B.)- 1'1 [-E, +(x, ~2,)i,} | (6.31)
qo

where 1, is modified according to (6.24); and

S X, =% ' .
T.,=T Nk +(1-k)——-t}. ' (6.33)
gt [} { ( )X;D) - X,

(c) One-Axis Model with Transient

In this model, the amortisseur effects are totally neglected. There is only one
rotor winding present in the model, i.e., the field winding. Its differential
equation is given by (6.34). Saturation is treated in the same manner as
explained previously. The difference between this model and the two-axis
transient model is that as no damper windings are modeled, the differential

equation for E, is, therefore, eliminated.
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% (E:) = ;1‘ kE, - E, - (xd -x,',)id } (6.34)
do

(d) Infinite-Bus Model

To accommodate a large power system in computer simulation studies, it is
often necessary that part of the system be modeled as an infinite—bus which
generates or absorbs large amount of power and at the same time maintains

constant terminal voltage. Details on how this is done will be given in

Chapter 7.

6.2.2 Excitation Systems

Since the 1960s, excitation systems have been represented in extra detail in
transient stability programs, thanks to the availability of economic
computing power. A 1968 IEEE report reviewed the computer representation
of excitation systems available at the time[6-4]. In 1981, IEEE published
standard excitation models used in the power industry[6-5]. In 1992,. IEEE
Standard 421.5, “IEEE Recommended Practice for Excitation System Models
for Power System Stability Studies” was adopted[6~6]. These models are also
used in TSSP software[6-7]. In recent years, there have been many new
excitation systems applied. Most of the new systems have digital-based
controls, that is, they use microprocessor technology to implement the control
algorithms. These digital-based controls offer flexibility and control options

that are difficult to implement in analog control systems.
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Standard analog excitation systems are listed in [6-5, 6-6] and user-
defined models can be incorporated in the TSSP software[6-7]. Some
variations of these standard models are presented in[6-8]. In this section, we
present two analog and one digital excitation system. Figure 6.3 shows the
block diagram of an analog excitation system, referred as DC Type 1

excitation system[6-5], where V, =V . -V,; V, is the output signal from a

power system stabiliser.

Figure 6.4 shows the general structure of a digital excitation system. It
consists of the digital part and the interface A/D and D/A converters as
included in the dashed-line box. The output of the generator is sensed and
scaled down to appropriate levels and converted into digital words by the A/D
converter. It is then compared with the reference input that is held in the
RAM of the microprocessor. The resuit is acted upon by a controller that can
realize classical control algorithms such as PID control and newer schemes
such as fuzzy logic and adaptive control. Apart from the common features
available in both analog and digital excitation systems, the latter can be
designed to implement extremely sophisticated control algorithms such as
transient gain reduction, power system stabilizer(PSS) control, Var/power
factor control, under/over excitation limit control, stator current limit control
and many other features[6-8]. Digital systems are relatively immune to

parameter changes. They provide increased accuracy and precision.
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Fig. 6.3 Block Diagram of DC Type ;E‘xcitatmn System[6-5]

Digital Analog
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Fig. 6.4 Block Diagram of A Digital Excitation System
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Shown in Figure 6.5 is an alternator-rectifier excitation system. It represents
the Basler DECS voltage regulator as applied to a brushless exciter[6-6]. The
AVR in this model consists of PID control. The values for the proportional,
integral, and derivative gains are chosen for best Vpérf@rmance from eaclﬁ
particular generator excitation system. Other excitation models will be

further covered in Chapter 7 where TSSP in SIMULINK is presented.

Fig. 6.5 Alternator—Rectifier Excitation System|6~6]
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6.2.3 PRIME MOVERS

Electrical energy is converted from mechanical energy by synchronous
generators. The prime mover governing systemn provides a means of
controlling the input of mechanical energy to the generator Sc:» that the
generated power and its frequency can be controlled. This prime mover
includes speed-governing and turbine system for both steam and hydro
generators. In this section, we discuss both hydro and steam turbines and
governing systems. For detailed description of these systems, the reader is
referred to [6-10].

There are two types of speed governing systems for hydroturbines, i.e.,
mechanical-hydraulic control and electric-hydraulic control. As the dynamic
that of the mechanical governor for intefconnected system aﬁxeratian, only one
single model is needed[6-11]. Figure 6.6 shows the detailed model of a hydra;
turbine and speed governing system. Figure 6.7 shows its equivalent
representation. Their simulation models will be discussed in Chapter 7.

Figure 6.8 shows a block diagram that may be used to represent either a
mechanical;hydraulic system or an electric-hydraulic system for a steam
turbine by selecting the parameters appropriately. In the model it is seen

that F, is an initial load reference. Figure 6.9 shows the Tandem-Compound

Double Reheat steam turbine system[6-11].
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6.2.4 Conventional PSS

In order to suppress the low frequency electromechanical oscillations in a
power system, supplementary excitation controllers known as power system
stabilizers(PSSs) are often installed to provide positive damping (6-12]. The
block diagram of the IEEE standard PSS model[6-5] is shown in Figure 6.10.
The transfer function of the filter in the diagram can be expressed by

I ASTAS (6.35)

(I + A5+ Azsé)(l + ASEY;I- A4.€3)

The input signal to a PSS can be arbitrary. Generally, any one or a
combination of the following can be utilized as input signal. (a) deviation of
machine shaft speed; (b) deviation of terminal frequency; (¢) net acgeleraping ’
power; (d) deviation of terminal voltage.

The input signals must be in per unit. A PSS with a different iﬁjiut : |
signal will have a different transfer function. Two specific PSS models ér're
used in the studies reported in this thesis. Theif input signals are genefatér
electrical power and net accelerating pt:»wef5 respectively. The former is
identified as IEEEST and the latter as IEEESN. Their block diagrams are
shown in Figure 6.11 »nd Figure 6.12, respectively.

Note that only a single time constant A, is present in the filter transfer
function in Figs. 6.11 and 6.12. This is because of the inherently low level of

torsional interaction when net accelerating power is used as stabilizer input.
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Fig. 6.10 IEEE Standard PSS Model[6-12]
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Fig. 6.11 IEEEST PSS Using Net Accelerating Power As Input[6-5]
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Fig. 6.12 IEEE PSS Using Generated Electric Power As Input[6-5]
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6.2.5 POWER SYSTEM LOADS

studies is important as loads have a great influence on system stability. On
the other hand, the modeling of loads is a complicated issue as there are so

many loads in a system and at each bus the load composition is different and-

Therefore, simplification and certain assumptions have to be used in
representing each load. In [6-13], IEEE has presented the state of the art of
representation of power system loads for dynamic performance analysis in
practice today. In this section, we present the most frequently used load
models in transient stability studies. Detailed modeling of large ilildufc:tigh

motors is also given [6-14].

(1) Constant Impedance Model
In this model, the power varies directly with thésqﬁare of the voltage
magnitude, i.e.,

P+j@=04)v* | (6.36)

(2) Constant Current Model
In this model, the power varies directly with the voltage magnitude, ie.,

P+jO=V-I (6.37)



(3) Constant Power Model

In this model, the power does not vary with the changes in voltage

magnitude. It may also be called constant MVA load model.

(4) Polynomial Load Model

This model expresses the relationship between power and voltage magnitude

as:
P= Po{al(%ﬂ)2 +az(%“) +a3} (6.38)
0= Q"{aJ(an)z +“5(%«»)+a6} . (6.39)
where

V, = the rated voltage,
P, = the active power consumed at rated voltage;

0, = the reactive power consumed at rated voltage.

However, these values are normally taken as the values at the initial system

operating condition for the study. The coefficients in the model satisfy the

following equations[6-13]:

a,+a,+a,=1 (6.40)

a,+as+ag =1 (6.41)



6.2.6 Induction Motors

Representation of induction motors for transient stability studies can be

machine models. The final model can be expressed in the d —¢~0 reference

frame. As the rotor of an induction motor has a symmetrical structure, its

the rotor circuits are determined by the slip that changes with the loading. In
this section, we present detailed modeling of induction motors. The material
that follows logically belongs to the section of power system loads. The
present arrangement emphasizes its importance and uniqueness as compared
with other loads.

For a three-phase induction motor, the number of poles of the ﬁle
produced by the induced rotor currents is the same as that of the ﬁeld
produced by the stator winding. Therefore the rotor can be modeled by an
equivalent three-phase winding. The rotor may be constructed in one of two
ways, i.e., one with wound rotor where conventional three~phase windings
are brought out through three slip rings on the shaft and connected to
external circuits; the other with squirrel-cage rotor which consists of a
number of bars short—circuited by end rings at both ends.

Choose the d-g~0 reference frame with its axes rotating at the
synchronous speed. The ¢ —axis is 90° ahead of the d ~axis in the direction

of rotation. Let the d —axis coincide with the phase «—axis at time 12 0. As
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indicated in Figure 6.13, its displacement from phase a-axis at any time ¢

radians per second.

is w1, where ®, is the angular velocity of the stator field in electrical

Let subscript s denote guantities of the stator and r of the rotor. The

mathematical equations of an induction motor in per unit in the d—-¢-0

reference frame, can be summarized as follows[6-10]:

Stator voltage:

v Ri,

ds =

Ri

g5 CEgs

Y

Rotor voltages:

=R

rdr

=R.i

Flux linkages:

¢ i *nld\ +

¢, I L\'\ q\

r’ qr

-9,

+ mx¢dj

d, d \
- dt (ef)¢x;.f +:;;(¢:h=)

d

2000, +5(0,)

Li

'm* dr

+L,i

m gr

¢1Ir. = L'mid,r + erliir

¢qr = L’m ¥

I~
i

+
b~

+ L i

Frigr

(6.42)

(6.43)

(6.44)

(6.45)

(6.46)

(6.47)

(6.48)

(6.49)
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Rotor Stator -

Fig. 6.13 Induction Motor
L,, L, = stator and rotor leakage inductances, respectively,

L = mutual inductance, and

¢ = the flux linkage.
All the quantities are in per unit. Eliminating the rotor currents, we have
from (6.48),

| = %z Lofa (6.50)

r

Substituting (6.50) into (6.46), we have
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Lm (¢dr - 7ﬂidf7

¢,:lx = L,t:idr +

Lo, +[1, _’;'},i, (6.52)
rr ) LFF
Substituting (6.52) into (6.43), we have
L 12,
pqs = R.flq.f +CD: ¢df +m,\' Lﬁ - l 1y
| - (6.53)

.
J transient reactam:e Df the mductlon machme

=FF

Similarly, for the d —axis,
(6.54)

R‘Ifl\ \‘ ip + E

where

T FF

From (6.48) and (6.49), we derive the differential equations for E, and E

dt

dE’ L d,
4 =y 0=
@ E’f(¢dr)

Lol 4 26,00,
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—__ ;gg [Pdr - ;ﬁ}ii\' “m 5_
m‘ er { ‘er ) Lfi’ fif( r)(pifr
_ 1 [ - Li 2 ] 'z’m d fa
EE{ E, -w, L:"’J +o, L g(e,,,)q:q,,
1 . _.d,.
where
. r
(x\ EI‘_)E me -
Similarly,
dE, L,d
dt "L di (qb‘”)
lr.. od Ny
e sl L)
where
! L’rr
T =—",
o Rr
x,=0.L_,and
d W =0
Z(g V\=—r "
dt( ) o,

o, is the angular velocity of the rotor in radian per second. 0, is the angle by

which the 4 —axis leads phase A-axis of the rotor. If the rotor slip is s, the

d - axis is advancing with respect to a point on the rotor at the rate

127



di(af )=s50, (6.57)
1 ' ,
The rotor acceleration equation, with time expressed in seconds is

il_(e )E—L(T=T) (6.58)

dll rl EH 4 m RSy

where the electromagnetic torque is given by

T,=E,, +E;iqs ' (6.59)
and, the load torque can be expressed as,

T, =Ty(o,)" (6.:60)

or

i

T, = T,(a0? +bw, +c) (6.61)

F

depending on the type of loads where o, i%(E),.). Figure 6.14 shows the

block diagram of the induction motor that is used in TSSP.

Load modeling itself is a very difficult task as meaningful data are
simply unavailable and collecting and processing load data is expensive.
Moreover, exact simulation of loads requires that at each time step, a load
flow study be carried out in order to obtain the accurate bus voltage. This will
increase the computation effort beyond an acceptable level. However, an
alternative is to calculate a new Qperating point by a fast decoupled load flow
program([6-7] only at the instant when an event or a disturbance happens. At
other times, the bus voltage is held constant in load representations as

computed in the latest load flow study.
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Fig. 6.14 Block Diagram of An Induction Motor

6.2.7 DC Transmission

An alternating current transmission system is represented by a positive-
sequence circuit in transient stability simulations. In order to achieve high
performance in power systems, direct current transmission system is used. It
provides maximum flexibility in power control and enhances transient

stability.
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Figure 6.15 shows a schematic diagram of a direct current(DC) link

between two AC transmission systems. The transformers provide an

has different numbers of conductors and spacing between conductors. Figure
6.16 is the corresponding equivalent circuit. The direct current flowing from

the rectifier to the inverter is given by

 dur COS(CX)—”;T{]”', CDS(Y) LE
T RrRoR, | iy

where

o= the ignition delay angle,

v = the éxcitaticnn advance angle.
The power at the rectifier/inverter terminals is given by, respectively,

P, =V, +I, ;  (6.63)
and | |

P, =Vul, =P, -R.I]  (6.64)
of bridges in series, T the transformer ratio. Then the ideal nci—lcac:l voltage
on the DC side is g’iv_em by

3V2 ,
v, =—7r‘/~—-EfTVr (6.65)

0

where V, is the terminal voltage at the AC side.
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Fig. 6.17 Converter Representation

When there is load, there will be voltage drop across each bridge. Now the

voltage on the DC side is expressed as one of the following two

V, =V,,cos(a)=1, B[E-‘}) | (6.66)
T

Vi=V, EDS(Y)_IJB(EP"}) x - (6.67)
‘ T A
where
R, =—wL,, the equivalent commutating resistance.
i
The power factor can be expressed as

¢ =cos| Yo (6.68)
: Vljf! . .

P=V,I, (6.69)

Q= Ptan(q) (6.70)
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where P, O are active and reactive power, respectively.

For a more detailed representation of DC transmission system and its
control for transient stability study, the reader is referred to |6-10]. This
subject is further treated in Chapter 7 where TSSP in SIMULINK is

presented.

6.3 SYSTEM DISTURBANCES

The modeling of system disturbances is an important aspect in simulating
the dynamic behavior of a power system with acceptable accuracy. Both
symmetrical and asymmetrical disturbances should be modeled. A
symmetrical disturbance can be easily modeled as the system will remain
symmetrical under such a disturbance. Under asymmetrical disturbances,
the solution of the stability problem for the disturbed three—phase network
can be carried out by a three-phase stability program, where the
symmetrical component method is employed to resolve the system into three
symmetrical three-phase systems. Therefore, the total computations will
increase up to three times. On the other hand, it has been found [6-15] that
the average braking torque produced by the reaction of the two magnetic

fields (one produced by the negative sequence current and the other by the

yield a zero component torque as the three-phase zero sequence currents are

electrically in phase and have 120 degree displacement in space. Therefore,
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only the positive sequence quantities are needed to be taken into account
during a transient process. However, the negative and zero sequence
networks have to be incorporated into the positive sequence network at the
fault point.

Each disturbance can be described and modeled as a sequence of events.
They may include pre-fault, fault, post-fault and line restoration, i.e.,

autoreclosure if any, etc. The admittance matrix of the network is modified

such disturbances and what measures should be taken to maintain system
stability while maximizing the availability of power supply to customers.

Detailed modeling aspects will be further covered in Chapter 7 when



CHAPTER 7

A TRANSIENT STABILITY SIMULATION
PACKAGE (T'SSP) UNDER SIMULINK

under SIMULINK environment. It introduces the package under DOS

operating system. It then points out the areas in TSSP where improvement

handling generator saliency is difficult in stability simulation studies. This
difficulty will be overcome in the new software to be developed. Building
blocks of various power apparatuses are developed and a rich library
including such blocks and MATLAB functions is formed. Basic instructions
on how to construct a simulation model for a power system are given,

including an illustrative example.

7.1 TSSP UNDER DOS

Time domain simulation of power systems has been used for stability studies
for decades[7~1}~[7-4]. Various large scale simulation packages such as the
EPRI-ETMST (Extended Transient/Mid Term Stability Program) and the
PTI-PSS/E (Power System Simulation/E Program) are in wide use. A number
of educational softwares are also reported in the literature [7-5]~[7-8].
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Every simulation package has its own advantages and shortcomings.
Most packages do not have all the features and flexibility that one needs for
either education or research purposes. The possibility of changing the
capability of the package is often limited if not impossible. There has been an
urgent need to have a package that has the capability of fulfilling most
requirements in both teaching and research. To answer this need, a
transient stability simulation package(TSSP) implemented on an IBM PC
has been developed[7-9]. This package has been utilised to perform stability
studies of the WSCC system [7-10] and the New England Test system[7-11].
As a research tool, the package has also Eegn used to conduct a stability
investigation of a longitudinal power sysﬁem }iaving 69 buses and 12-
machines [7-12]. The following is a list of tasks that can be performed using

the TSSP:

e Machine modelling of varying complexity; '

» Transient simulation of induction motors;

e Modelling of symmetrical and asymmetrical disturbances;
e Various load modelling;

e Modelling of AVR, AGC and PSS;

o Load flow studies; and

e Short circuit calculations.
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The transient behaviour of a power system component or a controller is
modelled by a set of first order differential equations. Based on the implicit
integration method [7-13], this set of differential equations can be simulated

by building a block diagram with integrators and DC gains. Each block

in the TSSP. This package has modules for four different synchronous
machine models, one induction motor model, all the current IEEE
recommended excitation system models, the standard power system stabiliser
model[7-14], and speed governing and turbine system models|7-15].
Different load models can also be included [7-16].

A maximum of three input data files are needed to perform a transient
stability simulation. Each data file consists of a number of data blocks. In
each block, data items are entered as a record in free format with a comma
between items. A dash line (/) signifies the end of a record. Preceding each
block, there are comments and definitions specifying what data are to be
entered and how. Any length of comments can be added into the files as long
as an exclamation mark (!) precedes each comment line.

Data file pglf.inp contains all the information required to perform a load
flow study. It also provides the freedom to use different system base MVA,
per unit or nominal unit system. Data file ntwk.inp contains fault
information, sequence network parameters and branch incidence of the zero

sequence network. Data file mach.inp contains parameters for machine,
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excitation system (AVR), speed governor and turbine system (AGC) and
power system stabiliser (PSS) in four blocks. Each controller is identified in
the corresponding block by its machine number. If a controller is absent from
a machine, a record 888/ is entered to signify this fact.

Three sample data files are provided in TSSP. The user can create
his/her own data files by copying and modifying them with a DOS editor or
any word processor according to the system under study. Any error in the
data files will be automatically detected and located when the programs are
started. The format of the data files is designed to provide maximum
flexibility and minimize frustration in data input. This design was inspired
after experiencing the "sophisticated" and "nron user—friendly" data input in
EMTP [ 7-17]. |

The overall structure of the package is shown in VFigure 7.1. To initialise
the TSSP, the fast decoupled load flow (FDLF) is run ﬁrét. Then the short
circuit calculation (STCC) program is executed. The results of the two runs
are passed onto the TSSP co-ordinator internally. Finally the transient
simulation program (T'SSP) is run. The end result of a simulation is stored in
the file simu.out. A data sorting and plotting program (WPLOT) can be
employed to plot a maximum of five curves on one screen and up to fifteen

variables can be sorted out at a time.
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7.2 NECESSITY OF IMPROVEMENT

TSSP is a numerical realisation of solving a iarge mathematical system
composed of both differential and algebraic equgtﬁ@ns. Let x denote the
system state variable, and y the auxiliary variable. Then the mathematical
system describing the dynamic behaviour of a power system can be

expressed as

%(x) = f(x,y) o (7.1)
0= g(x,v) S (7.2)
where
x = the state variables, and

y= the auxiliary variable. N

A numerical solution to the system can be obtained by different algorithms,
assuming that an initial condition is known. This initial condition is obtained

by a load flow program. The solution procedure in TSSP consists of the

following steps;

1. With the initial values x®,y® known, and with a given disturbance
in the system, a new value of the auxiliary variable y!" is calculated
from (7.2), keeping the state variable at x(¥.

2. The derivative of the state variable is calculated from (7.1).

method such as the implicit integration.
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each time step, the calculated values of x') and y® are stored so that they
can be plotted at the end of simulation.

Because of the fact that there exists saliency in synchronous machines,
the solution of (7.2) is accomplished by an iterative procedure in TSSP[7-2].
Depending on the structure of the saliency, this iterative procedure may lead
to divergence and no solution can be obtained at certain times and with
certain network configurations. For real time studies, this iterative process
may impose unacceptable computation effort. Another disadvantage of this
package is that to add any new features to the program, such as displaying a
variable which is not listed in the plotting utility, modelling a new

disturbance, or interfacing a user—defined model, part of the package has to
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be recompiled. This compilation process has to be continued until the

desirable results are produced.

7.3 TSSP UNDER SIMULINK

7.3.1 Introductien

SIMULINK is an interactive block-diagram environment for modeling,
analyzing, énd simulating dynamics of physical and mathematical systems.
It provides point-and-click interface for all model building. Block-diagram
and differential equation models, continuous-time, discrete-time, hybrid
models, linear and nonlinear models, trained neural networks and fuzzy logic
models, can all be simulated in this environment.

Though SIMULINK is powerful in simulating the above systems, it can
not be directly applied to power system simulations. The reason is that power
systems run a three-phase complex number system and their control systems
are modeled by real number transfer functions. In order to comply with the
rules of SIMULINK, a power system has to be decoupled from complex
representation to real number representations which are asymmetrical when
salient synchronous’ machines are present in the system. In the section that
follows, the basics of SIMULINK are discussed. Then detailed building blocks
for the modules in TSSP will be constructed using SIMULINK library and

MATLAB functions, forming the TSSP Library.
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7.3.2 Basics of SIMULINK
To simulate a dynamic system, we need to create its model in a block
diagram window using mouse driven commands. As SIMULINK uses the
metaphor of a block diagram to represent dynamic systems, creating a model
is much like drawing a signal flow graph. The individual blocks need not be
drawn, but are represented by input/out blocks from the SIMULINK
standard library. Once the model is defined, its dynamic performance can be
simulated by built-in analysis tools. The progress of the simulation can be
available in the MATLAB workplace when the simulation is complete.
Specifically, the following steps can be followed to create and analyse the
model for a given dynamic system.

1. At MATLAB prompt, type simulink anci 7préss return. This will

display the standard library of block diagram.

2. Pull down the MATLAB file menu and open up a Dééﬁﬁlédél ﬁle
which is a blank block diagram window.

3. Copy individual blocks from the standard library té yoﬁr block
diagram window; and repeat this step until the model is complete.

4. Save that model you just defined as a m-file which you can modify or

run later on.
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7.23.3 Building Blocks

(1) Synchronous Generators

In Chapter 6 various synchronous generator models are presented. In this
section, their simulation models will be built. This is done by showing one
detailed example, i.e., building of the two-axes model with subtransient. The
other three models will be listed in Appendix B. Figure 7.2 shows the
simulation model of a synchronous generator. A functional block for both an
excitation system and a speed governing and turbine system is included.
These functional blocks have to be replaced by the simulation models of their
corresponding physical equipment.

The input to the model is a vector output from a MATLAB function that
solves the network equations of the power sysﬁéxﬁ'under study. It-éaﬁ be

expressed as follows, for generator number 1:

in_1=[iy,i,, V. Vi, | ) (7.3)

The output of the model is a vector that can be expressed as follows:

E;, 8] (7.4)

out_l= [Eq, E,,
The output of the excitation system is E u+ And the output _csf tfh; speed |
governing and turbine system is P,. The rest of the m@ﬂél is to simulate the
differential equations (6.18) — (6.22). Note that the memory blocks(M01-M03)
in the model function as a breakdown of a complete loop for simulation

purpose. Values of parameters are passed to their corresponding variables in
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the various blocks from the workplace where these variables are initialized

before simulation is started.

(2) Excitation Systems

As an example to show how to build a simulation model for an excitation
system, we choose the DC Type 1 excitation system. Figure 6.3 shows its

block diagram. Figure 7.3 shows a simulation model of the system. The input

signal from a power system stabiliser. The output of an excitation system is
always the excitation field voltage, E - There are two MATLAB functions;
1.e., VT block converts a voltage in complex components to its magnitude and

SE calculates the saturation factor of the excitation curve at an operating

point. Other types of excitation systems are gi\}en in the TSSP library.

(3) Prime Movers

The hydro turbine and governor system, shown in Figure 6.5, can be
accurately simulated in TSSP, since nonlinear elements of a t:iyharnic system
can be easily modelled in SIMULINK. Figure 7.4 shows the Simulat’;ien model
in which there are two subsystems. Each of these subsystems simulates a
transfer function with initial variable values. The input to the model is the
machine speed in per unit and the output is the mechanical power in per unit

exerted to the shaft of generating system.
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The steam turbine system, shown in Figures 6.7 and 6.8, is simulated by the
model shown in Figures 7.5 and 7.6. The input to the governor model is the
incremental change of the shaft speed of the generator. The output is the
valve pésiti@niﬂg that controls the inlet of steam and is equivalent to the
total power input to the turbine which converts the heat energy to
mechanical energy and outputs it as P,. Other steam turbines are also

included in the TSSP library.

(4) Conventional Power System Stabilisers

Three 1EEE conventional power system stabilisers(PSSs) are presented in
Chapter 6. Their simulation models in SIMULINK are constructed, here..
They are also included in the TSSP library. The input to a PSS ca‘n‘ be a
combination of different signals, as has been pointed out in Chapter 6.

Figures 7.7, 7.8 and 7.9 give the details of these simulation madels;.

(6) Induction Motors

The block diagram of an induction motor is shown in Figure 6.13. As an
induction motor is treated like a generator in TSSP, its simulation mode] in
SIMULINK is similar to that of a generator too, as shown in Figure 7.10. The
input to the model is a vector output from the network solution MATLAB

function, as expressed in (7.3). The output of the model is a vector given by

147



out_l= [E, JE,, 5]t (7.5)

The load of the induction motor is passed to the model from the workplace by
the variable TM(1) which is calculated by either (6.60) or (6.61). There are
two MATLAB functions; PE calculates the electric power the motor consumes
and PL calculates the power loss in the stator windings. The rest of the model

simulates the differential equations (6.5) — (6.59) of the system.

(6) DC Transmission Lines

A three-phase alternating current(AC) transmission line system is

represented by the positive-sequence network of one of the three phases in

lines can be simulated by three categories of models; (a) Simplémaael, (b)
response model, and (c) detailed model. Depending on its applicatigﬁ, each
DC transmission line is designed to meet specific requirements in théoveféll
performance of the system, thereforr, no standard model is developed to

represent DC links in stability studies[7-18].
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(7) Network Function

In a power system, generators, loads and other power apparatuses are
connected though transmission lines to form a composite dynamic system. As
generators and their control systems are modelled by real number transfer
functions while the network is represented by complex numbers, we need to
decouple the complex number system. This is done in TSSP through a

MATLAB function in which an AC system is modelled by

vl Y % oo BV
I.n'2 Y"I Y, . Y’n V.t\'z V
- =| - - - : - (76)
I onn Ynl YnZ ° Ynn ‘/.r\'n

where I, = [Ix,. I, ]t » the injected current,
Vi = [Vn. V_w.]t , the voltage at bus i, and

G, -B, e ' R
Y, = ( B” G ") , its elements being the real and imaginary parts of the

i i
element (G,.j + jB,.j)at position (i,j) of the admittance matrix of the
network.

The interfacing point between the network and generators, loads and Gthér

power apparatuses is the bus terminal where injected current and bus

voltage hold true for both parties. With no approximation and no iteration,

this interfacing is accomplished in the MATLAB function, using exact

algebraic equations as derived in Chapter 6. For any generator or load model,
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if its interfacing condition with the network is expressed in terms of voltage
and current in d - g -0 quantities, they can be transformed into quantities in

) )

where & is the angle between the reference x—axis in x-y coordinates and
the ¢-axis of the device to be modelled. This transform applies to véltage
too. Detailed information on the network function is given in Appendix B.
This topic is further covered in the coming section iirhgré ﬁmdel ganstrur;tiaﬁ

for a power system is described.

7.3.4 Model Construction

extended to the case of multimachine systems which will be covered in
Chapter 8. Figure 7.11 shows a single-line diagram of the system. Assume
that the generator can be simulated by the two-axes with transient
model(GEN_3). The excitation system is simulated by ST_4. The speed
governing and turbine system is simulated by GOV_221. Tha load is an
induction motor modelled by IndMotor block from the TSSP library. The
infinite bus is simulated by GEN_0 block. Figure 7.12 illustrates the final

simulation model of the power system. Note that the MATLAB function is a
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m—file referred as find_vif.m, meaning to find voltage(v) and current(i). This

file is listed in Appendix B. The input vector to a MATLAB function can have

numerous variables output from various devices each of which may have an
arbitrary number of outputs. The output of the function is also a vector with
the number of components equal to a muitiple of the nunﬁber of the devices
modeled. This is necessary because the elements of the output vector have to
be accessed by each device appropriately. A simulation function reférreﬂ to as

Demux can divide its input only into equal parts.

7.4 TSSP’s POTENTIAL WITH SIMULINK

We have seen some merits of TSSP under SIMULINK environment, and
other potential applications is of interest. With the new DSP Blockset anrélra
real-time C code generator[7-19], we can develop real-time sa_ftwavré far
target hardware and test the generated C code in actual applications. This C
code generator is useful for batch file simulation studies too, as the size of a
power system increases, model simulation in SIMULINK may be slow. The
generated portable C code can be used in different situations. Another
FL to design intelligent control systems. With TSSP in SIMULINK, we can

prototype, simulate and implement a control on a single personal computer.
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Fig. 7.11 Single~Line Diagram of the One-Machine Systénj_
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Fig. 7.12 Simulation Model of the One-Machine System
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CHAPTER 8

STABILITY ENHANCEMENT OF A
USING AN ANN-FL PSS

In a stable power system, all the synchronous generators operate in

losing synchronism. It is difficult to theoretically prove whether a
multimachine power system is stable. The objective of this chapter is to show
how power system stability can be further enhanced by using an ANN-FL
power system stabilizer(PSS). Two power system stabilizers based on the
ANN-FL modelling technique, one using speed deviation as input and the
other using accelerating power, are designed and applied to a two-machine

infinite-bus system to evaluate their performance.

8.1 INTRODUCTION

To meet a steady demand growth of interconnected power systems, the size of
generating units has been increased, and high-speed excitation systems have
been introduced. By doing so negative damping to the interconnected system

is resulted, causing low—frequency oscillations. Weak line transmissions are
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mechanical oscillations of low frequency become inherent characteristics of
power systems. The presence of such oscillations has been reported
worldwide[8-1]~[8-5]. Low frequency oscillations are also called system
modes. Principally, there are two categories of modes: inter-area modes
associated with one group of generators or plants at one end of a tie-line
oscillating against another group at the other end and local modes associated
with weakly connected power systems or remote generating units weakly
connected to a large power system. Different system modes can occur
simultaneously. This coupling among modes makes it difficult to define 'cause
and effect’ relationships in analysing the dynamic behaviour of a multi—
machine system, especially for inter-tie line oscillations [8~6]~[8-9].

Eigenvalue analysis is a fundamental technique to study the nature of

system modes of a power system [8-10,8-11]. A positive real part of a swing
mode indicates a negatively damped mode which needs controlling to ensure
stable system operation. This technique is also used in this thesis in
designing the conventional PSSs for the generators.

The common remedy for inadequate damping is to utilize additional
excitation control by means’ of power system stabilizers [8-7,8-12]. After
in wide use in power systems. In most PSS applications, only local feedback

control is used.  Multivariable and optimal stabilizers can also be
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theoretically designed but may not be implemented because of the difficulties
in accessing most of the feedback variables. Coordination in PSS design has
been taken into account by either eigenanalysis [8-13], or frequency domain
methods [8-14] or a hybrid of the two [8-15]. No matter what algorithm is
employed in tuning the settings of a PSS, the more information dependent on
operating conditions is used, the less robust the PSS will be to system
changes.

In [8-5], a simple PSS design procedure is proposed and used in a
practical power systerﬁ of longitudinal structure. Usually, system modes
must be known in PSS design. It is also generélly true that the damping
(real part) of a system mode is more sensitive to operating conditions than
the frequency (imaginary part) of that mode. Reduction of these sensitivities
of a mode increases the robustness of the PSS designed based on this mode.
Instead of using a specific frequency for a particular PSS design, an average
frequency is derived for each coherent group of generators that oscillate
together. The coherent generation groups can be identified by évailable
methods [8-16,8-17]. Another parameter needed in tuning a PSS is a
lead/lag time constant spread [8-7,8-8]. Nonlinear simulation is utilized to
determine the optimum gain of each PSS. Input signals to all the PSSs in
each coherent generation group may be communicated with each other
among the strongly coupled generators. The total coupling factors [8-18]

computed from eigenanalysis can be employed to take into account these



interactions among generators. The design procedure developed in this paper
[8-19]. This procedure will be used in this thesis to design benchmark PSSs
for training ANN~FL power system stabilizers.

Though, there have been many examples of successful applications of
conventional PSSs, difficulties include the tuning of a PSS for a wide range of
operating conditions, as well improving the performance under different

torsional oscillations. PSSs using power signals may cause voltage
fluctuations. In recent years, alternative control strategies have heen
investigated, especially intelligent control. Chapter 1 has reviewed a few
intelligent control schemes based on artificial neural networks(ANNs) and
fuzzy logic control(FLC). In this category of applications, publications |8-
20]~[8-25] are closely related to the subject of this chapter. The theme of
those papers is to develop an event driven controller representing a nﬂrnlinear '
mapping from the input to the output variables. Fuzzy logic cantrai is a
structured representation technique, it does not allow learning nor
adaptation. On the other hand, artificial neural networks are unstructured
numerical estimators that can learn, generalize and process massive sensory
information. An intelligent controller designed on the basis of the hybrid

modelling techniques.
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8.2 STABILITY ANALYSIS

8.2.1 A Multimachine Power System

simulation studies is shown in Figure 8.1. The system consists of two hydro
generators, one load, and one infinite bus. Generator #1 is a test machine,
modeled by a fifth~order model with subtransient (GEN_4)(see Appendix D)

simulating a single generator in the system. Generator #2 is an equivalent

model with tranzient (GEN_3). The infinite bus (GEN_0) is the connecting
point with a remote power system. Each machine is equipped with a simple
static (SCR) excitation system (ST _4) and_ a standard hydro speed—governing
and turbine system (GOV_221). Figure 8.1 shows the parameters of the
network. Parameter values for the various power devices are listed in Tables
C.1-C.3. |

Two load flow studies were carried out using the decoupled fast load
flow program(Chapter 7). Tables 8.1-8.2 list the obtained results, including
voltage magnitude and angle, injected real and reactive power, power flow in
each transmission line and power losses. The operating point of Case A will
be used for conducting eigenanalysis and later on for designing conventional
power system stabilizers(CPSSs). The operating point of Case B is designed

for performance evaluation.
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Fig. 8.1 Single-Line Diagram of the Two Machine Infinite Bus System

8.2.2 Stability Studies

(1) Steady-State Stability

In an interconnected power system, there are hundreds of oscillatory modes.

Usually two distinct types of system oscillations, as has been outlined in the |

previous section, are recognized in an analysis of system stability and control
problem. They are referred to as local plant modes and inter-area modes. The
fundamental objective of excitation control is to provide maximum damping
to both types of modes, and at the same time to enhance transient stability.
Part of this objective is accomplished by using supplementary excitation
control through a conventional power system stabilizer(CPSS). For the
purpose of designing a CPSS, an eigenanalysis was conducted for the study

system. Two oscillatory modes were calculated. The local mode of the test
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machine is 16928 Hz and the inter-area mode is 0.7813Hz;. Based on the
design procedure presented in [8-4], two CPSSs were designed and tuned,
one for the test machine, and the other for the equivalent machine. They will
be used in the performance studies later in this chapter. A study of the
system’s frequency response was also performed. The response was obtained
by simulating the study system in TSSP in SIMULINK environment. The
disturbance to the system is a three-phase to ground fault for 6-cycles
applied to the terminal bus of generator #1. The speed change of the

generator was measured, and sampled at a sampling rate of 66.67 Hz.

data sequence, and the power spectral density, a measurement of the energy
at various frequencies, was calculated. Figure 8.2 shows the semi-
logarithmic plot of the power spectral density. It can be seen that the two
oscillatory modes are approximately 08 Hz and 1.70Hz. This is in agreement

with what has been calculated from eigenanalysis.

In the studies reported in this section, a three-phase to ground fault for 6-
cycles was applied on the Jine between buses #1 and #2 near the terminal bus
of generator #1. The simulation model is given by Fig. 8.3, using TSSP under

SIMULINK. In view of the large number of variables and study cases
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involved, only the excitation voltage and rotor angle responses are shown in

Figs. 8.4 and 8.5. The results of the transient simulations show that:

¢ For the case of CPSS with TGR, the inter-area mode oscillation is much
pronounced (curve #4 of Fig. 8.5). The output of the exciter hits its upper
limit only at the first swing(curve#4 of Fig. 8.4(b)). The overall
performance of the excitation plus CPSS system can .be improved by
increasing the CPSS gain[8-24];

e For the case of CPSS without TGR, the excitation plus CPSS system
improves damping and transient stability on both oscillatory modes(curve
#3 of Fig. 8.5). The exciter reaches its ceiling voltages during the first two
swings to provide maximum cantrc;l action(curve #3 of Fig. 8.4(b));

o For the case of no CPSS, with TGR, the rotor angle oscillation is-mare
damped and transient response is improved(curve #2 of Figs. 85 and
8.4(a)), as compared with the case of no TGR. This is true for local ﬁzgf]é :
only. Its effect on the inter-area mode is imposed on to the local médc&

oscillation.

* For the case of no PSS and no TGR, the system is highly oscillatory. This

scenario will be used to test whether a PSS can stabilize the system.
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Table 8.1 Load Flow Results: Node Power(MW+jMVar)

Bus #

V (pu)

Case 0 (deg) Generation

1 1.050 6.4265 165+j69 -

A 2 0.992 4.7698 — 4504350

3 1.050 21.2538 850+j111 —

4 1.020 0.0 -519.9+j91.2

1 0.977 125+350

0.910 750450

3 1.050 450+j261.1

4 1.050 211.3-j23.75 —

Table 8.2 Load Flow Results: Branch Power(MW-+jMVar)

Case Losses

S, S,

Line i = j i i

43.29+j57.10

-42.72-j70.58

0.58-13.48

-407.28+j20.58

421.67+i85.75

14.39+j106.34

428+j25.56

-399.86+j111.6

28.47+j137.15

121.7+j12

-120-j20.38

1.66-j8.34

1804j71

8.89+j59.9

2-3 -478-j38.6 502+j224 23.6+j1856.7
3-4 -52+j36.78 53-j49.7 0.74-j12.9

-155-j21.24

158+25.9

3.02+4.71
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Fig. 8.2 Frequency Response Showing the Two Oscillatory Modes

Initializing by inn3m4bf.m

f[>aD=EEN_,,4 ?NET\N@EK "CO—{GENO | C ; S5—{GEN_3

Fig. 8.3 Simulation Model of the Study System
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Field Voltage of G#1 (pu)

-4.0 S— —
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Time (s)
Fig. 8.4(a) Field Voltage Responses of the Test Machine, Following A 3-Phase
To Ground Fault of 6-Cycles at the Terminal Bus of G#1
Curve #1 —No Transient Gain on AVR, No CPSS
Curve #2 —With Transient Gain on AVR, No CPSS

100 —

25 ¢

ield Voltage of G#1 (pu)

F

R .10.0 bt —
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Fig. 8.4(b) Field Voltage Responses of the Test Machine, Following A 3-Phase
To Ground Fault of 6-Cycles at the Terminal Bus of G#1
Curve #3 —No Transient Gain on AVR, with CPSS
Curve #4 —With Transient Gain on AVR and CPSS

170



[} i &
m [y ] &
I
|
I
|
|

Machine Angle of G#1 (deg)
= [ ]
[y | (%]

o
T

,
n
|
|
[

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Time (8)

Fig. 8.5 Generator Angle Responses of the Test Machine, Following A 3-
Phase To Ground Fault of 6-Cycles at the Terminal Bus of G#1
(Curve No. and description agree with those of Figs. 8.4(a) & (b))

8.3 DESIGN OF Two ANN-FL PSSs

8.3.1 General Comments

The most difficult problem that a designer tries to solve is to make the best
compromise in choosing PSS parameter values so that the controller will
yield best performance when it faces environmental changes. Such a goal
may never be truly realized in practice as the design is purely based on linear

control theory where such a designed controller operates at its optimum only
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An hybrid of artificial neural network and fuzzy logic power system
stabiiizer(ANNsFL PSS) is a trained fuzzy logic controller. It combines the
merits of both neural networks and fuzzy logic to form an intelligent control
system. In this section, two ANN~FL power system stabilizers are designed,

one using speed deviation of the generator as the input signal, the other

using accelerating power.

training program is similar to that of Chapter 5, with only minor
modifications. The emphasis of this chapter will be focused on the
performance of the two ANN-FL PSSs, when they are applied to a
multimachine power sysfem. Six aspects of information are needed to design

an hybrid ANN-FL control scheme. They are outlined in the next section.

8.3.2 ANN-FL PSS Using Speed Deviation

(1) Linguistic Variables

As the objective of a power system stabilizer applied to a synchronous
generator control is to damp rotor oscillations, it is natural to monitor the
speed and to use it as a feedback control v ~iable. Since speed deviation is a
result of the unbalanced torque applied to the rotor shaft, the key to bringing

the speed deviation to zero is to reduce the unbalanced torque to zero. This
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residual torque equals the summation of the positive mechanical input torque
generator. For the first few seconds after a syétem disturbance, due to
technical reasons, the mechanical torque can not be changed dramatically to
bring the residual torque to zero. I% is the electrical torque that must be
changed. The electrical torque is directly proportional to the excitation
voltage and inversely proportional to the speed of the machine. Therefore, the
excitation voltage could be chosen as the output variable of the controller to
be designed. Only there is another problem; the excitation voltage is also
controlled by a voltage regulator. The function of this ’x:c:ntrc;»l loop is to
manage the reactive power flow in the system so that a desired voltage
profile can be maintained during steady—state operations of the system.

To maintain the functionalitizs of the excitation systém for both steady-
state and transient operations, the control signal from the stabilizing -
controller can be introduced to the low signal front end of the excitation
system as supplementary control. During steady-state operation, this
supplementary signal must be zero. During transient operations, it must be
speed. Another input variable to the controller can be the rate of specd
change, as has been used in Chapter 5. Therefore, the two fuzzy inputs and

one fuzzy output variables can be expressed as:
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Ao =[NB,NM,NS, PS,PM, PB] (8.1
Aw/ At =[NB,NM,NS, PS, PM, PB] . (82)
AV =[N, P] (8.3)

where the various linguistic labels are defined as negative big(lVB), negative
medium(NM), negative small(NS), positive small(PS), positive medium(PM ),7

positive big(PB), negative(N), and positive(P).

(2) Membership Functions

By expert’s knowledge, the ranges of change of these fuzzy variables defined
above is known. Therefore, the universe of discourse of the fuzzy sets can be

determined as follows:

Ao =[-01, +0.1] (pu) (8.4)
Aw/ At =[-10,+10](pu/s) (8.5)
AV, =[-04, +04](pu) | (8.6)

Six membership functions are assigned to each of the two input fuzzy
variables, and two membership functions assigned to the output variable.

The structure of the membership functions of the state variables Aw/ Ar, Aw,
and AV, are the same as shown in Figs. 5.5 - 5.7, only the universes of
discourse are different. Membership functions for fuzzy sets AnranAg(i=12)

are expressed by triangular functions which take the form of (8.7), shown in

Fig. 8.6, and membership functions for fuzzy sets ALALB(i=12) are
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expressed by trapezoidal functions which take the form of (8.8), shown in Fig.
8.7. Table 5.1 lists eighteen rules used as the rule base in designing the

ANN-FL power system stabilizers.
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f(x,a.b,c,d) =1 o (8.8)

0 , othenwvise.

(3) Data Collection and Training

A number of simulation studies were carried out on the two~machine power
system, using both the speed power system stabilizer(PSS) 'a'r;d ‘the
accelerating power PSS similar to those of [8~19]. The disturbances ﬁsed in
the studies were (a) a three~phase to ground fault at the terminal bus of
generator #1 for 6 cycles; (b) a step reference voltage chailge of +4% to the
automatic voltage regulator(AVR). The load level was changed to 100%, 75%,
and 50%, respectively, when the three-phase fault was applied to the system.
Each simulation lasted three seconds. The obtained time-domain responses

were sampled with a sampling frequency of 100 Hz. The sampled results
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were saved in text files as listed in Table 8.3 for compiling training and

checking data sets.

(4) Display of the Trained ANN-FL PSS

A structure of five-layer feedforward network similar to that of Fig. 5.8 is
used as the ANN-FL PSS controller. The universe of discourse of each input
variable is initially divided into six segments. Each segment is assigned a
membership function with initial parameters. This five-layer féedforwvard
network was then trained using the collected data set and checked. Figures

8.8-8.10 show the trained membership functions of the controller.

8.3.3 ANN-FL PSS Using Accelerating Power

Though conventional PSSs using speed &evi'atiqﬁ have beén successfully
applied in practical systems, they can cause instability of torsianal oscillatory
modes[8-24]. One way to overcome this limitaﬁicﬁ is to use a torsional filter.
It is a disadvantage to have to use such a filter which introduces a phase-lag
at low frequencies and has a destabilizing effect on the exciter mode. These
restrictions may or may not exist in applications of the new]y—desigﬁéd
ANN-FL PSSs. Further investigation and practical implementation

experience is needed to clarify this point.
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To overcome the limitations of the CPSS based on speed deviation, the
Delta—-P-omega stabilizers have been developed[8-25]. The principle of this
stabilizer is illustrated by (8.9) where an equivalent signal to speed deviation
has been derived from the accelerating power. This is given by,

Aw,, = ﬁ [(ap, - ap Y 8.9)

where

H = inertia constant of the machine,

I

AP, = change in mechanical power,

AP, =change in electrical power, and

Aw,, = equivalent speed deviation.
Since torsional components are inherently attenuatéd' in the integral of AF’E
signal, Aw,, will be free of torsional modes if the AF, component is negligible
as in many applications. Otherwise there is a technique to measure the
integral of AP, without introducing torsional modes[8-24].

On the basis of similar considerations for designing an accelérating
power CPSS, an ANN-FL PSS using accelerating power as the input signal

was designed in this research. The design procedure, controller structure and

ANN-FL PSS. Therefore, only its simulation studies will be presented in the

following section.



8.4 PERFORMANCE EVALUATION OF THE ANN-FL PS$;

8.4.1 General Comments

In this section, a comprehensive investigation of the performance of the two
newly-designed ANN-FL PSSs, when applied to the two-machine infinite—
bus power system, is reported. Simulation studies were carried out for two
different operating conditions, demonstrating the robustness of the PSSs.
Specifically, the following categories of disturbances were used in the study:
(1) a 4% step reference voltage change, simulating the effect of voltage
variation in the system; (2) a 0.25pu step increase of the input power to
generator #1, simulating the transients of load variation; and (3) severe
three-phase to ground faults at different locations with diﬁ‘erent. switching .
sequences, simulating transient performance of the various PSSs. Load ﬂ;)w

Case A in Tables 8.1 & 8.2 was used unless otherwise stated ihi the

presentation that follows.

8.4.2 Step Reference Voltage Change

To illustrate the dynamic behavior of the power system when it experiénces a
slight shift of the operating condition from one point to another, a step
reference voltage of 4% increase was applied at the terminal bus of G#1. This
disturbance causes both transient and steady-state changes in the rotor

angle, generated reactive power and terminal voltage of the machine. For the
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purpose of simulation studies, the transient gain reduction(TGR) of the
excitation system of G#1 was disabled in order to make the oscillations more
pronounced, so that the advantages of each control scheme can be more
readily seen. Due to space limitation, only partial results obtained from the
simulations are shown in Figs. 8.11(a) ~ 8.11(d). The following observations
include also the results not shown in figures.

* When a generator is required to be operating from one reference voltage to
another, say from 1.05 pu to 1.09 pu in this example, it is necessary to
generate more reactive power into the system to maintain that desired
voltage profile. Figures 8.11(b) & 8.11(c) show that the terminal voltage of
G#1 is stabilized at 1.09 pu and the reactive power is raised from 0.7 puto

1.4 pu in two seconds after the disturbance.

o It is shown in the simulations that the real power of G#1 returned to its .

original operating point in two seconds after the disturbancé(nat
illustrated). But the power angle is reduced from SCIDDI to 25°, as shown in
Fig. 8.11(a).

 The control contribution of the CPSS and the ANN-FL PSS to the
stabilization of the oscillations is basically the same; the latter offers a
marginal advantage over the CPSS. This is seen from the output of the

excitation system shown in Fig. 8.11(d) and from other responses.
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8.4.3 Step Load Change

Load variation is present in every power system. It is intended that the
supplementary excitation control can provide a means to accelerate the
stabilization process after a sudden load change. To illustrate the
performance of the CPSS and the newly~designed ANN-FL PSS under a load
disturbance, a step increase of 0.25 pu of the input power was applied to
generator #1. In terms of dynamic behavior of the generator, applying this
disturbance is equivalent to losing a local load. It causes the machine angle
and electric power to shift from the original operating points to new ones.

Figures 8.12(a) ~ 8.12(d) show part of the results obtained from three

simulations. The following observations are in order:

e Since the input mechanical power is increased by 0.25 pu, the output of
the electric power from generator #1 is also increased by the same amount -
as shown in Fig. 8.12(b), from 1.65pu to 1.90pu. This is equivalent to
saying, if the mechanical power is kept unchanged, a sudden loss of 0.25
pu of the local load means that this amount of electric power has to be
exported to the system.

. The control action of the ANN-FL PSS is instantaneous as shown in Fig.
8.12(d). Its performance is marginally advantageous over that of the
CPSS, as seen in Figs. 8.12(a) & 8.12(c), showing the rotor angle and the

terminal voltage response, respectively.
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* The local mode oscillation of the electric power was damped out in less
operating point in about two seconds (Fig. 8.12(a)). The terminal voltage
experienced a maximum of 1.5% excursion during the first cycle after the
disturbance and returned to its original operating point in two seconds.

Figure 8.12(c) also shows the inter-area oscillation which can not be seen

the oscillation is also very small.

8.4.4 Fault Conditions

Power system stabilizers(PSSs) were originally designed to enhance small-
signal stability of power systems. At the same time, they Shculd perféfm
satisfactorily under severe transient ccn&iticns, Transient stability is defined.
as the ability of a power system to maintain synchronism Whe;; sﬁbjécfed_tp a
large disturbance such as a three—phase to ground fault, loss of generaﬁén,or
loss of a large load. Under such a fault condition, large éxcufsians of
generator rotor angles, power flows and bus voltages can occur. |

In the previous two sections, a step voltage change and loss of a fairly
designed ANN-FL PSS demonstrated superior performance in the simulation
studies. The objective of this section is to illustrate how the ANN-FL PSS

performs under severe fault conditions.
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(1) Three—Phase Fault on Line 1-2

With the same system configuration as used in the previous sections, six

simulations were conducted of the system when a 6-cycle three-phase to

ground fault on the line 1-2 near the terminal bus of generator #1 WasA

applied. The line was restored right after the fault was cleared.

Figures 8.13(a) & 8.13(b) show the situation where a PSS was activated
on generator #1. It can be seen that the ANN-FL PSS provided more
damping to the local mode than the CPSS did. The inter—-area mode

sustains(Fig. 8.13(a)).

Figures 8.14(a) & 8.14(b) show the situation where each of the two
generators was equipped with either the ANN-FL PSS or the CPSS. For
the convenience of comparison, the response with only the ANN-FL PSS
applied is also included(the fourth curve in each of the two figures). It can
be seen that with the ANN-FL PSS on each machine or wifh thé AN N%FL '
PSS on G#1 and the CPSS on G#2, both the local and the interéai‘ea ,

modes can be damped out in about two seconds.

For this severe disturbance, one single PSS can not completely Suppress
the inter—area oscillation as shown in Fig. 8.13(a) and the #4 curve in

Figs. 8.14(a) & 8.14(b).
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(2) Three—Phase Fault on Line 14

The study system was then operated at a condition described by load flow
Case B(Tables 8.1 & 8.2). A second three-phase to ground fault was
simulated on the line 1-4 near bus #1 for 6~cycles. The line was restored 0.4s
after the fault was cleared. Figure 8.15 shows the rotor angle response of G#1

following the disturbance. Three simulations were executed.

o  When there is no PSS installed, the generators, and therefore the system,
is oscillatorily unstable. When the CPSS is present on G#1, the
“overshoot” of the first swing of G#1 is increased substantially as
compared with the case of no PSS. With the ANN-FL PSS present on

G#1, both the local and the inter-area modes are appreciably damped.

(3) Three—-Phase Fault on Line 2-3

With the system operating at load flow Case B(Tables 8.1 & 8.2), a third
transient condition was simulated with a 6-cycle three-phase to ground on
the line 2-3 near bus #2. The line was restored 0.5s after the fault was
cleared. Figure 8.16 shows responses of the rotor angle of G#1 following tllle‘

disturbance.

» As the power transfer on this line was very large(see Case B in Table 8.1

& 8.2), the magnitude of oscillation is quite large. The CPSS provided
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substantial damping to the local mode. The ANN-FL PSS did an even

better job(compare the three curves and note the y - axis scale too).

e The oscillation of the inter—area mode is manifest, due to the fact that the

faulted line is directly connected to the equivalent machine.

8.4.5 ANN-FL PSS Using Accelerating Power

A transient simulation for the ANN-FL PSS using accelerating power as

input signal was carried out. The fault applied was the 6-cycle three—phase

to ground fault on line 1-2 at the terminal bus of G#1 as simulated
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Fig. 8.17 Rotor Angle Response to the Three-Phase to Ground Fault on Line

1-2, with the ANN-FL PSS Using Accelerating Power As Input Signal
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* It can be seen that the performance difference of the two ANN-FL PSSs is
indistinguishable after the first swing in which the speed ANN-FL PSS

produces less “overshoot”.

8.5 SUMMARY

At the beginning of this chapter, an introduction to the enhancement of
power system stability has been presented. At present, small- and large-
signal stability problems are handled with the use of power system
stabilizers (PSSs) which are cost—effective. A brief descripti@n of the study
system employed in this thesis is given, including its load flow studiés,
ANN-FL PSSs, one using speed deviation as input and the other using
accelerating power. The design procedure and the structure of the ANN-FL
PSSs are the same as used in Chapter 5. In the last section, performance
evaluation is presented of the newly~designed ANN-FL PSSs under different

system disturbances.
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CHAPTER 9

CONCLUSIONS

9.1 THE INITIATIVE

The stability problem of a power system can be summarized as being whether
or not the synchronous generators in the system can be successfully
controlled, i.e., maintained in synchronism following major upsets to the
system. Classical and modern control techniques using mathematical system
theory, which deals with the analysis and synthesis of dynamical systems,
have served remarkably well. However these techniques are inadequate
when one is confronted with the control of complex systems characterized by
poor models, high dimensionality of the decision space, multiple performance
criteria, time-varying parameter values, nonlinearities, disturbances, and
failing component parts. As the system to be controlled becomes 71:11@1‘5
complex, so does the complexity associated with the computation of the
control law and the task of implementing the control in a timely fashion.

The research reported in this thesis was motivated by the fact that
stability problems exist in any given power system and its control is a
challenging task to engineers due to its increased complexity. Fixed

parameter control systems that are designed using linear control theory may
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not perform satisfactorily when the system experiences severe transients,
since power systems are highly nonlinear.

This thesis has addressed a single issue in the category of power system
stability control, that is, stability enhancement through supplementary
excitation control accomplished with power system stabilizers(PSSs). The
research on, and practice of, this technology has progressed from fixed
parameter conventional PSSs, adaptive PSSs to intelligent control systems.

The latter is at its early stage of application. An intelligent control system is

generate and execute a timely control action that guides the system from an
initial state to a terminal state satisfying the various constraints and
objectives imposed. Since intelligent control, defined as a combination of
control theory, operations research and artificial intelligence, offers fast and
robust control, it is emerging as one of the most popular new technologies in
the industrial and manufacturing worlds. This has put an urgency to utility
companies where new technology evolution is slow due to the fact that
implementation of unproved new technology is a risk to both the customer
and the utility. On the other hand, utilities want to improve their facilities

and technology to better serve the customer.

196



9.2 REALIZATION

This thesis has presented a non-conventional control strategy consisting of
an hybrid neural fuzzy-logic modeling technique, to meet the diverse
demands of supplementary excitation control to enhance power system
stability. Two ANN-FL PSSs have been designed for a two—machine infinite—
bus power system and extensive simulation studies were performed using the

Transient Stability Simulation Package(TSSP) implemented under

SIMULINK. The following points summarize the observations from the work.

1. Steady-state stability studies have shown that the two-machine infinite—
bus power system exhibits two oscillation modes. The local mode of the
test machine is 17Hz. The inter-area mode is 08Hz. A study of the
frequency response of the system was carried out to confirm the obtained
results. |

2. Transient simulation studies have shown that the multirnéchine power
system is insufficiently damped and highly oscillatory without
supplementary excitation control. This condition is designed for the
purpose of testing any PSS to see whether it can stabilize the system.

3. When the test machine experiences a 4% step increase of its reference
terminal voltage, the operating point of the machine haé to change. The
transient of this change has been simulated with different control

schemes. It is shown that the system is oscillatory without PSS, and
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stable with either the CPSS or the sﬁeed ANN-FL PSS. The latter
provides marginally better performance.

. When the test machine experiences a 0.25% step increase of its input
mechanical power, both the CPSS and the speed ANN-FL PSS can
stabilize the system. The latter provides instant control action(as it has no

dynamic itself) and moderately more damping to the local mode.

5. When the system experiences severe disturbances such as three-phase to

ground faults under different operating conditions, the ANN-FI, PSSs

exhibit much improved performance over the CPSS.

5. In Chapter 5, an ANN-FL controller is designed for speed-tracking

control of a DC motor. It has been shown that the ANN-FL controller

outperforms an optimally—tuned PID controller under various transients.

9.3 SIGNIFICANCE OF THE WORK

The results presented in this thesis have contributed to the innovation of

design techniques for supplementary excitation control of synchronous

generators. The hybrid neural fuzzy-logic modeling methodology combines

the power of artificial neural networks(ANNs) and fuzzy-logic(FL) to form a

control system that can learn, generalize and adapt. At the same time it can

store knowledge of the system behavior as a structured database for later

use. The significance of this research work can be summarized as follows:
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1. This thesis has presented an innovative modeling technique referred to as
ANN-FL modeling for designing supplementary excitaﬁi@n control
systems to enhance the stability of multimachine power systems. Two
ANN-FL PSSs, one using speed deviation as input, the other using
accelerating power, are designed. Simulation studies have shown that this
ANN-FL algorithm is fast in responding to state variable changes and

immune to changes in the operating conditions.

motor. Its performance is compared with that of a PID controller. It is
shown that the ANN-FL controller provides perfect speed-tracking
control.

3. Simulation studies have shown that an ANN-FL controller designed for
one machine can be utilizeci onv anétheri This »rjaean.s fhat fast and
economic intelligent controllers fg}r;_boﬂj motor dri’ves. énd generatér
control can be developed without customized design.

. Handling of generator saliencies has been a challenge and an iterative
pragedure_ has been utilized in transient stability studies[9-1]. An
innovative simulation algorithm overcoming this difficulty has been
developed in this research.

5. A highly productive simulation environment has been developed as pért of
this research, based on the Transient Stability Simulation Package(TSSP)

under the platform of SIMULINK. A device library has been created for
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power system apparatuses and network equations. In this environment,
advanced control systems can be easily designed, prototyped and

simulated.

9.4 FUTURE WORK

Simulation studies have shown promising performance of the newly-designed
ANN-FL controller for DC motor control and ANN-FL power system
stabilizers for synchronous generator control. There are a few areas where
further research work can be carried out.

1. Investigate whether there exist torsional oscillatory modes with an ANN-
FL PSS using speed deviation as input. If such oscillatory modes exist,
accelerating power may be utilized as input signal, since the integral of
accelerating power is free of torsional modes(9-2].

2. Investigate vs}hether coordinated operation[9-3] of ANN-FL PSSs in a
multimachine power system is beneficial to the damping of local and
inter-area modes where synchronous generators can be divided into
coherent generating groups[9-4].

3. Implement in laboratory the ANN~FL controller for DC motor control and
the ANN-FL PSSs for synchronous generator control.

4. Investigate the applicability of the proposed ANN-FL ‘algorithm in (a)
steam temperature control on the boiler side in a generation station and

(b) governor and combined governor and AVR control.
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APPENDIXA SATURATED REACTANCE AND TIME CONSTANTS

A.1 Saturated Reactance
It is assumed that leakage flux does not contribute in any way to the saturation of
the machine, and that the leakage flux itself does not saturate either. Thus the
reactances on the two axes can be given by
X, =X, +X, (A1)
X, =x, +x, _ (A.2)
The saturated values of the reactances in the above equations are calculated as

follows:

x¥ =x, +x9 | ' (A.3)

i
[
_'L
>

X" = xg Xy - L (A4)
Xy = kg | (A5)
x,, = kel® NV.Y)
Xy = X+l = kel® + (1= k)x, o (A7)
x, =X+ = kx'® + (1~ k)x, ; S (A.8)
Xoy =Xy =Xg = k(x)” = x;) : (A.9)

where the subscript ¢ denotes flux leakage.

A.2 Time Constants
The single line diagrams of the excitation winding and the two damping windings
on the rotor are used to derive the time constants. Figure A.1 represents the open

circuit of the excitation winding, from which the transient time constant is given by

T, .
Ty

]
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Then the saturated time constant can be found from

(xjr‘,! + *Iﬂd)

A

() - x,)

=k +(1 _k)(x(,m=x)
4 a

where (A.3) and (A.12)-(A.13) are used:
, (A.12)

Xy =Xy + X,

(A.13)

g,

It is assumed that x, the leakage flux of the excitation winding, does not saturate

either.

“elo

Figure A.1: Diagram for calculation of 1,
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Figure A.2 represents the open circuit of the damper winding on d - axis, from
which its subtransient time constant is calculated by
(’YB:; +xnd”xjs)

= s, » | (A14)
r :

Then its saturated value can be calculated by

. \ (A.15)
=k+(1- A)M |
()
where ' || ' denotes parallel connection of reactances. The following (AlG) 15 used in
derivation of (A.15): -

. . (0
Yoo 5 ¥ ud

T -’—Ex N : =~ - N
" ”a+x (x(m-—%x )+-x x : (A.16)
“Da \"ad ea ) ' Tl fa ) A

. NERTIN)
=Xg +xpgllx g llx,,

which is the equivalent reactance of Figure A.2 when the damper winding is short -

circuited and r, is set to be zero.

" Xpg Xq

727 i IV\, — —ANN——

tda — xﬂa’ ) "tf‘l'

Figure A.2: Diagram for calculation of 1),
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Figure A.3 represents the open circuit of the damper winding on g-axis, from

which its subtransient time constant is calculated by

(x oo T A’m,i)

T ==
l[(l
o
NS
= ke (1 - k)
) + O _
'y ] g

The following (A.19) is used in derivation of (A.18):

"=y 5 (O
X, =xg +xp,llx

Uy

(A.17)

(A.19)

which is the equivalent reactance of Figure A.3 when the damper winding is short

circuited and r, is set to be zero.

T 'xQ:’r Xg
N M—
C—W ~

il dy

Figure A.3: Diagram for calculation of T;ﬂ
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APPENDIX B M-FILE FIND_VIF.M

% Filename: find_vif.m, network and generator interface

% Line fault can be introduced if desired,

% Inputs: state variables of devices

% Outputs: terminal voltages and currents

% Stephan Z. Ao
% CopyRight Feb 16, 1996

function vi_out = find_vif{u)

cmm
global Y YfYp Yr BUSTYPE
global Ts Tp Tr Ifault

global Xds Xqs Ts Tp Tr YO

NBUS = max(size(Y));

A = zeros(2*NBUS,2*NBUS);

B = zeros(2*NBUS,1);

Zi = zeros(2,2);

Del = [];

Y0 =zeros(2*NBUS,2*NBUS);

nu = max(size(u));

TIME = u(nu);

if (TIME<TSs)
Y0 = Y,

elseif (TIME>=Ts & TIME<Tp )
Yo=Yt

elseif (TIME>=Tp & TIME<Tr )
YO0 =Yp;

elseif (TIME>=Tr)
Y0=Yr;

end

for I=1:NBUS
for J=1:NBUS
A(2%]-1,2%J-1) = real(Y©. . J));
A
A(2*I 2%J-1) = imag(¥: L.T);
A(2*] ,2%J ) = real(YO(I,J));
end
end
uix = 1;
1=1;
for J=1:NBUS
id = BUSTYPE(J,2);
if (id<0)

end
if (id==0)

9ecoefficient r’natfices
%impetance of generator i
%pgenerator angle

%last element of u is time
%prefault Y

%faulted Y

%pcst—faulted Y
%restored Y

%end if

Y%decompose Y into real
%and imaginary part

%point to the first element
%of input u(]

%handle load buses here

%handle generator buses
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if (id==4)
Xdbar = XD11(D);
Xqgbar = XQ11(I);
Epbar = [u(uix+1);
u(uix+2)];
ang = u(uix+3);
Del = [Del;ang};
S5X(1,2) = u(uix+3);
SX(1,3) = u(uix);
SX(1,4) = u(uix+2);

SX(1,13) = u(uix+1);

uix = uix + 4;

elseif (id==3)
Xdbar = XD1(I);
Xgbar = XQ1(I);
Epbar = [u(uix);
u(uix+1)];
ang = u(uix+2);
Del = [Del;ang];
SX(1,2) = u(uix+2);
SX(I,3) = u(uix);
SX(1,4) = u(uix+1);
uix = uix + 3;

elseif (id==2)
Xdbar = XD1(I);
Xqgbar = Xgs(I);
Epbar = [u(uix); 0};
ang = u(uix+1);
Del = [Del;ang];
SX(1,2) = uuix+1);
SX(1,3) = u(uix);
SX(1,4) = 0.0;
uix = uix + 2;

elseif (id==1)
Xdbar = Xds(I);
Xgbar = Xgs(I);
Epbar = [u(uix); 0];
ang = u(uix+1);
Del = [Del;ang];
SX(1,2) = u(uix+1);
SX(1,3) = u(uix);
SX(1,4) = 0.0;

uix = uix + 2;

elseif (id==0)
Xdbar = XD(I);
Xgbar = XQ(I);
Epbar = [u(uix); 0];
ang = u(uix+1);
Del = [Del;ang];
SX(1,2) = u(uix+1);

%GEN_4

%qul
%Ed"
%angle

%GEN_3

%Eq'
%Ed'
Yoangle

%GEN_2

%Eq', Ed'=0
Yangle

%GEN_1

%Eq=cont, Ed=0
%angle

%Infinite Bus

%Vinf

' %angle
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SX(I,3) = u(uix);
S5X(1,4) = 0.0;
uix = uix + 2;
end
Zi = [-R(I), -Xdbar;
Xgbar, -R)};
T = [cos(ang) sin(ang);
sin(ang) -cos(ang));
YIP = T*inv(Zi)*T;

A(2*%J-1,2%J-1) =A(2*J-1,2*J-1)-YIP(1,1);
A(2*J-1,2%J ) =A(2*J-1,2*J )-YIP(1,2);
A(2*J 2%J-1) =A(2*J ,2*J-1)-YIP(2,1);
A(2*J 2% ) =A(2*J ,2*J )-YIP(2,2);
vn = [u(nu-2);u(nu-1)};

Zi = YIP*T*Epbar;

T =[A(2*J-1,2*NBUS-1), A(2*J-1,2*NBUS);
A(2*J ,2*NBUS-1), A(2*J ,2*NBUS));

TEM = T*vn;

B(2*J-1,1) = -Zi(1,1) - TEM(1,1);
B(2*J ,1) =-Zi(2,1) - TEM(2,1);
I1=1+1;
end
end

if (TIME>=Ts & TIME<Tp)
Iff = Ifault;
AP = zeros(2*NBUS-4,2*NBUS-4);
I1=1;
for I=1:2*NBUS-2
if ( T<2*Iff-1) | (I>2*Iff) )

Jl=1;
for J=1:2*NBUS-2
if ((J<2*Iff-1) | (J>2*Iff) )
AP(I1,J1) = A(L,J);
Jl1=J1+1;
end
end
BP(I1,1) = B(1,1);
In=11+1;
end
end

%end internal if statement

%transformation

%impetance matrix
%of generator i
%modify A matrix

Zvoltage at slack bus
%Yi*Ti*E'--Zi as temp use
% T as temp use

%element of last column
%of Y multiplied by vn

%end external if statement
%end for Iloop

%solve Ax = B equation

%for voltage:Vxy--real&imag
%Vcp--complex x+j*y vectors
%fault handling

%for J

VxyP = inv(AP(1:2¥*NBUS-4,1:2*NBUS-4))*BP(1:2*NBUS-4,1);

I1=1;
for I=1:2*NBUS-2
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if (I<2*Iff-1 | I>2*Iff)
Vxy(1,1) = VxyP(I11,1);
I1=11+1,
else
Vxy(1,1) = 0.0;
end; ' ,
end %for [
end %for fault period
if (TIME<Ts | TIME==Tp) ,
Vxy = inv(A(1:2*NBUS-2,1:2*NBUS-2))*B(1:2*NBUS-2,1);
end

Vep = [I;
for I=1:NBUS-1
Vep = [Vep; Vay(2*-1)+i*Vxy(2*1)];
end
Vep = [Vep;u(nu-2)j;
Vxy = [Vxy;u(nu-2);0];

Ixy = Y*Vep; %calculate injected current
Ztransform Ixy into
vi_out = []; %machine refence:Iqd=(2*NGEN-1,1)
I=1;
for J=1:NBUS
if (BUSTYPE(J,2)>=0)

T = [cos(Del(I)) sin(Del(1));
sin(Del(1)) -cos(Del(1))];
Igd = T*[real(Ixy(d));
imag(Ixy()];

vi_out = [vi_out; % output Iqd,Vzy &
Iqd(1,1);1qd(2,1); %lIxy for each generator
Vxy(2¥J-1,1);Vxy(2¥J,1);
real(Ixy(J));imag(Ixy(d))];
I=1+1;
end
end

%update saturated parameters
saturat

%END OF PROGRAM
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APPENDIX C SPECIFICATIONS OF THE TWO-MACHINE INFINITE BUS SYSTEM

Table C.1 Parameters of the Two Generators

Test Machine Equivalent Machine

S, 1750 ] 9000

H | sy AT i

R, 0.0032 ] 10.0025

x, 022 | 020

X, f 074 ] j 180 ]
o, ) 051 030

X, 0.40 ) —

“x, 063 C L0
S - - 055

' 0.41 " E——

T, | 473 } 8.00 ]

T, 0.03 - - ]
I — ] 040 ]

T EOS - _
D | 200 400

Ag 0.00003 0.00011

B, - 600 12
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Table C.2 Parameters of the Excitation Systems

Test Machine Equivalent Machine
T, 1.00 1.00
T, 1.00-10.00 1.00-10.00
K, 115.0 60.0
T, 0.05 0.05
E jymin ~7.00 ~7.00
E 11 7.00 7.00

Table C.3 Parameters of the Speed-Governing and Turbine Systems

Test Machine Equivalent Machine

T, 0.10 0.10

T 103 10.3

T. 2.20 1.90

o] 0.05 0.05

() 0.32 0.40
(dG1dr) -0.10 -0.10
(dG1dr),_, 0.10 0.10
G 0.00 0.00
G, 1.10 1.10
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APPENDIX D TSSP ELOCK LIBRARY

GEN_4 GEN_3 EN 1
e ;

DCH ST.4 GOV_221 _Steam Steam

Govemnor Turbine

ndMotor Standard IEEEST  IEEESN  NETWG
IndMotor Pae pes 23 NETWOR

=y )y e DC Motor PSS 1 Yy
DCMotor %%hrft?é?f Dynamics P85_311 ExMotor
o [P & ! P
SYSIM4B  SYSTMaB ANNFLC Controller
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