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i
ADBSTRACT

A new nodel for power system transient stability
tests has been developed. 1Tt includes a dc motor simulated
prime mover with a governor control synthesized by dc booster
generator field control, a solid state yoltage regulator and
exciter,»a synchronous machine wiph a large field time con-
stant realized by negative resistance in the field circuit,

a transmission system with time setting SCR controlled fault
and clear sequence switchings, an accurate torque angle de-
viation transducer (Chapter 2), and analogs to realize con-
ventional stabilization and nonlinear optimal control
(Chaptef 5).

Three state variable mathematical models of the test
model with various degrees of detail are derived in Chapter 3.
Comparisons of results of digital computation and real model
tests of & typical power system disturbed by a short circuit
are given also in Chapter 3. A parameter Sensitivity study
is carried out in Chapter 4. Comparisons of digital computa-
tion of transient stability with a nonlinear optimal control
derived in this thesis and power and speed stabilization
derived by another colleague of the.power group at U.B.C.,
with the transient stability tests on the test model are

given in Chapter 5.
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NOMENCLATURE
Geﬁeral

Hamiltonian
cost functional
augmented cost functional
d/dt, time derivative operator
relative value of parameter
paraheter
intial value of parameter

sensitivity coefficient for state variable i with
respect to parameter (.

prefix denoting a linearized variable

costate variable

DC Machines

Parameters

LaF

a coefficient;W,lr being the speed voltage

coefficient for the dc motor

R dc motor-booster armature resistance including Rpp

Rp, = load setting resistance in the dc motor-booster
armature circuit

RfB, booster field resistance

Ten booster field time constant

Variables

ip dc motor-booster armature current

IF dec motor field current

Ty load torque

VER booster field voltage

Vi booster armature voitage

dc motor armature voltage



Vide de motor-booster armature terminal voltage

Wer mechanical ancular speed of booster generator

W, mechénical ancgular speed of dc motor

W mechanical ancular base speed of dc motor, 188.5 rad/sec

Hydraulic Turbine and Governor
Parameters
G(p) rcovernor transfer function

H(p) hydraulic operator transfer function

H inertia.constant

TA actuator servomotor time constant

Tr dashpot relaxation time

Tq cgate servomotor time constant

Ty water starting time

T, mechanical starting time of the unit
AR coefficient of net regulation

a permanent speced droop

s ‘temporary specd droop

Variables

a | actuator servomotor position

ag actuator feedback position

g gate servomotor position

n . per uvnit relative angular speed change
t turbine torque output

Prime-Mover Governor Model

Parameters

J moment of inertia of test model
£ Klﬂh -+ Kz:friction
- L oplp@ L o
% a; Fa"af , Lodel coefficient
N\

2
B



2 X i
(I“aF'TF) o s
K K.+ : coefficient for the dc motor
4 ) e ‘
R
torque cancellation

RB load setting resistance in dec motor-booster

m armature circuit
« J ; simulation coefficient

Regulator-Exciter

Parameters

aj,a, constants wsed to obtain characteristics of the
h field voltage limiter

KA regulator gain
.TRF regulator time constant
TF exciter time constant

Vdriables

VR regulator voltage

v regulator-exciter reference voltage

ref

Synchronous Machine

Parameters

D damping coefficient

roo. armature resistance

Rf field resistance

R} transformed field resistance

'slope'-ratio of synchronous machine steady state armature
short circuit current and field current

Tm d-axis damper leakage time constant
Té d~axis transient short circuit time constant
Téo d-axis transient open circuit time constant

TS,TQ d- and g-axis subtransient short circuit time constant
1" m it

do’ "qo d- and g-axis subtransient open circuit time constant



Xad mutual reactance between stator and rotor in d-axis
xd,xq d- and g-axis Synchronbus reactances

xé d-axis transient reactance

x;,x; d- and g-axis subtransient reactances

Variahles

id,i d-- and g-axis current

q
ifd field current
P real power output of the machine
Q recactive power output of the machine
Te energy conversion torque
Ti mechaﬁical torque output to the rotor
vd,vq d- and g-axis voltages
Vi armature terminal voltage
Ved field voltage
VF‘ f%gvfd; a voltage proportional to field voltage
VER voﬁtage proportional to field current
VDR voltage proportional to d-axis damper winding current
VéR voltage proportional to g-axis damper winding current

Vd’yq d- and g-axis flux linkages

Yeq field flux linkage
¥ Xady :flux proportional.to field flux linkage
F - Ry fda

Wb,¢b d- and g-axis damper winding flux linkages
w electrical angular speed
. base electrical angular speed, 377 rad/sec

S torque angle

v



Transmission System

Yarameters

B shunt susceptance
G shunt . conductance
r series resistance
X series reactance

Variables

v infinite bus vecltace
o)



1. INTRODUCTION

Modern power systems have become so complex in struc-
ture and so large in size that on-line tests of some control
schemes to improve the steady state and transient stability
are entirely prohibitive. This is because the experiments
are not only costly but also possibly destructive in nature,
Therefore, it is desirable to perform tests on small test
models which have similar characteristics to the actual system,

The development of the test-models for large power

systems is not new. Robertl'l

in 1950 constructed a micro-
machine and microreseaux system. He investigated the electro-
magnetic and mechanical similarities of the model and real
system., The same per unit reactances, equal time constants,
similar inertia constants, and torque speed characteristics
are used in the modeling. A rotary machine was used to obtain
a negative resistance to increase the field time constant,
Venikov?! 2 designed another micromachine in 1952, A
commutator machine was used_to realize the negative resistance
for the field time constant. Three rotors with different
saliency, xq = 0.85, 0.55, 0.40 were used. Flywheel effect
was applied to vary the inertia of the micromachine,
Adkins'?+3 micromachine was reported in 1960 and was
used to investigate short circuits, synchronizing and damping
térques, swing curves, asynchronous operation and resynchron-

ization. The negative resistance of the field circuit was



realized by electronic circuits. The microturbine was real-
ized by a separately excited dc machine with thyratron control.

More tests are repdrted recently in Canada by Royl'4
Qsing a micromachine and microreseaux and in the U.S.A. by

1.5
Dougherty with a thyristor controlled dc¢ motor as the prime
mover for dc transmission tests.

A new model for power system dynamic studies.has_been
developed at U.B.C. Preliminary work has been done by J. Bond
on the design of a solid state voltage regulator and exciter
and by R. Siddall on the simulation of a governor-prime mover,
Further development work has been completed by this thesis
including additionél features and important tests of the com-
plete sysﬁem. The model has the following features.

1) It is versatile in that most power systems with con-
ventiénal controllers can be simulated on the model on a per
unit basis.,

2) It has solid state components and analog simulated
regulator and exciter with both linear and forced excitation
characteristics.,

3) It has an analog simulated governor-hydraulic operator
in conjunétion with a dc motor simulated prime mover.

4) It has a synchronous_machine and exciter with a nega-
tive fesistance in the field circuit. The negative resistance
is realized by electronic circuits.

5) It has an ac transmission line which at the moment is

designed for a special project.



6) It has electronic contreolled switching to realize
fault, fault cleared and successful or unsuccessful line
reclosure at preset times,

7) It has an accurate torque angle deviation -Lransducer
utilizing the zero crossings of the terminal voltage and
.reference voltage waves.

8) It has a stabilizing signal generator.

The thesis also includes the followiﬁg features.
‘l) bDerivation of state variable equations for the test
model with different degrees of details, Chapter 3.

2) Comprehensive comparison of digital computation and
model test results of a transient short circuit on the system,
Chapter 3.

'3) Parameter sensitivity study, Chapter 4.

4) Comprehenéive comparison of digital computation and
model tests of a "bang-bang" type nonlinear optimal control
of the system.

It is hoped the test model developed wili be useful

to the transient stability study of practical power systems.



2. REALIZATION OF THE DYNAMIC TLST MODEL

2.1 Modeling Procedure

A typical one machine~-infinite bus system, Fig. 2.1,
is chosen to be modeled for power system dynamics studies.
The methods and procedure of modeling are kept general so

that they can be extended to any multimachine power system,

GOVERNOR -
PRIME MOVER

MACHINE INFINITE
TERMINAL BUS

FIELD /
rb W TRANSMISSION o=
’p SYSTEM lg

\SYNCHRONOUS
MACHINE

REGULATOR-
EXCITER

Fig., 2.1. Power Systen ‘o be Modeled

The first step of modeling is to obtain a detailed
mathematical description of a typical power system. For'ex—
ample, the synchronous machine is described by seventh order
state equations, fifth order for the electrical and sccond
order for the mechanical, but wili be approximated by lower
order models after checking with the test results.

The second step is -to decide what ranges of parameter
values of the synchronous machine, the controllers, and the.

transmission line of actual power systems are to he simulated.



The third step is to find the means, circuits and
machincs. to realize the mathematical model. For example, how
is the governor-prime mover system to be simulated by conven-
tional d-c machines with solid state electronic circuits.

| The fourth step is the circuit design and construction
details.. Evidently, it is important to carry through the
tests of all the components, subsystems and the complete model,
One of the basic problems is how to determine the model para-
meteps with accuracy.

The last step is to select a base impedance and a base
voltage 6f the test model for a particular system under in-

vestigation.

2.2 A Typical Power System

The typical power system to be modeled by the dynamic
test model is shown schematically in Fig. 2.1. The four main
components are the governor-prime mover which supplies power
to and maintains a synchronous speed of the system, the syn-
chronous machine for the electromechanical energy conversion,
the régulator—exéiter for the machine terminal voltage control,
and the transmission system which connects the machine terminal
to the infinite bus.., For the modeling of a one machine-
infinite bus system, the infinite bus is assumed to be 5

machine of infinite inertia and zero internal impedance.



2.3 Setting Up a Typical Power System on the Test Model

2.3.1 Determining Base Impedance, Power and Voltage

‘The main objective of the modeling is to aéhieve the
same per unit value of parameters of the actual system on the
dynamic test model. In other words, to make the test model

per unit impedance equal to the system per unit impedance.

Zm,pu = Zpy per unit (2.1)
where:
mou 2 2 | ,
m,p m per unit
Zib
and Zm,pu = per unit impedance value of test model,
Zpu = per unit impedance value of actual system,
Zy = an impedance of the model,
Z.b = model base ohms.

Equation (2.1) applies to all system components such as gen~
erators, tranéformers, transmission lines and loads. There-

fore, the model base ohm (Zmb) must be selected such that

Zpp = Ip ohm (2.2)

——————

Zpu
This condition must be met in order to obtain a good comparison
on the per unit basis between the main parameters of the.actual
system and that of the test model. On the other hand, to real-
ize a non-existing impedance (Zm) on the model, one may apply

the well known formula

g =y - ) 2/ |
Zm = Loplpy = 2KV MVA L ohm (2.3)
kV MYA
m

b b



Next, the base power of the test model is established
from a comparison on the per unit basis of the accelerating
torque equation of the test model and that of the actual sys-
tem., As will be revealed in Section 2.4.1, a simulation
parameter X is related to the inertia constant H(sec) of the
actual power system and the moment of inertia J (joule»secz/
‘rad?) of the dynamic test model by the equation

K = :L joule-—sec/r'ad2 (2.4)
2H

and the base torque of the model is given by
T =X joule/rad (2.5)

where @, (188.5 rad/sec) is the model base mechanical

speed. Since the base pbwer is given by
Pob =Wt Tub watt (2.6)
substitution of (2.4) and (2.5) intn (2.6) gives

Pmb :an%b watt (2.7)
2H

Equation (2.7) is the condition to be met for setting the
base power of the model. Finally, the model base voltage
is given by

2 = > A
Vb = Zmb Imb . volt (2.8)

and equation (2.7) and (2.8) must be satisfied simultaneously.

Of course, the model voltage and power bases must be within



the rating of the model generator. It is desirable to estab-~
lish a base voltage less than the model voltage_rating for
two reasons; first the machine saturation effects can be
neglected and second, the sustained fault currents in the

study will not damage the generator.

2.3.2 Numerical Values of System and Model Gencrator
Parameters
Numerical values of generator parameters of an actual
- power system and those of the model are listed in Table 2.1

side by side on the per unit basis for comparison. The para-

Parameter Model System Actual System

Measured

Synchronous Machine Parameters

r, 664 a | .042 pu .00247 pu

Xd 16.25 1.025.pu .973 pu

Xq 9.71a .614 pu .55 pu

xé 2.74 0 ..173 pu .190 pu

Téo 247 sec VAdjustable* 5.00 sec
Base | |
Impedance - 15.8 .797

Mechanical Parameters

Inertia J= .165 H = 4.63 sec H = 4,63 sec
joule—-secz/r‘ad2
£ 2.67 x 10-3w, + - ( -
1.585 - '

;joule—sec/rad2

#*Section 2.4.2

Table 2.1 Model and Actual System
Generator Parameter Values



9
metric values of the model in MKS units are determined directly
from tests. The base kV of the system generator is 13.9 and
the base MVA is 242,

To arrive at the per unit values of the model genera-
tor for a gdod simulation of the system, emphasis must be
placed on the most 'important'! parameters such as xé, Xg> Xq»
H etc. The generator has so many parameters that all of them
cannot be simulated closely simultaneoﬁsly because of so many

constraints involved. For the particular per unit set up of

Table 2.1 an exact valué of H is retained,

2.3.3 Numerical Values of Model Base Quantities
From (2.7) and data of Table 2.1 the model power
base equals

Pob = J0&b = L.lé%)(l88.§)2 T 633 watts : (2.9)
21 (2) (4.63)

Next if one would like to have an equal per unit value of

' _
Xq in both systems, one shall have from (2.1)

Zm,pu = X4 T 2.74 = 14.4 ohm (2.10)
Zon 190

‘ ] 1 - .
However, in order to get Xqs Xq and xq simulated closely
simultaneously, the base ohm is chosen as 15.8 ohms.

The remaining base values are

vop = 100 v line to line volt (2.11)

and Iop = 3.65 A : amp (2.12)
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The nominal ratings of the dynamic test model generator are

P = 1600 watts
vV = 208 volts
I = 5.5 amps

2.3.4 Measurement of Model Generator Parameters
The synchronous machine reactances and time constants

are determined by thé standard procedures of.the IEEE Test
Code No. 115.2'l For example, the valué of the direct-axis
trénsient reactance xé is obtained from the armature current
envelope of a three-phase sudden short circuit, and the
direct»axié open-~circuit transient time constant Téo is
obtained from the armature voltage envelope when the field
winding with excitation is short circuited. The value of
the direct-axis synchronous.reactance found by the slip test
compared favourably with the value obtained from the steady
state open circuit and short circuit tests in the linear
region.. |

| The moment of inertia J of the d-c¢ motor-synchrornous
machine set is determined from a retardation test and the
friction f is obtained from a steady state test utilizing
the energy conversion torque of the d-c motor.z‘2

The parameter values thus obtained are presented in

Table 2.1.



: I + RBm
W
iy 9
BOO?TE\R A INDUCTION
= C MOTOR

Vide

B _
SYNCHRONOUS
pﬂﬂ)l GENERATOR
Ie L |

3<+l

(2 £

Fig, 2.2. DC Motor-Booster Unit

2.4. Development of the Dvnamic Test Model for Power Svstem

Simulation

2.4.1 Governor-Prime Mover?"3

A d-c motor in series with a booster, Fig. 2.2, is
used to simulate the prime mover. The d~c motor is given a

constant excitation Ig and the initial armature current iA.

11

and energy conversion torque are set by a load setting resistor

Rpm - To obtain an incremental torque as a function of speed

deviation of the d-c motor synchronous machine set, the booster

receives an excitation which will cause the model to respond

similarly to a power system with governor control.



Neglecting the time variational but not the speed
voltage effect of the d-¢c motor-booster armature circuit,
the armature current becomes

N

e %'<thc “Onlap Ip e Lar Ve
N\

amp (2.13)
Rpp 1+ TppP

The second term in the bracket is due to constant excitation

and the third term is the speed voltage of the booster. The

12

voltage vide is the total d-c voltage applied to the d-c motor-

booster armature circuit. The resistance R includes two arma-
ture resistances and the load setting resistor Rpp.

The accelerating torque of the d-c motor is

L joule/rad (2.14)

Jdoy = LopIpi, - (Kj@,+K,) ~ T
T , _

The first term of the right hand side of the equation is the
energy conversion torque, the second term the friction torque
experimentally determined, and the last term the load torque.

For a load deviation, (2.14) becomes

Jdaw . L p Ipai, - KjA6), - AT} joule/rad - (2.15)
~dt
which corresponds to :
JdAW, = G(p)i(p)(-Aky,)-aTp (2.16)

C -
Substituting (2.13) into (2.14) and (2.15) and comparing the

results with (2.16) yields

Aveg = = 1+lppP (XG(p)i(p)-Ky) (-BwWy) volt (2.17).
K
3

" where Ky = Liplpt, L ¢ amp~-sec

2
R REB rad



13

and Kgy = K + (Lar IF)Z watt sec?
' R rad

It becomes evident that if the voltage AV%Bcan be realized
according to (2.17), ﬁhen the d-c motor will have exactly
the same torque-speed characteristics as that of a large
prime mover with a governor,

Dividing through (2.16) by &kw, . gives

dn = G(p) H(p) (-n) -~ 4&1& per unit (2.18)

g
o dt “cumb

("

which compares with Hovey'sz'4 equation

Tm dn = G(p) H(p) {(-n) - AM per unit (2.19)
dt
= J . A '
Hence &= Y , T, = 2H sec (2.20)
and Tmb =XWoy joule/rad  (2.21)

For the particular model prime mover developed at

U.B.C., the parameters are

LaFIF = 0.85 volt-sec/rad W lyp = 73 ohm ~ Rpep = 51.6 ohm
Tep = 0.5 sec Ky = 2.67 x 1073 K, = 1,585
fB 2
. joule/sec Joulc/rad
The total resistance R of the armature circuit including the

load setting resistance Ry, at no load is

R = 28.1 ohm R Vide = 229 \%
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The K3 and K, constants are

4

1 = 23.29 __rad Ky = 0.0258  watt sec’

h3 amp-sec rad

The mechanical parameters are presented in Section 2,3.2.
The general layout of the model governor-prime mover system
is shown in Fig. 2.3.

The governor-hydraulic transfer function G(p) H(p) is
set up oh aﬁ analog specially built for this purpose. The
modelAis capable of representing different governor-prime
méver configurations., For thé governor-hydraulic transfer

function shown in Fig. 2.4, the parametric values are

1l

T, = 0.02 sec o= 0.06 §= 0.5

Tp = 5.00 sec Tg = 0.5 sec Ty = 1.6 sec
The booster field compensator circuit (1 + Tpr) is
also buiit with analog components. The citcuit is given in
Fig. 2.5. ‘A current amplifier is inéluded to match the current
level between the operational amplifier and the booster field.
No difficulties are experienced with the differentiation since
the input signal frequency is less than 1 liz. A small value

of capacitance (C = lOOPf) is used to stabilize the circuit,

2.4.2 Regulator-Exciterz'S

The layout of the model voltage regulator-exciter
system is shown in Fig. 2.6. For the studies in this thesis,

the transfer function RE(p), Fig. 2.7, of the regulator-
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exciter is patched onto a specially built analog computer.
The parameter values of an example are

K, = 0~100 T, = 0.05 sec Tp = 0.035 sec

The voltage signal from the analog computer is then amplified
to match the veltage and current levels of the synchronous
-machine field.

The model synchronous machine has a relatively large
resistance in the field circuit. The resistance value is
reduced by a negative resistor2'4‘to obtain the desired open
circuit field time constant (Téo). The negative resistor is

realized by a scheme shown in Fig. 2;8. The idea is to obtain

y SYNCHRONOUS
| MACHINE FIELD

+ r
Ved _ >
| NEGATIVE RESISTOR
7 GROUND
R
S
g

REGULATOR - EXCITER GROUND

Fig. 2.8. Scheme to Realize Negative Resistance
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a voltage Vi which 1is proportional to current
Vi = 8] &) & R i= gi volt (2.22)
so connected that
v+t vy = (Rg + Ry + Lgpli volt (2.23)

Thus one has

Vfd = (Rf -+ RS - g)i -’r- Lf pi volt (2.24)

For example, to obtain an open field time constant of 5 sec
the original resistance, Rg = 69.6 ohms, of the model is

reduced to 3.44 ohms.

- 2.4.3 Tranémission Line and>Circuit Breakers

A transmission line model is built to simulate a 576
mile double~circuit three-phase three-section high voltage
transmission line. The distributed narameters of the high

voltage transmission line are

i

0.041 + j0.5309 ohm/mile

y = 37.88 x 10796 mho/mile

Each section of each phase of each circuit of the line is
simulated by a 3T section with lumped parameters., The model
section gives the same per unit voltage and per unit current
at the ends as that of the real line with distributed para-
~meters. This includes the effect of the shunt reactors (135
MVAR at 5§25 kV) bf the real line at cach end of the section.

One circuit of one phase of the lumped parameter equivalent of
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the transmission system and shunt reactors is shown in Fig,

2.9. The parametric values of the equivalent model JT unit
are given in Fig, 2.10. There are altogether 18 such units.
They are built with resistors, iron core reactances and
capacitors which are commerciallyfavailable.

A three-phase braking resistor is connected to the
machine terminal for special studies. Three-phase relays
are used as circuit breakers for line fault, clearing and
braking resistance switching., One phase of the model trans-

mission system is shown in Fig. 2.11.

2.5. Auxiliary Measuring and Control Devices

2.5.1 Time Sequence Control

Thé time and switching sequence control of the trans-
mission line and braking resistor circuit breakers, and the
fault simulation is achieved with integrated circuit logic
elements; The control is schematically shown in Fig. 2.12.

'The.crystal clock produces square waves at 16 kHz.
The push button sets the flip~flop which allows the square
waves to pass through the 2 input NOR gate to the frequency
dividér which has an output frequency of 1kHz. The 0 and 1
outputs of the 12 bit counter are connected to uhits contain-
iné 12 single-pole double-throw time selection switches which
in turn are connected to 12 input NOR gates which output a
pulse when all the inputs are G. Two units are necessary,
one pulse to turn on and a second pulse to turn off the
SCR switch, for the fault simulation and braking circuit

breaker operation where a CLOSE-OPEN relay action is
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desired. For the transmission line circuit breaker simulation
an additional unit is incorporated for an OPEN-CLOSLE-OPEN relay
action to represent an unsuccessful reclosure. The time-~
sequence control is terminated with a feedback pulse to the
set~-reset flip-flop 4.0906 seconds after initiating the action
with the push button. This time interval allows for normal

and abnormal time—sequeﬁce operation of the fault simulation,
transmission line cifcuit breakers, and braking resistor cir-

cuit breakers.

2.5.2 Torque Angle Deviation Measurement

For power system dynamic studies, it is evidently very
importanﬁ to have an accurate torque angle deviation signal
which can bé constantly monitored and used fqr control pur-
poses. To this end, a continuous voltage signal proportional
to torque angle deviation is obtained by the scheme shown in
Fig. 2.13. Two a-c voltage signals; cne from the infinite bus
and one from an a-c tachometer coupled to the generator shaft,
are Ted into separate comparators., The outpult square wave
signals are connected to monostables. This éliminates inter=-
mittent switching caused by ringing at the comparator outputs.
The time delay between the pulses from the monostables is pro-
portional to the phase shift of the two signals. The a-c
tachometer monostable pulse sets the set-reset flip flop to
allow pulses from clock 1 through the NOR gate to the 9 bit
counter 1. The frequency of clock 1 is 30.72 kilz so that 512

ulses will be counted if the phase shift is 360 degreces at
by o
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60 Hz. The infinite bus monostable pulée lowers the output
level of the set-reset flip-flop to stop pulses from clock 1.
At the same time, the falling edge of the set-reset flip-flop
toggles.a flip-flop to allow pulses from clock 2 into both 9-
bit counter 1 and 2. This scheme allows the steady state out-
put analog signal to be reduced to zero by setting the 9
double-throw single-pole switches. The complement of the
binary value set is added to counter 1 at apﬁroximately.Z.S

X 106,bits per second by clock 2. The end of the addition is
detected by an output pulse from a 9-input NOR gate which.
initiates the following events; first the flip-flop is toggled
to shut off'the pulses from clock 2, second a pulse from the

NOR gate toggles the cutput buffer to receive the contents of

25

counter 1, and third a monostable is triggered. The monostable

provides a delayed pulse so the contents of counter 1, before
being reset, can be transfered to the output buffer. The out-
put buffer is converted to a contiruous voltage signal by a

digital to analog converter with a range 0 to -10 volts. The

sampling rate is 60 times a second.

2.5.3 Forced Excitation Control

Provision is made for the forced excitation control to
provide a stabilizing signal for the power system during and
after a system disturbance; Chapter 5., The stabilizing signal
is an open-loop bang-bang voltage signal summeq with the ter-
minal and referepce voltage to provide a total voltage error

signal, Fig. 2.6. The block diagram of Fig. 2.14 shows a
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scheme to realize the switching times and the number of
switchings of the stabilizing signal.

The events of the forced excitation control are
started at the instant of fault by a signal from push button
set of the time-sequence control, Fig. 2.12. This signal
resets a set-reset fiip—flép allowing lkHz squéfe waves from
the frequency divider, Fig. 2.12, to be counted by the decade
counter. Ten units consisting of thumbwheel switches, in-
verters and NOR gates set the times of switching. At the
instant the events are initiated, the complementary level from
the set-reset flipfflop is fed into an inverter whose output
pérforms two functions. First, two monostables are triggered
through an inverter. One monostable with a long pulse estab—
lishes the initial polarity of the forced excitation and the
second shorter pulse'toggles the initial condition into flip-
flop 2. Second, flip-flop 1 is toggled which allows the NOR
gates for negative and positive voltages to be enabled. The
time setting units toggle flip-flop 2 to produce a bang-bang
type of forced excitation voltage sigﬁal. The last timing
unit outpqt feeds back to the set-reset flip-flop to stop the
timing sequence. At the same time, the high ievel output of
flip—flop i clamps the negative and positive voltages to a

zero value.



3. STATLE EQUATION MODELS OF THE DYNAMIC

MODEL AND TEST RESULTS

One of the most important decisions to be made in
power system dynamics studies is how much of the detail of
.the synchronous machine should be described by equations.
The results of a mathematical model is a compromise between
computation time and accuracy and is to be decided from
direct comparison of computation and test, not by arbitrary

choice. It is the objective of this chapter to investigate

28

and to compare the computation results of synchronous machine

models of different degrees of details with those from
machine tests.

Another important point in mo<deling is that the
-méchine must be described by equations with measureable
parameters. There is much more freedom in the mathematical
manipulation bf equations than the methods.available in ob-

taining reliable parameter values directly from tests. For

example, the synchronous machine reactances can be determined

with much better accuracy than the leakage reactances.

A third ppint in modeling is that since most optimal
control theory, computation and nonlinear stability analysis
techniques are developed from system equations in the state
variable form, it is desirable to model the system equations
as such to allow the appliqation of the thepry and obtain
the solution by known computatiohal methods,

In . this chapter a one machine-infinite bus system

model schematically shown in Fig. 3.1 will be developed. The

state equation representation of the regulator-exciter is
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based on Fig. 2.7, and that of the governor-hydraulic system
on Fig. 2.4 incbrporating the state equation of the d-c

motor-booster of Fig. 2.2.

3.1, Seventh Order Synchronous Machine State Equations

Park's ecquations for a synchronous machine in d-q

coordinates3'1 are:

va = PYPq ~WeYy - ryig o (3.1)

Vg = PWq +‘”éwd - Paiq (3.2)
9g = __1+ Tpyp Xad  vgq - (IF Tap) (1+4Tdp) _xg id

£ " [ ] 1"
(14Tgop) (14T4op) WeoRg (1+Tgop) (1+Tgop) Peo
(3.3)
" .
¥q = - 22194 P Xq iq (3.4)

1"
1 + qup Weo

which can be rearranged into the following state variable form

PPy = vgq * “qu + raid (3.5)
PPy = vy - W *r ig | (3.6)
p‘PF :RVF - VFR (3-7)
P¥p = “Vpr (3.8)
pq"o = "VéR (3-9)

where ViR id'and VpR are solved from
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(3.11)

The derivavicn of (3.5) through (3.11) is presented in Appen-

dix 3A.

For the study of the machine-infinite bus system as

shown .in Fig. 3.1, the d- and g-axis machine terminal voltages

can be expressed in terms of the infinite bus voltage and the

torque angle between synchronous machine g-axis and infinite

bus voltage and the machine d- and g-axis current as follows "’

de
\%
L q_ |

N r n - Tr
ky rtkox -—(lemkzr) id leq k2 Vo sind
+
klx—kzr klr+k2x Liq —k2 kl Ve cos §

3.2

(3.13)

-



32
where k; = (l—xB+rG)/((1—xB+rG)2 +- (xG+rB)2)

(3.12)
Ko = (xG +rB) /((1-xB+rG) 2+ (xG+rB)?)

To complete the description of the synchronous machine
dynamics, two additional equations are obtained as follows,

From the equilibrium equation for torque

pYy, = :lT (Ti - bW, - Te) (3.13)

where the three phase electrical torque is

Te =3 poles (¥q iq - ¥q iq) (3.14)

From the relation between electrical torque angle and

mechanical speed

p§ - poles Wy T W (3.15)
2

_Equations (3.5) through (3.9), (3.13) and(3.15) are
the seventh order éynchronous machine equations in the state
variable form and (3.10), (3.11), (3.12) and (3.14) are the

auxiliary equations,

3.2. State Eguations of Controllers and DC Motor-Booster

The transfer function of the regulator-exciter,

Fig. 2.7, in state equation form is
PVR = - ~l~ YR + Kg (Vref'vt)

¢ T (3~]6)
I're TR



for the regulator and

PVeq = L f(vR) -1 ove, (3.17)
Ty E
for the synchronous machine field voltage. The character-

istics of the field voltage limiter are approximated by
£(vg) = a1 tanh,(azvR) . (3.18)

where the values of al and ap, are determined from a

least squares criterion. The terminal voltage is

vg = Jvg + vl (3.19)

The transfer function of the governor-hydraulic
system, Fig, 2.4, in the state equation are as follows.
‘For the actuator position
pa = L a-_1ag -1 aw, , (3.20)

A TA

for the actuator feedback position

pag = ~0& a - 8Tt Tp ap - § bWy (3.21)
T Tp Ta . Ta

for the gate position

33



and for the turbine torque output

pt =~ _L_a+Tgt Ty g- _1 ¢t (3.23)
. STG . 5TGTW » S'l‘w

The booster armature voltage state equation
(=3

from (2.13) is

PVp = _‘ig Paf VeR - ‘1 vp | (3.24)
RepTen Tep

where- the booster field voltage signal of Fig. 2.2 is

computed by

VER = 2. (JL)_ (223 ZKA) Bwy  24Tep p(g)
K3

2/ \ K3 Ky 2 K3 2
- T 2% 254) (£2m) | (3.25)
£ ( K3 K3 P\

The state equation of the mechanical speed of the-

test model of (3.13) becomes

(U’m) = Lapip Iy _ Ky Wny Kz T (3.26)
P\ 2J J 2

where the d-c motor torque of (3.13) is computed by
T; = Lapipiy | | (3.27)
the d-c¢ motor and booster armature current by

iy = (thc_ Vo - VB) / R (3.28)



and the motor armature voltage by

vy = 2 Lap ip (im) (3.29)
2

The state variable Wm instead of wm is chosen because the
2

tachometer output voltage is 94.25 volts at synchronous

speed (188.5 rad/sec). The damping coefficient determined

experimentally is

LR

.30
o (3.30)
Finally, the electrical torque angle state

equation from (3.15) becomes
péd = 4Wm _ Weo (3.31)
2

3.3. Initial State of a Power Svstem

‘The initial states of a power system, Vds Vs igs
iq, Vo aﬁd §, are determined from the operating conditions,
i.e., -the real power P, the reactive power  and the voltage
Vi at the machine terminal from the following nonlinear

algebraic equations.
P = vy ig * vqig (3.32)

ve = v 4 v2 | (3.34)
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vq = raiq toxg i (3.35)

v

4= kl(vosinS + rid«xiq) + ko(v,cosé + xid+riq) (3.36)

v, = kl(vocosé + xid+riq)—k2 (vosinS + riy ~xiq) (3.37)

~

For the particular cases studied in this.thesis, these equa-
tions are solved by the method of Fletcher and‘Powell.3'3

An initial estimate of the solution of iq, Vg Vg and 1,4 is
obtained from the closed form solutions3-4 which neglects

armature resistance and that of v, and § from the transmission

configuration of Fig. 3.1.

. Pv
lq = t , (3.38)
J (qu)2 + (v% + xg Q)%

vg = Xq iq (3.39)
- {v2 2
Vg = Vt - V3 (3.40)
.0+ xg ié . |
1d = v (3-41)
q .
. 7

+ [vq—r(iq-vd B—qu? - x(id~vdG+vq B)]zy (3.42)

S = arctan vdwr(id—vd G+qu)+x(iq—vdB~VqG) (3.43)

v —1“(_iq—vd B""VqG)“'X(id"vdG‘f‘\’qB)

q

The initial value of the field voltage, required for

‘the integration of (3.17), is determined from (3.1) and (3.3),



- . . '
Veq T (vq + xXq 14 4 Palq Rf . (3.44)

Xad

where W = ©
e

1

! .

and M 2 2 :
R [T ks e Ges)

The 'slope' is determined by the slope of the steady state
short circuit characteristic of the synchronous machine,
relating RMS armature phase current and d-c¢ field current,

! . .
is presented in

Hh

The derivation of the expression for R

l

Appendix 3B. Xad
The initiadl values of @F, Ya and wq are determined

from (3A.12) and (3A.19) as

- - - ' ' - - -
¢ Tdo ~Tdo (xgq = xg) 0 VFR
_ |2 - *d . )
\Pd T | Weo Weo : 0 1(1 (3.40)
- - L. Q%O_ - _

The following conditions are applied

Ty =0 Tg, =0 Tgo =0 T =Tq T =0
1 t (3047)
Vpr = 0 vgr = 0
Since vpgp = Vp during steady state, the initial regulator

voltage is

1
v = T arctanh (vfd> - (3.48)
az al
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and the reference voltage is established from

Vief = (VR + KA vt) / KA (3.49)

"The initial values of the governor-hydraulic

prime mover are

a=0 (3.50)
ag = 0 (3.51)
g=0 | (3.52)
t =0 : , (3.53)

The initial value of the booster voltage of (3.24) is

vg = 0 (3.54)

since vpp = 0, (3.25). The initial real power of the
dynamic test model is set by the load setting resistor in
the d-¢ motor-booster armature circuit. The value of resist-

ance is established from (3.28), (3.20) and (3.54)

R = (vege = Wy Lap ip) / 14 (3.55)

where i, is obtained from the steady state torque

equation and is equal to
ig = Ry Wy + Ky +9q ig = 9q ia) / Lar iF (3.56)

The first two terms on the right hand side of (3.56) are
torque terms due to friction and the last two terms are the
torque of the synchronous machine. The mechanical synchron-=
ous speed of the test model is

W _ = 188.5 rad/sec (3.57)

m
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3.4, State LEquations eof Fifth Order-Synchronous Machine

and Controllers

The fifth order-synchronous machine state equations
are obtained by neglecting the damper winding effects of the

seventh order model. By removing (3.8) and (3.9) and setting

1" 1 L —
Tpp =0 5 Tgo =0, Tqgo =0, Tg= 0, Ty =0 (3.58)
A=1, B =0, (3~59)
and T =T!=x'T, Ty = O (3.60)
. C d .—‘q do °? D *
%4

in (3A.2), Park's equations reduce to

PPq = vq + Wq + raig (3.61)
PPq = V4 = W¥q + Paiq (3.62)
PYr = Vg = VR (3.63)

where (3.10) is replaced by

— - — —

X ~-W (x —X') .
VER| |=v Sy co_,—d d Y
Xd tdo Xd
=i , : (3.64)
s w
and (3.11) becomes
. W .
g = - =2 ¥q (3.65)
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Further elimination of vg, vgs igs iq and vpgp in (3.61)
through (3.03) using (3.12), (3.64) and (3.65) results in

the following state equations.

. ]
PYp = - Xg  ¥r + weo(xd—xd) Pa
1 ? ‘ 1
Xd Tdo xd
5, ,
+ 4 's !
(ra xdxq) lope Ved (3.66)
! 242
ra+xq Rf
PYq = kyr + kzx tr, Yp - kir + kox + ry wo Yy
[ T
Xd Tyo Xg
+ klx - kzr weo?q + 4.0(,.—)E Wq + klvo sinb + kzvo cos §
X 2
4 (3.67)
p(Pq = k.,x - ](21" ‘PF - le - 1(21" (&)eo de - 4.0 wm q)d
B R R D 2

= kyr + kox + r, WeoPq - Kyv, sind + kjv, cos$

X
d (3.68)

The state equations (3.26) and (3.31) for machine dynamics,
(3.16)‘and (3.17) for regulator-exciter, (3.20) through (3.23)
for governor-hydraulic system, (3.24) for booster armature volt-
age, and hence the auxiliary equations of then rémain unchanged
except the electrical torque T, of (3.26) and (3.14) now

equal to

Te © 6Weo Q%—” QL) Va¥q - ~Tli7~ VYa¥r (3.69)
] Xq Tdo



the d- and - axis voltages of (3.19) from 3.61), (3.62),

(3.64) and (3.65) now equal to

d = P¥Pq - WePq - _Fa__ YF * ra Weo ¥d
Xd Tdo Xd

Vq T PYq twePg T ry weo Yq
xq

(3.70)

(3.71)

These equations consist of the complete set of state and

auxiliary equations for the power system with a fifth order-

synchronous machine and controllers.

The initial conditions for the state equations of the

fifth order-synchronous and controllers are the same as pre-

sented in Section 3.3. The variables iy, iq, Vas Vqr Ve and

ifd are calculated from the solution of the state

at each integratbn step.\

R
ig = - 2eo Yq
q

vd

+ kg v, cos &

Vg T (klx—kzr)id + (klr+k2x)iq - kov, sin §
+ k; v, cos S
Ve T ’vg + v2

(klr¥k2x)id - (klx—kzr)iq + kqyv, sin$

variables

(3;72)

(3.73)

(3.74)

(3.75)

(3.19)
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2 ' .
ipg = ra + xg < Xd  Yp _ (xd-xd) ‘veo‘Pd>
: ) t 1 1
(r§+xdxq) fslope! TaoXg | Xq
(3.76)
3.5. State Equationg of Third Order-Synchronous Machine

and Controllers

The third order synchronous machine state equations
are obtained from the fifth order model with two more assump-
tions; First, the speed voltage effects due to speed variation

in (3.61) and (3.62) are negligible;

Second, the induced voltage effects due to the change of

flux linkages are much smaller than the speed voltages;
pYy << Weotq , PPy <K Weo Yd (3.78)

As a result, the two state equations (3.61) and (3.62) reduce

to algébraic equations and may be written

i
-+
+

. (3.79)
a q

where Vd and v_ can be eliminated using (3.12) and id and i

q
using (3.64) and (3.65). Finally, ¢4 and @q are expressed as
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- A _ - -
Fg + xo(xg * xq)
(2 N ot Y
d Xq *a Tao K
= Weo : . +
A .
-r, (x0+xé) troxg v
q)q ’12 N F
*a do
-k, (x +x ' + =) | [ in§ |
rokq kz(xo xq) rokz kl(xo kq) v, sin$
Xq _ Xq
(3.80)
'
r0k2+kl(xo+xd) - r0k1~k2(xo+xqz
T i vy cosé
where A= r + (x,+xq) (x +x')
eo o o'q o ~d
'
Xq Xgq
and r., = kyjr + k. x + r
o
oo e (3.81)
Xo = klx - kzr
After eliminating ¥Yg4, (3.63) reduces to
' 2
pfp = - _ 1 xd - (Xd'xé)(P%+Xo(xo+xq)) Vi + (ri+xgxq) 'slope! v
xqTd r2 +(x_+x_) (x,txq) JrZtx2 R fd
o ) o “q’/ ‘o 7d Fa™*q £

' v
+(xd»xd)(rokl—k2(xo+xq)) Vg sind + (xd-xd)(rok2+kl(xo+xq))vo cos §

ré+(xq+xq)(xo+xé) r§+(xo+gq)(xo+xé)

(3.82)

The other two synchronous machine dynamic state equations
(3.26) and (3.31) and the auxiliary equation (3.69) remain

unchanged.



The exciter state equations (3.16) and (3.17) and the
terminal equation (3.19) remain the same. However, with the

conditions (3.77) and (3.78), (3.70) reduces to

Va T T W W T ‘r? Pp + 1y b.')eo Pd (3.83)
*dTdo Xgq

and (3.71) to

vq = weoq)q + l"a weo (Pq

(3.84)
*q
The state equations describing the governor-hydraulic

prime mover (3.20) to (3.23) and the d-c motor-booster state

equation (3.24) remain unchanged.
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In summary (3.82), (3.26), (3.31), (3.16), (3.17), (3.20)

to (3.23) and (3.24) form the state equations of the third

order-synchronous machine with controllers, and the auxiliary
equations are (3.28), (3.29), (3.69), (3.85), (3.86), (3.18),
(3.19), (3.83), (3.84) and (3.25). The method of evaluating
the initial conditions is described in Section 3.3. .The vari-
ables_wd, wq, id’ iq, Ve Vqr Vt and ifd are calculated from

the solution of state variables at each step as follows

2 ! . . ;
Yy = fo + Xo (xo+xq) , VF + Xd(rokl"kz(ko+kq+xﬂ)) sin §
weono(pé+(xo+xq)(xo+xd) _ Weo

t
+ Xa_(rgkotky (x0xq)) o8

Weo | (3.85)
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' 1
@q = xq(rcxo—ro(xo+xd)) Pp xq(rok2+k2(xo+xd)) sin §
Y
Weo *d Tdo weo
'
-+ xq(rokl—kz(xo+xd)) cos § - (3.86)
Weo
iy = ”TlT" Pr - “ls;.q Pa (3.87)
xdTdo Xd
iq = - (S1e) (Pq (3088)
x .
q
vd = - Weo Pq - raig (3.89)
Vq = weo (Pd - r'aiq (3-90)
Ve = vé + V% (3.91)
. D) '
ipg™ \/ra + xg Xqg = Y - (xd—xd) weo@d) (3.92)
(r§+xdxq)slope xéT&o xé v

3.6. State LFquations of Third Order-Synchronous Machine

and Regulator-Exciter but without Governor

For the study of electrical transients of the system,
the governor-hydraulic prime mover dynamics are replaced with
a constant torque input. The equations (3.82) and (3.31) de-
scribing the synchronous machine and (3.16) and (3.17) describ-
ing the regulator-exciter remain unchanged. The state equation

for mechanical speed (3.26) becomes
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Ae)= lag L1 - T U

2. 23w, J 2 J 2

(3.93)

- 3o (1‘ 1)%% w3 Yo¥r

J 17(*{_353 xqTdo

The auxiliary equations are (3.85), (3.86), (3.18), (3.19),
(3.83) and (3.84). The initidl conditions are evaluated by
the techniques described in Section 3.3 and the variables

Ya, Pq, fa, 1q» Vg Ve and igg (3.85) through (3.92).

3.7. Computation and Test Results of the Dyvnamic Test Model

In this Section, computation results of variouslstate
variable models of Section 3.4, 3.5 and 3.6 and results
from actual tests are summarized and a comparison is made in
ordér to verify the mathematical models.

A transient test is carried out on the power sysﬁem
described in Chaptef 2 simulated on the dynamic test model.
The system has a three-phaée fault béfore the fault line of
a double circuit transmission system is isolated at §5 cycles,
The fault is cleared and the system restored after 30 cycles.
The test responses of the torque angle §, governor actuator
position a, governor actuator feedback ap, gate o turbine
torque t, booster armature voltage vp, terminal voltage vy,
regulator voltage vpq and field current ifd are recorded on
a Visicorder. The results are plotted aleng with the computa-

tion results of the three different state variable models.
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The curves in Fig. 3.2 through 3.11 are identified as follows:

1. third order machine with exciter,
2. third order machine with exciter and governor,
3. fifth order machine with exciter and governor,

4. dynamic model test results.

Hamming's numerical integratién method3'5 is.used for
computation with an integration étep size of 0.00025 seconds
for the fifth order machine which includes p¥, and pvq and
0.005 seconds for the other two models. The computation
results of all three models are very clocse except the tefminal
voltage response of the fifth order machine model, éurve 3,
Fig. 3.8. The fifth or&er model predicts the voltage spikes
due to line switching at fault cleared and system restored
which is substantiated by actual test results. It is also
observed that both the third and fifth order models with gov-
ernor, curves 2 and 3, Fig. 3.2, are slightly more unstable
than thé third order without governor, curve 1, Fig,3.2.

This phenomena is observed also from direct model tests.

A close correlation between computational and test
model Pesuits is observed except for the regulator vdltage,
Fig. 3.9, and the field volt;ge, Fig. 3.10, at the instant
the system is restored. This may be attributed to the imper-
fect mathematical model. For example, it does not include
transmission line switching, since it is described by steady
state equations. However, the prevailing frequency of oscil-

lation is the same.
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4. PARAMETER SENSTITIVITY OF THE TEST MODEL

4.1, 4.2

Sensitivity analyéis
ter to investigate the effect of model parameters on system
response., As shown in Section 2.3.3, only impoftant modei
parameters, not all of them, can be matched simultaneously
with actual system values (Table 2.1). The model base imped
ance chosen is a compromise, Sensitivity analysis is applie
to see whether this approach is justified. The controliers
are included in the investigation. The state equations for

the synchronous machine and controllers are given in Section

3.4.

4.1, Sensitivity Eguatidn

The state variable equation is written as

X3 = fi(x,qpn) 5, ap. =g/ qo (4.1)
where q,. is the relative value of the parameter, q the true
value and qd, @ constant equal to initial value of the para-
meter, The sensitivity equation for small parameter pertur-

bations becomes

n .
. _ SF. 3F.
Xi,qp gé; axi *K,qp + 9o gai (4.2)
i ; 4 4«
where X, qpn Sk , (4.3)

58

is applied in this chap-

d
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The right hand side of the sensitivity equation (4.2)
consists of two terms; the first term inclﬁdes the state
variable sensitivity coefficients only and the éecond term

depends upon parameters explicitly. The two terms will be

identified as fli q(x,xkﬁqr) and fzi, (x) respectively, where

s Y RER P
o (x w Loy 3T5 & |
3,0, 00X, ) = 121 523 X, g, (4.4)
*k
A . = q_ Ofj
and £2,q.(x) = q ?ra _ (4.5)
q

When the results are applied to system equations of

Section 3.4, the terms independent of parameters are

X4 - w (x —x')
R . + cO d d X
Hopoap = xaTdo W dp Ya9r
(4.6)
(r? + x,x ) tslope!
ta  d7g Veds Ay
2 2
— r row Xo WanX
fl = o o WeoX + ~o %eo
q T XWeps 4 R q)l q,. - Ygs9, .
Yq: 95 xdléo Yr>9p X d> 9y Xq g’ r
. w ¢ i
+ 4 7? x o + 4@q kgﬂ,qp + klvOCOSS 51n(x8’qr)
- kzv sinbcos (x )

0] S)Qr- (4.7)
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f1 = %o X, - Xo Weo x
\Pq’qr- ;5'1‘_&—; Yr>ap x('l ' Yd>ar
-~ 4 Wn x - 4 ¢, x - o Weo x
2 “Pd)qrx d ‘:)..m,qr\ xq q)q)q»l‘
- kyv,cosbsin (xs,qr) - klv031n8003 (xs,qr)_
(4.8)
£1 K (L pip)?\ x L pip X
o= (K o Ugplp - Larip Xy
w — (2% TR ¢ IO o q
“msdp ’(J IR —zm, 1 5IR B,
2
~ 3% (1 _ 1\[vg x Ty X
T \xq  xq Por9r "1 yg,9. )
+ 3 Yp x + @ x '
IxdTdo $godr a Pp,ar (4.9)
= 4 X
S,QP ‘ﬁm’qr
2
1, K | L N ) ,
R = - Tl *v_q_ - A V%' valre-ra) VQXO)%WF,Q
- kg ROT TrpVe [Xd'do r
w A '
€0 [5]8)
- 2 (va(r.-r_ ) + v.x ) x + — (vgx.~v, (ro-r_)
xd (d 0 “a’ q-o q)d:_qr' Xq Va%o q''o a)
x -

+ (vd(klvocoss—kzvO sin§) + vq(—lczvocoss - klvosnls ))

';.{S’Qr] (2.11)
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°

— 1 x + @l1ay sechz(a vip) x
f£1 = e e My ——l 2R , .
Ved,dp Tp  f£d>9r Ty YRo9r (4.12)
fl, = - U x, - 1 x - 2 X (4.13)
» 4 S i TR | — 4. .q == "W, q
r .CA ' TA £fsr TA ""2-‘, r
£1 R ~8Tp 4+ Ty -2 x (4.14)
ag,dp TA a4, T.T A ap> 95 T, Sg;qr
. ¢ 2
f1 =1 x -1 x (4.15)
g9 w84 o0 TEg,9
r T'a ’>“r Tg r
Fl, o =-_1_ xa,q *+Tc+ Ty x_ - 1 x (4.16)
E t
t.q, 5T T LsTahy 2% sy U9
1, q = -~ 268 QgLaf 1 Xt q + [284%, - 2Ky Welar x q
B> K3 RepTep 2 70r K K3/ Replep “m, r
2

2%Tep Welyr 1 £l o * TfB<&“dR - 2K4)w£Laf Fl
2 >“p

- w
K3 RepTes K3 3/ Reptep

- 1 x

—_— Vv
Tep

B> 9p (4.17)

The parameters involved in the sensitivity investiga-
' 1
tion are ra, X4 Xqs Xd» Tyo and J of the synchronous machine,

KA,IT.W-and T, of the regulator-exciter and &, 0, TA’ Tg> TG

RE E

and Ty of the governor-hydraulic operatbr.

For the armature resistance r.s (4.5) yields

. r_ ! / 2,.2 r (r2.x,x
£2 = "a slope 2rg \fritxs - _aTatd 2) \v (4.18)
YFs>Ta Rp(r2+x2) ad f£d -



for the

£2
YrsXq

for the

d~axis synchronous

-

r
a g _ -
TTTTm'vF
*d'do
- Pyleo Qq
x
q

X
e Yr

deo

(™

r,We
—& L0 Wd

*d

X
+ d eo Ygq +

- Xa

reactance

. e'
XX g slop

Re

g-axis synchronous reactance

' ?
= Xg qlope <xd

it

mf(r2+xq)

qufB 2aep . 2Ky
K3

2+x

w_1

g

af

K3

Repten

q(r +x

>f2

w X
Sms g
2

2+ b'q

Ve
5 fd
q

g,

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)

(4.27)
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d-axis transient reactance

X )
,d. LI)F - Q‘C“(_i‘r___eo_ Lpd
*d'do- Xd
- '0' WF Q€0 ¢d
Xdeo Xd
- _Xo Yo 4+ XoWeo ¢
r — Td
Xdeo xd
! r
- Ka*a (v (f2I o + —TfﬂT" QF
TREVt d,"*d Xd TdO
+ v 2 : [
q vq,xd)
3Weo Yd Yq - _ 3  -¥F Yq
JIxg Ix'T?
d *a* do
! 20, 2K, \ Wql, o £2
XqT eg < m R - 4 )Ré ;E wm,xé
3 K3 /Replep 2

raweog})d

Xd

for the d-axis open-circuit transient time constant

t

fz‘PF"TdO

£2 .
q)d"lc'vlo

r£2 1
Q’Tdo

(4.28)

(4.29)

(4.30)

(4.31)

(4.32)

(4.33)

(4.34)

(4.35)

(4.36)
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1
T . r
£2 ot Katdo (v, (f2  , + a_ ¢ )+ v £2 L
VR’ido = - TREVt d PasTdo ngzo F a4 "¥Pq,T d0>
(4.37)
= - 3
£2 ’ 3 P Yy (4.38)
_@,T Jldr]do
2 do
£2, . = TloTpp(22%k - ZK\®lyp 2, (4.39)
BsTdo Ky Ky/RepTep @ Tao
5 :
and for the moment of inertia J
iy =1 (v - 2L Lip % - vy) (4.40)
R 2
_K L_.i K W |
f2 = _1 m~- "aFF i, + _2 + eo [l = ngh Y
Yna T T2 2J 2J J \x ¥
2
-~ 3 Yp Yy (4.41)
XdeO :
bW, = Wy . 94,25 (4.42)
2 2
£2 =3 Welap ., 20RT Wl,p aw,
VB, KGT, R T KJT RepTep 2
2 -
43T, (%R 2K\ Olae g (4.43)
BB\ =~ "X JR.T Wy,
3 3/ “fB £B -

Next for the gain KA of the regulator-exciter,
- (4.5) yields
KA

Tre

v

(v

£2, -

R’IA ref

o) (

4.44)

04



for the regulator time constant Tpp

£2 = _1 v - A (v -v.)

and for the exciter time.constant TE

£2 =1 vpy - 21 tanh (agvy)
E Ty Tg

Finally, for the transient droop 8 of the

governor-hydraulic operator, (4.5) yields

2

2
£2_° = -8 a - § a,. - 2§ b0y
a.,% peas = °f el
£ T, T, T, 2

for the permanent droop

fza’w = - %; a
A
£2 = -98 a
£9 T

£2 =T a+ 1 a.+ 2 %%
Ty F T, I o7
A A A 2
f21T=“:§_a+_§__af+g_8_ m
£7°A T, T, T, 2

N

-

(4.45)

(4.46)

(4.47

(4.48)

(4.49)

(4.50)

(4.51)

(4.52) .
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for the dashpot damping time constant TR

£2 = 1 a (4.53)
aesTR Tr £ '

for the gate servomotor time constant TG

£2 = - 1 (a-g) (4.54)
g’iG Tg
fzt,T = 2 (a-g) (4.55)

e
and for the water starting time constant T

f2¢,0 = - 2 (g-t) (4.56)

The equations, (4.6) through (4.56), are used for the

computation.

4.2. Parameter Sensitivity of System Response

Parameter sensitivity of system response is investi-
gated -in this section. There are fifteen parameters and twelve
state variables involved. From each sensitivity curve the max-
imum and minimum are found.. A convenient criteria is set that
any parameter whose sensitivity curve maximum and minimum for a
state variable are less than one-seventh of those of all the
sensitivity curves will be considered inseﬁsitive.

The results can be sﬁmmarized in three categories. One,

parameters are very sensitive in the beginning and remain sensi-~
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tive for the rest of the time period. Two; parameters are very
sensitive in the beginning but not towards the end., Three,
parameters are ingsensitive in the beginning but become sensi-
tive towards the end,

In ﬁhe first category, it is noted that the sensitivity

curves Wi o (Fig. 4.1),(pd’x (Fig. 4.2), VR, x (Fig. 4.10),
q q q i

have their

and veq x (Fig. 4.11), all with respect to X
q

maximum during the fault and fault cleared period and remain
sensitive after the system has been restored. A similar result

. t
is observed for the parameter Ty, except for VF,T' (Fig. 4.1),
' . do

which increases during the first 0.2 seconds and remains large
throughout the remaining period.

In the second category, it is observed that‘?d,x'
(Fig. 4.2), Qq,xé (Fig. 4.3) and VR’KA (Fig. 4.10) are large

only during the fault period (£ 0.08 seconds).

In the third category, it is noticed that the moment
of inertia J is insensitive during the faulﬁ and fault cleared
period but becomes very sensitive towards the end,.

'
It is found, in general, from this study that xq, Tao

and J are the most sensitive parameters and that to a certain

1
extent x;, KA, and TRE but not Ty Xgo TE and the governopr-

hydraulic operator parameters.
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5. NONLINEAR OPTIMAL STABLILIZATION OF A POWER

SYSTEM AND DYNAMIC MODEL TESTS

5.1, Power System Stabilizine Sienal

The main purposes of a stabilizing signal are to
provide additional synchronizing torque during the first
torque angle swing aftgr a transient disturbance and to pro-
vide damping torque for subsequent oscillations. Ellis and
othersd+155-2,5.3 yere able to obtain effective stahilization
using speed, accelerating power and frequency deviation sig-
nals. The theoretical basis is found from a linear model by

5.4

deMello and Concordia. These are the conventional stabil-

ization techniques.,. JonesS‘5 did a bangfbang control test on

a model power system. In this Chapter, optimal control fheory
is applied to a power system described by nonlinear state

equations including Tield voltage and stabilizing signal

limits.,  The power system is shown in Fig. 3.1.

5.2, Dynamic Optimization and Computational HMethod

The problem being considered is to find an optimum

control u#*(t) which minimizes the performance functional
J = O(x(tg)) -rj F(x) dt (5.1)
' t

(8]

subject to the dynamical constraints or system equations

x = f(x;u) : (5.2)
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s s 4 5.¢
The variational calculus method of Lagrange Multipliers
is used to form an augmented functional
t
£

T, = Bxep)) + f (-GG A, W o+ A R)ae (5.3)

Co
Awhere H is the Hamiltonian
, T
H (X:)\ 3 u) = "'F(X) + A f(x:u) ’ (5-4)

and A is a time-varying costate variable vector. The condi-

5.7

tions which must be satisfied at the optimum are

x = f(x, u) x(to) = x_, state equations (5.5)
x==-Hx(x,A‘,10 costate equations (5.6)
0 = HQ(x,,A, u) gradient condition (5.7)
A(tf) =1-¢X(x(tf)) : transversality condition (5.8)

Equations (5.5) through (5.8) repfesent a nonlinear two-point
boundary-~value problem (TPBVP).

For the solution of the TPBVP, the gradient5'6 and
Newton-Raphson with Ricatti Transformation5'7 methods_aré
tested first on a simplified third-order power system. There
is no difficulty with the computation. The method of Newton-
Raphson with Ricatti transformation is then applied to the
fifth-order system using the gradient method to start. Num-
erical instability in the solution of the Kicatti equation is
experienced. The solution of the TPBVP is finally obtained.

with the gradient method. It takes fifty iterations or less.
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Three different performance functions are chosen and
tested for each step of the line faulﬁ, fault cleared (one
circuit of a double circuit removed), and line restored
(successful reclosure of circuit). The general form of the

performance function from (5.1) is

P (x(tp)) = wl(awm)z +w, (a8)2 | ~ (5.9)
2

F(x) = Wy (Awm)z + v, (a8)2 + \"-JS(A_(:_JJH)Z - (5.10)

B 2 2

The first two steps are of fixed time established by
the circuit breaker settings. 1In these two steps,¢%x(tf))
is set to zero. Studieé are made of alternatively consider-
ing the weighting factors‘wz, W4 or WS alone. The same pro-
cedures are repeated for the final step but including W; and
WZ‘ To emphasize small deviations of speed and torque angle
at the final time Wl and Wz are set equai to ten, Wy= W2= ic.
The final time of the system restored step is estimated from
a stabilizing signal’study (= 1.7 seconds) anticipating a
shorter settling time (1,25 seconds).

The Hamiltonian is
H = '—F'(X) + )\l(p‘{)F) + )\z(p _(:)__m) -+ >\3 (PS)
: : 2

. K . o
N (pvR r T?;u) + A (pv.,) (5.11)
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where p¥p, pv, are given by (3.82) and (3.16) respectively.

R
The Hamiltonian is maximized or the performance functional

"is minimized with respect to u if the condition

u = U sgn A4

max

is satisfied. This is a "bang-bang" type of optimal control,
The solution of u is obtained indirectly by optimizing the
1
5.8

unconstrained value u related by Box's transformation as

follows

u=1U__ sin (u) (5.12)

In the gradient method, the correction applied to
u at each point is
Au = -k Hu (5.13)

5.6

It is rather difficult to choose k . In this computation

5.9

the following value of k is chosan

k = §1 (5.14)
T 1+
/5112 H, dt
where §1 is a steép size constraint.

5.3. Computation and Test Results

Computation results from an IBM 360 Model 67 and test
results from the dynamic test model are summarized in this

Section as follows.
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For the computation, invegltigation of thg various
performance funcctions outlined in Section 5.2 reveals that
for the fault step, the three performance functions yield
the same optimal control and for the fault cleared and system
restored steps, th¢ optimal control is the same for

N2
F=:G“%¥ and F = @8)2 but different for [ = Gﬁ%.
' 2 2

Thus, a single trajectory for the system variables is obtained
~during the fault step, two trajectpries during the fault
cleared step, and two trajectories from each of the previous
two during the system restored step. These resuits are pre-
sented in Fig. 5.1 with the performance functions summarized

in Table 5.1.

Curve Fault
Fig.S5.1. Fault Cleared Svstem Restored

1

awmz &wmz . 10/[aWn 2 4 10 (AS)Z + BW g 2
—ET dt —E“ dt 5 _ —E" dt

2 2 2
(Aw-—w'll) de j(ﬁ.‘f’,‘) ac | 10 L:m + 10 (88)% + 5 wm)zdt

(M)m)zdt j(%ﬂ‘-)zdt 10 (9_‘2:_)2 + 10 (88)% + j(b.f“l)z dt
e

+ 10 (AS)2 + S(ﬁg_)z dt

Table 5.1. Performance Functions Used During

Transient Steps
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Comparisons are then made between the system responses
with optimal control signals and those without. It is observed
that the system responses with optimal control signals are much
more damped than those without. Onc¢ the control is removed
after 1.25 seconds the system oscillates with a reduced mag-
nitude. It is observed also that all the system responses
with optimal control signals stay very close. The speed de-
viabion, torque angle and field voltage respénses are shown
in Fig. 5.1a, b, and c respectively.

Comparison is then made between conventional speed
deviation and accelerating power stabilizing signal responses
and one of the optimal controls (curve 3, Fig. 5.1) responses.
In general, it seems that the optimal congrol vields a better
damping effect, speed deviation in Fig. §.2a and torque angle
Fig. 5.2b, than the stabilizing signals except for the field
voltage in Fig. 5.2c because of the nature of the forced
excitation,

Power stabilization test results obtained directly
from the dynamic test model are plotted along with qomputation
fesults in Fig. 5.3a, 5.3b, and 5.3c for comparison. All
systen respdnses are close.

Similar comparisons of cpmputation and test results
are made in Fig. 5.4a, b and c¢ for system responses with a
speed stabilizing signal. 1In both cases steady state oscil-
lations are observed as experienced in practice. However,

because of the very nature of the steady state oscillations
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it is difficult to realize the same initial condition for
computation on the test model,

Comparison is then made between test énd.computation
of system responses with optimal control., They agree with
each other very well, Fig. 5.5a and 5.5b, except the switching
traﬁsient disturbance in the field voltage FiW..S.Sc which is
observed also in Fig. 3.8.

The last comparisons of test and compucation results
are carried»out on system responses with optimal control for
the first 1.25 seconds and power_stabilizing signal for the
remaining period, Fig., 5.6a, b, and c¢. Note that the conpari-~
son of the first 1.25 seconds is made in Fig. 5.5a, b and c.
It is observed that the overall responses of the test and
computation are very close,

In Fig. 5.7, system responses with optimal control
and power sbabilizing signal are plotted along with system
responses with power stabilizing signal alone. It is interest-
ing to note that the composite signai yields the best overall
system response and this is realized to a lesser degree on
the test model.

From the comparisons made above it is-concluded the
dynamic test model can be used to perform complicated power
system tests, such as stabilizing signal control, and‘used to

check computational predictions,
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CONCTULICH
A new model for power system transient stability and con-
trol tesis has been developed capable of representing any conventional
one machine‘infinite bus system in detail. The model system has

synchronous machine with an adjustable field time constant, a solid

state reguletor-exciter cystem and an adapted de motor prime mover
with typical gpeed governor characteristics, The model can be used

e power system dynamics over a wide range of operating

<
{

to investiga:
conditions.

1 4

A general fifth order stale variable model for a synchroncus

iachine has besn derived from Park's eguations. It has been show
that perameters in this state variable model can be determined directly
from experimental machine tests, " This is an improvement over existing

-

Q:
=]
[et)
o
19
b
m
o)
o
}_J
o

models which are based on parameters not directl

Three variations on this general model have been shown to

41

be uéeful in predicting the dynamic behaviour of a gynchronous machine
and interconnected systems. From the comparison of computation and
model test results,_it has been found that the first order synchronous
machine (p?%) and the second orﬂer‘dynémibs (pS,p&%) are sufficient
for most studies except subtransient and Switohing prenomenon wWhnich
has not been included in this study.

A paraneter sensitivity study has been carried out. 1%

3]

has been Tound that x and J are the most sensitive paranmeters

{

q’ Tdo

but not Yoo Xgo TE and the governor hydraulic operator parame
b

Tne usefulness of the model hzas cen demonstrated with the

study of the stabilizing signal. A "bang-bang" type nonlinear optimal
control signal for a Tauli-Tault cleared-system restored povwer systenm



has been treated as a two-point-bowndary-value problem in this
thesis. A gradient method has been applicd to obtain the switching
times of the control. The control signal thus obtzined has been
implemented on the test model. The model test results have been

shoun to agree favourably with those obtained from computaiion.

as proven thet the test model provides a convenient means

o,
joy
o
6]
H
p=
v

to check the descign.

The test model has also been used to tesi conventioneal
1

speed and accelerating power sitabilizing signals.  The experimental
results have compared favourably with computed values. It has been

4.

demonsireted experimentally

that the nonlinear optimal conitrel provides

better system damoLng than conventional signals. The princirzl contri-

o 4-

bution of the thesis is the development

-~
4

(@]

b
higher order state variable synchronous machine models for power sys

dynamic studies.

For futurse Studies it is felt that
1) the mathematical model could be improved, if necessary., to
include sublransient and switching phenomenon,
2) comparison of alternative scheﬁes of prime mover simulsti on

should be made,

3) the prototype test model should be develcped to include a

universal transmission system since the present one is of special

purpose,
4) and the model developed could be multiplied for multi-

machine studies.



APPENDIX 3A

Park's LEquations in the State Variable Form

Equation (3.3) is expanded to obtain

]

q

v

R + S A { F
Weo(1+TGop) Weo (1HT4.p)

_ 1+TCPY + Tpp - ) xqiy
Weo (1T 4op)  Weo (14T G4p)

where VF T Xa4 Ved

R =T = Tpy

1 1]

do ~ Tdo

S =Tgo = Tpy

n 1
Tdo - Tgo
' . n X " t n
T, = Tago (Tg + Tg - Ty,) - Tgq Tg
T' Tl!
do ~ “do
. 1" H n 1 n
Tp = =Tgo (T4 LY. W Tgo) * Ty Tg
"
Tdo - Tdo

Terms in (3A.1) are combined to obtain

Pg = 1 vyp - (1+Tcp) Xdiq *t xdid) - Xqig

Weo 1+ Tdo.p Weo

+ 1 (SVF - Tpnpxdid )
W Lo omn
eo 1+ Ty,p
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(34.1)

(3A.2)



which can be written

Ya - ~Xgig T vpr * VpR
w_g Wy = Wog

) t
where vpgp  Rvg +(Tdo - TC) X4 Pig

T
1+ ldo p

and  vpgp _ Svp - Tp pxgig

1+ Ty, p

From (3A.4) one has

. t 1 .
VP = L (vir + p (Tgo VFR - Xd (Tgo-Te)ig))

R
and when compared with
Rvp = VF'\R + p(PF
the results yield
Y, =T - (1] T ) i
F do YFR = *d ‘!'do ~ '¢/ 1d
From (3A.5) one has
" Lo
0 = vpr=Svp * P (Tgo VDR *+ TpXgiq)
and when compared with
1
0 = vpr + pP¥p
the results yield

Yp = Tg + Toxgd
D = Ydo VDR pXdid
and

1
YprR T Vpr T SVE

110

(3A.3)

(3A.4)

(3A.5)

(3A.6)

(34.7)

(3A.8)

(3A.9)

(3A.10)

(34.11)
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Equations (3A.3), (3A.8) and (3A.11) can be written in matrix

form

Y —T' -X (Tt - T.) 0 ] -H.

agc do dttdo T te VR

Palo | 2 =Xq 1 ig |- (3A.12)

Weo Weo Weo

) ] 111

¥p 0  xgTp Tgo| | VDR

. p . -l — -

Since the determinant is equal to - xg THO Téo, the solutions

. W
VFR, ig and vpR are eo
[ i B 1 . . t 1 . Nl R
VFR xq(Tdo * Tp) =%*d(Tdo=-Tc)Weo Xd(Tao-Te)| [PF
] T" [} n 1 " " 1
xd tdo Tdo xd Tdo xd Tdo Tdo
1" ' 1" ‘ : "
Xd Tdo Xd : xd"Tdo
VDR - xqTp Weo xa T xqT o 9y
no_n ot Ti [ | IR |
L | Xd Tdo Tdo xq Tdo xd Tdo Tdo 5
(3.10)

A similar approach can be used to obtain state equa-
tions in the q-axis. The flux linkages due to the armature
winding and the damper winding are obtained by rewriting

(3.4) as follows

‘ n . . .
¢q = - (ItTqp) xqiq . Xqiq _ Xqiq (3A4.13)
e

" :
(1+qup)weo Weo Weo


http://3A.ll

When (3A.13) is compared with

112

. . .
Pq = YOR — *q *q (3A.14)
€o eo
the result &ields'
i " n .
VoR .. P Xgq(Tqo - Tq) ig (3A.15)
T
1+qu P
Equation (3A.15) can be further written
' n ' P "y .
0 = vor +P(Tqo VoR “Xq(Tqo-Tqliq) (3A.16)
and when it is compared to
1
0 = vgp + P¥y (3A.17)
the result yields
1 ] 11t .
o ™ Tgo (VR = (xg=%q) ig) (34.18)

Equations (3A.15) and (3A.18) can be written in matrix form

Yq| |- Xa 1
Weo weo

= 1"t 11 "
wQ —(xq—xq) Tqgo T qo

1
and thevsolutions of iq and vgR are

i
q

!

VOR (3A.19)
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— - _ . T _ -
? q —weo . ‘Vq
xq quqo
= (3.11)
t 11 q)
VOR -weo(xq—xq) xq 0
oon nT n
X X
— . L q a4 ge 4 L .

Therefore Park's equations can be written in the state

variable form as follows

PPy = vg T WPy T ryig | (3.5)
PYq = Vg = Ye¥a * ryig (3.6)
pYF = RVp - vpp | | (3.7)
p¥Yp = - vﬂR | | (3.8)

PPy = - vop (3.9)
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APPENDIX 3B

Determination of Effective Voltage Ratio R%/xad

The ‘value of Eé in (3.3) is in factjén effective
*ad

voltage ratio of the synchronous machine and can be determined

from a short circuit test and machine parameters, For a three

phase steady state short circuit of the synchroﬁcus machine

Park's equations become

“’eo‘*’q = -_r'aid ‘ (3B.1)
- Weo¥d T I";;1qu : (3B.2)
Ceo¥q = Xad Vfd ~ xqid (3B.3)

. R}
Weo¥q = ~xgiq (3B.4)

Combining (3B.1) and(3B.3) yields

iq = ra ig (3B.5)

*q
Substituting (3B.2) and (3B.5) into (3B.3) gives

ig = zxq Xad Vg£d (3B.6)
ra+xdx

1
q Rt

Substituting ig into (3B.5) yields
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i a Xad Ved (3B.7)

2 . o N
r; + kqu hf

Thus the a-phase short circuit current equals

. 2 L2 _ 2 4 .2
i = JIA + ig (ba 1 Xq Xad Vfd (3B.8)

When (3B.8) is compared to the test results obtained from

the steady state short circuit test, one has

tslopet = i/ VEd . (3B.9)
' R ' :

Thus

' 2 ¢ <2 -
Re Rp yra * xq (3.45)

Xad (rg + xq xq) *slope!
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