INFORMATION TO USERS

This material was produced from a microfilm copy of the original document. While
the most advanced technological means to photograph and reproduce this document
have been used, the quality is heavily dependent upon the quality of the original
submitted. ‘

The following explanation of techniques is provided to help you understand
markings or patterns which may appear on this reproduction.

1.

The sign or “target’” for pages apparently lacking from the document
photographed is ““Missing Page(s)”’. If it was possible to obtain the missing
page(s) or section, they are spliced into the film along with adjacent pages.
This may have necessitated cutting thru an image and duplicating adjacent
pages to insure you complete continuity.

. When an image on the film is obliterated with a large round black mark, it

is an indication that the photographer suspected that the copy may have
moved during exposure and thus cause a blurred image. You will find a
good image of the page in the adjacent frame.

3. When a map, drawing or chart, etc., was part of the material being

photographed the photographer followed a definite method in
“‘sectioning” the material. It is customary to begin photoing at the upper
left hand corner of a large sheet and to continue photoing from left to
right in equal sections with a small overlap. If necessary, sectioning is
continued again — beginning below the first row and continuing on untii
complete.

. The majority of users indicate that the textual content is of greatest value,

however, a somewhat higher quality reproduction could be made from
“photographs” if essential to the understanding of the dissertation. Silver
prints of “photographs” may be ordered at additional charge by writing
the Order Department, giving the catalog number, title, author and
specific pages you wish reproduced.

.PLEASE NOTE: Some pages may have indistinct print. Filmed as

received.

Xerox University Microfilms

300 North Zeeb Road
Ann Arbor, Michigan 48106



- - - e e — e e o g -

9018Y IW "HOBHY NNV ‘GvOd 8332 'N00E  [RUOTERLIR]]

s

B LT

RS

4l61 **0%d *VWONYINO O ALTOUBATNA 3NL.

e e SRR e R

e, SestopERSE{TATENE 2 veURAD
“ NO YAV INIHIYN 14D. £IV4RT IN4 -GNV WZTI0UANOD

‘S ANTRIVY . 3HE ;40 RISAIVNY . ALIATLIANGS.

 HYTINGEY 212vIn0ey  INVRIVANESND



THE UNIVERSITY OF OKLAHOMA

GRADUATE COLLEGE

SENSITIVITY ANALYSIS OF THE MACHINE'S CONTROLLER AND
THE IMPACT OF MACHINE DATA ON OVER-ALL STABILITY STUDIES

A DISSERTATION
SUBMITTED TO THE GRADUATE FACULTY
in partial fulfillment of the requirements for the
degree of

DOCTOR OF PHILOSOPHY

BY
ABDULAZIZ A. EL-SULAIMAN
Norman, Oklahoma

1977



SENSITIVITY ANALYSIS OF THE MACHINE'S CONTROLLER AND
THE IMPACT OF MACHINE DATA ON OVER-ALL STABILITY STUDIES

APPROVED BY

ngéﬂmﬂ

S 7

727 -7 7

\4&4(&/-———’

DISS'éRTATION COMMITTEE




DEDICATION

This dissertation is dedicated to my wife, Laila Khalid
Al-Mekanzi, for her patience and understanding during the initial
stage of the preparation of this study and who became critically
i11 during this time as a result of the delivery of our first child.
I also dedicate this dissertation to my son, Laith, who I have been

away from since right after his birth, a year and 4 months ago.

iii



ACKNOWLEDGEMENTS

The author wishes to express his sincere gratitude and apprecia-
tion to his Majesty King Khalid Bin Abdulaziz, King of Saudi Arabia and
his Vice Crown Prince, Fahd Bin Abdulaziz for their continuous financial
support to his wife. Appreciation is also extended to Sheikh Mohamed
Al-Nowiser for arranging this financial support.

The author wishes to acknowledge his indebtedness to both of his
advisors, Dr. Marion Earl Council, chairman of his committee and Dr.

John E. Fagan, dissertation advisor, whose direct supervision and instruc-—
tion made this investigation possible. Sincere appreciation is also
extended to the members of the doctoral committee, Drs. C. R. Haden,
Wilijam Kuriger, and A. B. Schwarzkopf for their tutorship and assistance.

Special thanks is due to my parents, brothers and sisters for
their encouragement and unlimited patience during my long stay in the
United States while fulfilling my education pursuit.

The author also appreciates the financial support of the School
of Electrical Engineering at the Riyadh University.

Appreciation is extended to Mrs. Wanda Gress for her assistance
in typing this dissertation and also to Mg. Mary Ellen Kanak for her

assistance in the graphical work.

iv



ABSTRACT

Presented in this work are some modifications of the synchronous
machine by C. C. Young. The development of model III and % was suggested.
A study of the sensitivity analysis of the machine's controller para-
meters and their impact on the machine's controller response was an
object of this dissertation.

Also, the impact of the machine data variation on the overall
system studies is the object of this dissertation. This study could
lead to the characterization of those parameters which do not effect
the machine's controller model and the machine's model for future
studies.
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CHAPTER I

INTRODUCTION AND REMARKS

Present day power systems are large and very complicated. With
the current rise in the demand of electrical energy, power systems will
continue to grow both in size and complexity. Our dependence on elec-
tricity is so great it is essential to have an uninterrupted sgpply of
electrical power within set limits of frequency and voltage levels.

This can be achieved by a well-coordinated operation and planned system.

Therefore, one of the most important steps in power system
Planning is studying the transient and dynamic stability characteristic
of the systems. Stability studies involve the simulation of the be-
havior of generators and their control using a digital computer model
program. The computation cost of this process is a function of the
complexity of the model being used. The value of bus voltages to be
maintained or compensated for load and circuit changes may be of
great importance. Also, generator model complexity effects the accur-
acy of the stability study results which varies with many factors.

The dynamic behavior of the real generators varies in a non-linear way
with the electrical load on the generator.

The parameters of synchronous machine control equipment in a
generation station have a considerable influence on the overall system
performance. The parameters of exciter and governor need to be adjusted

(50)

to satisfy the system from an overall performance standpoint. There~-

fore a carefully chosen model to represent the generator must be accurate



(49)

over a range of operating conditionms. The loads are assumed to be
linear in such stability simulation in order to simplify the solution.
It is well known that the method of supply excitation to systems has an
adverse effect on stability.(33)
Recently, exciter parameters, such as exciter time constaant, TE,
and exciter gain, KE’ were subject to discussion by Francisco P. Demello
and C. Concordia. They noted that the parameters were important as well
as what was the boundary of their values for the exciter determined by
the exciter system stability, hence, machine stability studies.(24)
M. K. El-Sherbing shows 1n his work that the stability of the
system is affected by the excitation system and governor system. Both
are found to have adverse effects on the damping of the system. Of the
two, the voltage regulator has the more detrimental effect; moreover,
the system stability is sensitive to gain regulator.(32) There has been
a lot of work done in the stability area, but there has been a need for
more studies in the literature on the excitation, governor-turbine, and
machine data for purposes of modeling system stability studies. There-
fore, it is important to draw conclusions on the behavior of the machine's
controller as well as the machine upon variation of their data. The end-
result is to study the sensitivity analysis of the machine's controller
parameters and to see their impact on the machine's controller response.
This could help to characterize those parameters which do not contribute
a major change on the exciter and governor-turbine response for future
work. The impact of machine data on the research work that was done in

connection with this dissertation tests the machine's parameters in the

sense that it checks which of these parameters influences the machine's



performance. Hence, this could lead to characterize these parameters

which do not effect the machine model's representation, in their absence.
Chapter II, which is a review, presents some modifications of

synchronous machine modeling by C. C. Young,(2’44) defining new terms

of the machine, stating their physical representation and developing

new model III and %. The synchronous machine model has been classified

based on the assumption used for each model. For instance, the number

of rotor windings being used in machine model II is one, while the number

of rotor windings in machine model IV is four. Therefore, machine model

1 represents the classical machine representation. In a sense the assump-

tion has been adopted in Chapter II. Machine model II is characterized

by transient voltage behind the direct axis transient reactance.,

Machine model III is suitable for a:round rotor machine. It's character-

ized by two rotor windings and transient voltage behind the direct axis

transient reactance. It was stated by H. E. Lokay and R. L. Bogler(sz)

that the priority of machine elements can be classified in the following

order: 1) damping of machine, 2) excitation, 3) saturation, 4) system

damping and 5) speed governor action. The machine damping is the next

most important factor in the stability study over the saturation factor,

tharefore, the idea to develop the machine model III and % is highly

recommendable for digital representation to the stability studies. This

model will be in between machine model II and machine model IV. The

model 1s characterized by three coils in the rotor winding, voltage behind

the direct axis subtransient reactance and no saturation factor being

represented. Machine model IV is a more complicated model. It's char-



acterized by four rotor windings, voltage behind the direct axis sub-
transient reactance and the saturation factor is included.

Chapter III presents a study of data sensitivity amalysis on the
machine controller system using C.S.M.P. computer package for four types
of excitation system (see appendix B) and two models of governor-turbine
(see appendix E). Root locus technique and frequency response technique
are used to study some coupling points of the excitation system data
for the first two types.

Chapter IV presents the impact of the machine's data variation on
the overall system studies. Performance of the four machine model's
simulation (machine model two, machine model three, machine model four,
and machine model five) upon variation of machine five data (figure 4-1)
is the goal of this chapter. The system study is a model of a 345 KV
transmission system typical of Northeast utilities in figure 4~1.(58)
This consists of 10 machines being equipped with an IEEE type I excita-
tion system(a) and a Philadelphia Electric Company (PECO) generalized

(61) It is the EPRI 39 bus, 46 line, 10 generators.(62)

steam and hydro model.
Chapter V presents a summary and the conclusidn of this work and

an indication of those problems which remain subject to further research.



CHAPTER II

THEORETICAL ASPECTS OF SYNCHRONOUS MACHINE 'MODELING

The synchronous machines, both generators and motors, have
several ways to describe their physical characteristics. A complete
description of the dynamic behavior of the synchronous machine requires
consideration of its electrical and mechanical characteristics as well
as those of associated control systems. The necessary mathematical state-
ments as well as a vector diagram will describe the machine's model in
relation to the stability analysis of a power system.

The synchronous machine to be analyized is assumed to be an

(1, 5, 6)

ideal machine proposed by Park. The assumptions are:

1) The stator winding is sinusoidally distributed around the
air gap as far as the mutual effects between theﬁland the rotor
are concerned.

2) Nonlinearities such as the hysteresis and saturation effect
of the flux interlinkage are neglected.

3) The stator-winding self and mutual inductances vary sinu-

soidally as the rotor moves and are of the form phase A.

L, = Laao + Laa2 cos 20 and Ly = -[Labo + L, cos 29] .

The sinusoidal voltage output of the machines demonstrate the validity
of assumption 1.
Basically machines have saturation effects and we will illustrate

how these effects might be included by changing the representation of



the ideal machine.

Recently there has been expressed dome doubt on the validity of
assumption 3 in the case of salient pole machines but there is no evidence
to suggest that it is unsatisfactory for round rotor machines.(27) These
self and mutual inductances include fundamental and second harmonic fre-
quency terms which make the solution really hard but which may be removed
from the equations by using an axis transformation from R. H. Park.(6’48)

At this time there is aneed to define certain quantitieé of the syn-
chronous machine. Basically synchronous machines are classified into
two principle types, round-rotor machines and salient-pole machines.

If the air gap is uniform the machine is called a round-rotor machine.
For example, the steam-turbine generator is a round-rotor type. Salient
pole machines have laminated rotors, to minimize eddy currents, and
round-rotor machines have solid steel rotors, in which eddy currents

can flow. The eddy current flowing in the solid steel rotor of a round-
rotor machine performs the same damping function as the amortisseur
currents except that they cannot be used for starting or for any condition
where dangerous heating might occur. The basic difference in their re-
presentation is that there are now an infinite number of short circuited
windings and the paths that the current take are a complex function of
the frequency of the currents and saturation effects. The current paths
in a round-rotor machine are usually referred to as "iron circuits" and
the current is referred to as "iron current'". It is assumed that the
salient pole machine has the winding structure given in figure 2-1.

The stator has the three phase windings each located 120°

apart electrically. The rotor has one field winding and the damper



Q-Axis

B-Axis

FIGURE 2-1
RELATION OF SYNCHRONOUS MACHINE WINDINGS

windings are represented by two orthorgonally closed circuits. The

_ rotor has two axes that are symmetrical; one axis passes through the
center line of the north pole and is defined as the direct axis; the
other axis is located 90° from the direct axis and is called the quad-
rature axis. The angle @ is the angle between the center line of the
"a" phase and the direct axis.

The installation of damper windings may take many different
physical forms. The generators for one installation were supplied with
a new type of damper winding which consists of a double cage arrangement
in which the outer row of bars is made of high-resistance material and
the inner row of bars is made of a low-resistance material imbedded in
the iron.(z) For double frequency associated with the negative sequence

the copper bars possess a high reactance and, therefore, force most of



the current through the high-resistance bars, but for the low frequency
associated with the system oscillations, the current varies inversely
with the resistance of the damper bars in which case most of the current
flows through the copper winding.

The benefits from high-resistance damper windings will be de-
creased as the fault duration is decreased by the use of faster breakers
and relays. Damper windings also have characteristics which tend to sup-
press spontaneous hunting and to reduce system voltages and recovery
rates arising from short circuit. So in these respects low-resistance
copper dampers are somewhat more effective than high-resistance dam-
pers.(43)

Damping windings have been installed in the salient pole machine
because of the need requirement to increase starting torque for the auto-
matic operation in the case of the motor. It has been found that the
effect of the damper windings on the machine's behavior can usually be
represented by two equivalent short circuit windings. These windings will
carry current when the machine is subjected to a disturbance which causes
the rotor to temporarily depart from synchronous speed.(3)

Electrical torques will be introduced in the case of disturbances
which will help the machine to maintain the stability and to damp out
any oscillations. If a machine loses synchronism and operates continu-
ously out of step, then these windings will continuously carry slip

frequency currents. If the machine is operated under steady state con-

ditions, there is no current flowing in the damper windings.

2-1 Steady State Operation

When an ideal synchroncus machine is operating at synchronous

speed, under balance conditions and in a steady state condition, the



machine's performance can be described by a vector diagram. One form

of a vector diagram is shown in figure (2—2);(28’29’30)

\ .
40 -A

FIGURE 2-2
VECTOR DIAGRAM OF AN IDEAL SYNCHRONOUS MACHINE
The construction of this vector diagram is from the know-

ledge of terminal conditions Vt’ I_, and from machine reactances.

£?
From it one can find out some important quantities such as EI’ the
voltage corresponding to the field excitation, the voltage back of the
transient reactance, &', and the angle between the rotor quadrature

axis and a synchronously rotating axis 6. The reference axis is

arbitrarily chosen when solving the system's steady state equa-
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tion. All of the individual machine's axis and system phasors are measured
in reference to reference axis §. Under steady state conditions all amortis-
seur current and brake torques are equal to zewo. The vector diagram, figure
2-2 could be adapted for either a salient pole machine or a round rotor
machine. The only difference which affects the vector diagram is that

the quadrature axis synchronous reactance xq and direct axis synchronous

reactance x, are almost equal numerically for an ideal round rotor ma-

d
chine. Otherwise, the diagram is the same as that of the salient pole
machine.

The effect of saturation has been shown to be important im an
analysis of the steady state performance of synchronous machines.
It is necessary during a transient oscillation to include the effects
of generator saturation. Most transient stability analyses are
made on the basis of conctant field flux linkages during the first swing
of the machine. The effect of saturation is very important when repre-
senting the excitation system because it directly influences the initial
operating conditions of the excitation system.(l) Saturation effects
are very complex. There are several methods to represent the saturation
effect in the calculation of other values.

Most methods used for the analysis of a machine'e performance use
a single index of saturation together with an open-circuit saturation
curve of the machine so as to estimate the saturation effect on the field
current. One index usually adapted is the Potier voltage which will re-
present the voltage back of a reactance called the Potier reactance Xp.(z)
The Potier voltage E% is shown on figure 2-3,

The magnitude of this voltage is used to estimate the difference

between the actual field current and the field current predicted when
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saturation is neglected. This difference, e is, therefore, added to
the field current determined by neglecting saturation. So as to predict

the actual field current figure 2-3 has been illustrated.

o
m
-

FIGURE 2-3
OPEN CIRCUIT SATURATION CURVE#*

*es.equals per wnit saturation mmf corresponding to the voltage
back of Potier reactance X .

Figure 2-4 illustrates the machine vector diagram showing e,
voltage. So far almost all of the methods in common have been using
predicted field currents which are very close to measured values. This
implies that no unique method has been adapted to represent the main

field saturation for the purpose of stability analysis.



\ d-Axis

FIGURE 2-4
SALIENT POLE VECTOR DIAGRAM
INCLUDING EFFECT OF SATURATION

2-2 MACHINE REPRESENTATION FOR STABILITY ANALYSIS(Z)

A synchronous machine characteristic in relation to the stabi-
lity study has a practical assumption regarding machine model interface
with the exciter and the network. In describing the machine's model,
with taking care of the saturation effect, it will be required to
also represent the transmission line and transformer in detail. Onm
the other hand, implying that it increases the complexity of the compu-
tation to the point that only a relatively simple system could be repre-
sented on even a large scale digital computer, it leads to higher compu-
ting costs without gaining many benefits. The simplification of the

particular type of study being made needs to be recognized and as many
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appropriate simplifying assumptions as possible need to be made. There-
fore, the assumptions that are made for a stability analysis may not be
used as well in the other kinds of studies, hence, one has to be care-
ful in using a stability program for other branches of study.

There are some assumptions that can be made that are acceptable
for power system stability analysis regardless of the detail of repre-

3 These

sentation of the control systems, the load or the machines.,
are:

1. Only fundamental frequency current and voltage, in this

case d.c. and second harmonic components of the phase current

and phase voltage, are represented in the stator and the connected

system. Therefore, the d.c. offset current and the rest of
harmonic currents and voltages are‘neglected.(l)

2. The effect of machine speed variations is neglected.

3. Symmetrical components will be used in the representation

of an unbalanced condition.

The first assumption assumes that all of the machine and system
voltages and currents can be represented by a vector diagram. Generally,
this first assumption gives substantially correct results for stability
analysis with one important exception. This is that during a fault
which occurs near the machine terminals, a significant amount of d.c.
offset current may be produced in the machine stator and, therefore, a
significant electrical torque may be produced by this current.(a) This
"d.c. offset torque" decays rapidly. Its magnitude is large and will
have an important effect upon the actual machine angle and eventually

the velocity will change during the fault. The generator when

its torque is neglected gives conservative results (a system more
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likely unstable than it may actually be), system designers often feel a
desire to have some representation of the effect of the d.c. offset tor-
que during a fault. This can be accomplished by making a separate and
special calculation of this torque, in other words, we could correct

the electrical torque during the fault period.

The third assumption represents the system by a symmetrical
component model. This assumption reduces the calculation time of the
model substantially.

These machine equations are relatively complex and taking in
a large system these equations need further simplifying assumptions.

The studies indicate(z)

for specific situations, other simplifying
assumptions might be necessary with little effect on the result. Obvi-
ously, if the situation changes, the assumptiohs might have to change
too.

To have an idea of what some of these assumptions might be and

their effect upon the representation, five classes of models have been

chosen. Four of the five models presented include most of the models

currently being used for stability analysis.

2-3 Model I
In addition to the previous assumptions we could have the fol-
lowing assumptions:
1., The voltage behind the direct axis tramsient reactance is
constant in magnitude but, of course, not in phase.
2. All generators in the same power plant have to be represented
as one machine.

3. The amortissuer winding effects are neglected.
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4., Stability is determined by the first swing of the machine

including those with the longer period.

5. Damping torques are neglected.

6. Armature resistance is neglected.

The resulting model is the so-called classical machine represen-
tation for transient stability analysis. The vector diagram in figure

2-5 and the equations (2-1) and (2-2) will represent the "classical

model”.
ds
il (2-1)
dw _ 180f (T - T, + Kw) (2-2)
dt H

where Tm is the mechanical torque (per unit); Te is the electrical tordue
(per unit); & is the angle between the q axis and the synchronous refer-

ence (degree); and H is the inertia constant (MW - seconds/MVA). K is the

damping factor.

€= ¢
="Q _ _ - q-Axis

[
d - Axis 008\ %

FIGURE 2-5
VECTOR DIAGRAM OF MODEL I
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Assumption one represents a great simplification of the synchron-
ous generator in which transient saliency and saturation are neglected.
Therefore, the rational of this assumption depends largely upon a good
regulator and exciter that can maintain constant voltage behind a tran-
sient reactance and secondly, the assumption depends on the severity as
well as the duration of the fault.. For severe, long duration faults
(greater than 6 cycles), a constant voltage behind transient reactance
is often optimistic and the classical model may not give a proper indi-
cation of stability.(z) Therefore, this representation is not good for
dynamic stability studies where the damping is an important consideration.
The amortissure currents contribute positive damping effect and thus, the
damper winding effects the interaction of the field and stator. Also, the
assumption of constant field flux linkages would not be added to the value
of the representative model for it to represent the damper winding effect.
Therefore, the amortissure effects need to be represented as well as the
fixed field transient by an equivalent damping coefficient in the torque
equation which is represented by Kw in order to give reasonable results.
Saliency can be shown to have little effect on the power 1imit.(54’55)

Saturation in the synchronous machine has only a minor effect on
transient stability because the currents induced in the rotor circuits
by changes in the stator currents tend to maintain constant flux linkages
in the rotor circuits.(ss)

The period of swing of the machine is short and the motion of
the machine was calculated only to the crest of the first swing (one
second or less). In so short a time, the effect of speed governors is

negligible.
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With the assumption of the machine's combination, it is quite
true that if two or more similar machines are connected to the same node,
they may be represented by a2r equivalent machine whose resistance and
reactance parameters are obtained by treating them as if the correspond-
ing resistances or reactances of the individual machines were connected
in parallel. The equivalent inertia constant is the sum of the inertia
constants of individual machines.(é)

The conclusion is the classical model is suitable for some
transient studies. However, it may be neeessary to use a more compli-
cated model which would result in more reliable stability studies.

The advantages of model I are:

1) There is a simple approach toward transient stability.

2) It requires less computer time.

3) Data requirements are minimum (see table 2-1).

4) This model is adequate for studying first swing transient

stability.

The disadvantages of model I are:

1) The voltage behind the transient teactance is constaat im-
plying that there is abundant exciter action, therefore, we
may lose the affect of exciter on the machine and that may
cause questionable results.

2. It is very difficult to judge whether the results obtained

are conservative or not.

2~4 Model II e
In addition to the previous assumptions we could make some addi-

tional assumptions.
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1) All generators in the same power plant are represented as

one machine.

2) The amortissure effects are neglected.

3) Dampihg torques are neglected.

4) Armature resistance is neglected.

The vector diagram for this model is shown in figure 2-6 and the
dynamic equations are shown in equations (2-3), (2-4) and (2-5).

de'

-1 (E,-E) (2-3)
4= Pra " Fp
do
Efd is the exciter output.
ds
L=0 (2-4)

do _ 180f (T_~- T_+ Ku)
dt H m

(2-5)
In the vector diagram the cecrrection for field saturation ey is
a function of the saturation index, where the saturation index is Potier
voltage which has been exposed. The function used might be the open-
circuit saturation curve, which was described earlier under the steady
state vector diagram. The method used for representing saturation
during stability analysis must be consistant with the steady state model.
At any instant of time the angel §, rotor angle, and the magni-
tude of the field flux linkages e& are known from the solution of the
dynamic equation (2-3). Therefore, it.is necessary to find a value of
Eq which will simultaneously satisfy the known conditions for every
machine and the system conditions. Once Eq is known the field current

can be found from the vector diagram relations. The field voltage and

field current, calculated from the excitation system equation (2-3),

can be used to predict the change in eé.
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FIGURE 2-6
VECTOR DIAGRAM FOR MODEL II

The assumption of ignoring the amortissure currents implies that
the amortissure damping is being ignored too as well as neglecting the
shield effect of the amortissures between the field and stator during
transient. The damping contributed from the armature is primarily of
significance upon the inter-unit damping of closely coupled machines.

The contribution to the inter-system damping is not as large. Therefore,
the effect of amortisseur damping can be approximated by adding an equal
element damping coefficient to the motion equation (2-5) in order to
have a better solution. The shielding effects of the aﬁortisseurs are
relatively unimportant for rotation exciters, but it may be relatively

unimportant for rotating exciters, but it may be relatively important
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(26)

for some static exciter systems. To be more secure and avoid the
doubt of the shielding effect, a more complicated model needs to be
represented.

The advantages of this model are:

1) It exposes the representation of field tramsients, in other

words, saturation effects are included which are a more accur-

ate representation.

2) 1t is the simplest model to use for dynamic stability
studies.(2’44)
3) It requires a fair amount of machine data (see table 2-1).
The disadvantages of model II are:

1) It requires more machine data than the previous model.

2) It requires more computing time than model I.

2~5 Model III &

This model is concerned particularly with round rotor machines
(with solid iron rotors). The damping of the round rotor machine is
provided by iron circuits while the salient machine eliminates these
iron circuits.

The additional assumptions that are required are:

1) The armature resistance is neglected.

2) All generators in the same power plant are represented as

one machine.

3) Transient saliency is neglected.

4) The quadrature axis iron circuit is represented by a single

circuit whose constants are established for a rotor current fre-

quency of one hertz.
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This model will be represented by vector diagram figure 2-7 and

dynamic and algebraic equations (2-6), (2-7), (2-8), (2-9), (2-10), (2-11)
and (2-12).

N\
N\
\
\
FIGURE 2-7
VECTOR DIAGRAM FOR MODEL III
' = ' ' jut 2-6
& (eq + Jed) e (2-6)
deg 1 (E., - E,)
3= (Bgy I (2-7)
t T
do
de'
4.1 CEp (2-8)
d T
t o
= v . - ' 2"9
E; = E} (xq xq) Iq (2-9)
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= E! - x! 2-10
Eq Eq + (xd xd) I; + e ( )
as _ 2-11
T ( )
do _ 180f . _ 2-12
Friia (T, - T, + Ku) ( )

liote equation (2-6) can be written in general form if we don't accept
ignoring the saliency transient.

(44)
& = e + 3oy - () - xp 1 Nl

Therefore, at any instant of time all of the quantities are known.

Strictly speaking, x& and xé have quite different values, but
trouble comes about if they are not equal because iq needs to be found
as well as €'. The procedure might be to assume a value of &' and solvethe

(2)

system equations. The question is how far are we right when assuming

the value for é'. Therefore, it is practical to only assume that x&==xé.
Model III can be represented as model I if we assume that inter-
nal voltage behind the transient reactance is constant.
As it has be shown, model II was derived with neglecting all
damping winding or iron circuit effects. Therefore, amortisseur damping

was not represented directly in the equations. But model III represents

directly the major part of this form of damping by representing the quad-

rature axis iron circuit whose conétants are appropriate for the usual
order of magnitude of inter-unit oscillations. At no load all of the
amortisseur's damping is produced by the quadrature axis iron circuit
whose constants are appropriate for thg usual order of magnitude of inter-
unit oscillations. At no load all of the amortisseur's damping is pro-
duced by the quadrature axis iron circuit. At full load, for the usual

range of reactances, the quadrature axis irom circuit continues to pro-
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vide a major amount of this form of damping. X& and Xa

so as to represent more of the total damping effect of the iron circuit

can be adjusted

and for other frequencies. This requires information which is not avail-
able.
The advantages of model III are:
1) Representation of the quadrature axis iron circuit may pro-
vide a direct representation of damping, hence, a better result.
2) This model is used only for a round rotor machine where the
field effects are represented and where a direct representation
of inter-unit damping is desired.
3) It is simple and accurate enough to use for all kinds of
stability studies.
The disadvantages of model III are:
1) Model III requires more computing time than does model II.

2) It requires more machine data (see table 2-1).

2-6 Model III & 3

This model represents the damper winding of the machine in both
the direct and quadrature axis.

The additional assumptions that are needed are:

1) The armature resistance is neglected.

2) All gemerators in the same power plant are represented as

one machine.

3) Saturation is not represented.

This model is illustrated in vector diagram figure 2-8 and dyna-

mic equatdions as well as algebraic equations (2-13), (2-14), (2-15),



(2-16), (2-17), (2-18), (2-19) and (2-20).

equations see appendix A.

"o -
eq (xd

q

n o - Mt
e3 (xq xq) i

xg) id +e
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ql

| I - 3
e (xd x&') id + eql+[

de; eq, [x
e

dt Tdo x
"

4, _ed

dt qu

as _

ac ¢

do _ 180f (Tm - Te + Kw)

dt H

Fok
eql’ eq2 and ed

+ e

*4

%%

q2

- 3!
Xd Xd

) %q2

For derivation of these

(2-13)

(2-14)

(2-15)

(2-16)
(2-17)

(2-18)

(2-19)

(2-20)

have been defined in Appendix A.

The relative importance of representing damping winding over re-

presenting the saturation, amortissure winding has been represented; one

winding in each of the direct and quadrature axis.

The next model, model

IV, will consider the saturation effects in addition to this model.

The advantages of model III & X% are:

1) Representation of damping winding in direct and quadrature

axis will provide a direct representation of damping, hence, a

better result.

2) It is modern, simple and sufficient enough for using in

stability studies of the machine's representation.
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The disadvantage of model III & ) is it requires more machine

data (see table 2-1).

FIGURE 2-8
VECTOR DIAGRAM FOR MODEL III & %

2-7 Model IV

Model IV is the most complicated model so far. To define this
model, in addition to the three assumptions stated previously, the fol-

lowing assumptions are made.
1) Machine subtransient saliency is neglected, that is x; = xg.
2) The braking torque is neglected.
3) All generators in the same power plant are represented as one

machine.
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Assumption one is valid for a round-rotor machine, but for sa-
lient pole generator xg, it is some what larger than x|, but the effect
of assuming that xg = xg is negligible for stability analysis.

The vector diagram is represented in Figure 2-9. Dynamic equa-
tions as well as algebraic equations are represented as equations (2-21),

(2-22), (2-23), (2-24), (2-25), (2-26), (2-27), (2-28), (2-29) and

(2-30).
Ag = e} (2-21)
" .
2% = X + (u)(el - X )
d kd xé - X q kd (2-22)
de' 1
& T Ty (Egg ~ Ep) (2-23)
drkd I L C xz)2 , (2-28)
at | ( -
(x§ - xg) T4, "kd
d"
dea _ 1 (Ep (2-25)
dt ™
qo
= af - -
EI = eq + (xd xc'l)(id ikd) + e, (2-26)
ik (x! - xg
d W '[Akd eq + (xd xz)id] (2-27)
E = " + - " i -
d = 4 (xq xd) q (2-28)
dé
E = W (2-29)
_g_c_:_ . 1sgf (T, - T) . (2-30)

It has been shown that this model represents subtransient

amortisseur in both direct and quadrature axis. Amortisseurs are repre-
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FIGURE 2-9
VECTOR DIAGRAM FOR MODEL IV

sented in both axes and subtransient saliency is neglected. Of course,
the equations will change, but the vector diagram will not. Also, the
technique for solving the system equations will not change. This model
requires ten items of data in addition to the data needed to represent
saturation.

At any instant of time, the angle §, the direct axis components.
of subtransient flux A"

q’ and the quadrature axis component of subtrarnsient

flux A; are known. Therefore, &" is known. Thus, the representation



28

be¢omes that of a constant voltage behind a constant subtransient
reactance at any point in time.(z)

Therefore, this representation is as simple as that of model I
as far as the solution of the system equations is concerned. Once the
system conditions are determined, it is a simple process to compute the
rotor and stator currents as well as the variations of the rotor flux
linkages.(z) For round rotor machines, it is necessary to represent two
quadrature axis iron circuits so as to be sure of a complete represen-
tation of the damping effect.

The advantage of this model is it represents the field effect
and amortisseur effect implying a more accurate solution than others.

The disadvantages are 1) since it so complicated, computing cost
compared to the other models is high; 2) a large amount of data is needed
which probably discourages many power system engineers from adapting this

model (see table 2-1).



29

CONSTANTS | MODEL I | MODEL II | MODEL III | MODEL III &% | MODEL IV
X 4 - - x X X
X('1 X x X X X
X:i' - - - x X
Xq - - X X X
X:1 - - - x X
X:l' - - - X X
T('10 - - X x x
TSO - - - X X
Tc'lo - - X - x

:.;o - - - x x
H X X X X b4
K X X X X -
R - - - - -
X!, - - - - X

TABLE 2-1

MACHINE PARAMETERS USED FOR EACH MODEL



CHAPTER IIL1

SENSITIVITY ANALYSIS OF MACHINE CONTROLLER

3~1 Introduction to the Excitation System

The field windings of synchronous machines are provided with
direct current from d-c devices called exciters. The excitation system
is the source of field current for the excitation of the principal
electric machine, including the means for its control. An excitation
system, therefore, includes all of the equipment required to supply
field current to excite an a-c generator.(23)

Loss of excitation of an a-c generator generally means that the
generator will act as an induction generator for only a limited amount
of time. Therefore, a reliable source of excitation is essential.

The common way of providing exciter is for each a-c generator to have
its own exciter. Another way, which is impractical, is to have an
exciter bus fed by a number of exciters operating in parallel and which
will supply power to the fieids of all a-c generators in the station.(3)

Several types of excitation systems provide automatic voltage
regulation for a-c generation. The physical configuration is discussed
as well as the four models of computer representing the excitation
system. It is well known that the excitation system does effect the

stability of the machine.(ZA)

The lack of excitation data for purposes
of modeling system stability studies has a severe impact on the stability

studies being conducted.

30
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Hence, data sensitivity of the excitation system in the sense
of the effect of each parameter to the response of the exciter will be
considered. In other words, the study on the behavior of the exciter
models, considered to be a mathematical representation of almost all
kinds of excitation systems (see appendix B), are classified by the IEEE

(8)

committee as four models. Each of the four models have a non-linear
term represented by the exciter saturation factor as well as a hard
limiter. Therefore, the simulation technique has to be adap;ed to deal
with this kind of system. Root locus and frequency response technique
have been used for certain sample points because their responses are
reserved only for linear systems. The aid of the digital computer,

C.S.M.P. package,(lz)

enables us to simulate the mathematical represen-
tation of the excitation system. C.S.M.P. has three main sections
regarding the executing of the problem. The initial section provides
the initial conditions of all the variables; the dynamic section is
where the integration subroutine is applied to solve the governor's
equation; the terminal section is involved with the control statement,
plotting, printing, etc. The output listing of programs for all exciter
models, shown in appendix C, was used for the simulation.(47) This
program provided us with the results of the effect of each parameter
variation to the exciter response.

To see how that can be done, let's take one parameter of the

exciter and that will be regulator amplifier time constant, T The

A.
simulation program enables us to vary the value of TA by fourty-one values.

That is accomplished by incrementing TA by TA + ATA. So we have to have

fourty-one exciter responses, in other words fourty-one computer runs.
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The new variable named by system time constant "TC" needs to be defined
simply to furnish fourty-one exciter responses in one single curve rather
than having fourty-one individual computer runs for varying only one para-
meter. That can be done by defining TTC = (1 -_e-l) multiplied by the

steady state value of the system. TT, is an acceptable operating point

c
at the exciter response. Therefore, we use the TTc as a comparative
quantity with exciter output, as seen in figures (3-2) and (3-3). So
whenever the exciter response is equal or greater than the T, quantity
it causes the computer to record the value which is the system time con-
stant. Each exciter response can be characterized by system time con-
stant T, and that enables us to see the system time constant variation
in one single curve versus the time axis which really represents fourty-
one exciter responses due to varying one single parameter. A typical
exciter response is shown in figure (3-1) with a incremented change of
AA. So each incremental of AA corresponds to a new exciter response.
The same thing can be carried over to the rest of the other exciter -
parameters. Exciter models behavior regarding given data is shown in

table (3-1).

Etd

b 5
: TA 1 TA=TA+ATA ='EQ=1]\i-21¥ﬂA
! > ! — : —p
Tc = Time ! Tc = Time ! Tc = Time ! )
FIGURE 3-1

TYPICAL EXCITER RESPONSE
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Te &S g ——

K&

—— — —

Time

FIGURE 3-2
ONE-TO-ONE RELATION OF TC AND TIME

A

Exciter TTC
Output

-

Tc Time

FIGURE 3-3
RELATION OF SYSTEM TIME CONSTANT AND EXCITER OUTPUT

3-2 Exciter Type I

Figure (3-4) illustrates the behavior of exciter model, type I,
upon changing the regulator input filter .time constant, TR. Physically

TR is the combined time constant of the regulator input filter of the



« EXCITER TYPE 3

EXCITER TYPE &4

EXCITER EXCITER TYPE 1 EXCITER TYPE 2
PARAMETER k& Max Min *% Max Min k% Max Min *% Max Min
TR 0.00 .08 0.000 0.00 .08 0.000 0.00 .08 0.00 - - -
K.A 40.001150.00 1.000 40,00/100,00 1.000 40,00{150.00 1.00 - - -
:A .02 0.40 .000 .02 1.00 0,000 .02 0.00 .50 - - -
Kf 0. 03 030 0003 .03 .03 - 003 030 .01 - - -
KE 1,00 5.00 .010 1.00 3.50 .100 1.00] 15.00 .01 .10 2.0 -,01
Tb .73 5.00 .010 .73 3.50 .100 .73 5.00 .01 .0l 5.0 .01
SEmax 074 - b .74 - - .74 - - 085 - -
Tf 1.00 5.0 .010 - - - 1.00 5.00 .01 - - -
1
Tf - - - 1.00 5.00 .010 - - - - - -
2
**original exciter data
TABLE 3-1

EXCITER DATA

»C



8. 04— Exciter output shows a very slight change with
varying TR
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exciter. By inspecting the figure regulator input filter time constant
TR doesn't contribute a significant effect on the system time constant
of the exciter system. In other words, the output of the exciter does

not effect it by changing T The reason is, as we know the nature

R
design of the time constant TR, that it has a very small value. There-
fore, its pole location, in a S-plan configuration, is an infinity
relative tothe other parameters of the exciter. Thus, it does not con-
tribute a significant change on the exciter output.

Figure (3-5) shows the behavior of exciter model, type I, upon
changing the regulator amplifier time comstant, TA‘ Physically TA is
the combined time constant of the exciter amplifier system. Looking
to the figure, system time constant of the exciter shows a slight change
upon changing the regulator amplifier time constant, TA' The reason, as
we know the nature design of regulator amplifier time constant, TA, is
that it has a small value compared to other parameters of the exciter.
In other words, its pole location in the S-plan is far with respect to
the others. The result is that there is little effect on the exciter
output.

Figure (3~6) shows the behavior of exciter model, type I, upon

changing the feedback time constant, T Physically TF is the combined

F.
damping time constant of the exciter. Again looking to the figure, feed-

back time constant, T_, does not contribute a significant value to the

F’
system time constant of the exciter model. In other words, the output of
the exciter is not effected by changing TF. Damping feedback transfer

function can be plotted in frequency response. The Bode diagram will

show the pole effect cancelled by the existing zero. If we have zero
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located at the origin of the axis, they will cancel the effect of each
other. This is why the feedback time comstant, T_,, does not contribute
any change to the exciter output.

Figure (3-7) shows the behavior of the exciter model, type I,
upon changing the regulator gain, KA' Physically KA is the combined gain
parameter of the exciter amplifier system. By inspecting the figure
regulator gain KA shows that the lower value of KA does effect the output
of the exciter, while the higher value of KA does not contribute any
change to the exciter output. The reason is that the existing hard
limiter probably takes action which is recommended to limit the value of
KA‘

Figure (3-8) shows the behavior of the exciter model, type I,
upon changing the exciter time constant, TE. Physically TE is the com-
bined time constant of the exciter system itself. Looking to the figure,
exciter time constant, TE’ shows the linear relationship with respect
to the exciter output. This is the most dominant parameter. It is clas-
sified by a greater value than TR and TA' The reason for this is that
it plays a very strong role on the characteristic of the equation of the
exciter system under the assumption that nonlinearity is not defined.

Figure (3-9) shows the behavior of the exciter model, type I,
upon changing the damping gain parameter, KF. Physically KF is the
equivalent damping gain parameter of the exciter. Looking to the figure,
the feedback gain parameter, KF’ shows exponentially the changing relative
to the system time constant of the exciter. In spite of knowing that the

feedback parameter plays a strong role on the exciter model’s stability

as well as the nature value of KF is so high relative to other values, I
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could say it is very hard to predict the reason of KF's change exponen-
tially bearing in mind that the hard limiter exists, thus, nonlinearity
is defined.

Figure (3-10) shows the behavior of the exciter model, type I,
upon changing the exciter gain parameter, KE. Physically KE is the
equivalent gain parameter of the exciter system itself. Looking to the
figure, the gain parameter, Kgs shows an almost linear relationship
with the exciter response. It is the most dominant parameter of the
exciter system model. Simply, it shows the variation with the exciter
output. Secondly, it represents the term A.n of a characteristic equa-

tion which makes it an important parameter.

3-3 Exciter Type II

The behavior of the exciter model, type II, upon changing the

regulator input filter time constant, T_, is shown in figure (3-11).

R’
Looking to the figure, TR does not contribute a significant effect on
the system time constant of the exciter system. Therefore, the output
of the exciter would not be effected either. The reason its value is
so small is that you can hardly see its effect on the system's behavior.
Figure (3-12) shows the behavior of the exciter model, type II,

upon changing the feedback time constant, T Looking to the figure

F
the feedback time constant, TF, does not contribute a significant value
on the system time constant of the exciter. Therefore, the output has
not been effected by changing TF. This is because of the small value of
TF as well as the adverse effect of the existing zero.

Figure (3-13) shows the behavior of the exciter model, type II,

upon changing the regulator gain, Looking to the figure regulator

KA'
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gain parameter, , shows that the lower value of KA does effect the

Xa
output of the exciter, this is the same as type I, while the higher value
of KA does not contribute any significant change to the exciter output.
This is because of the hard limiter's involvement.

The behavior of the exciter model, type 1II, upon changing the
exciter time constant, TE’ is shown in figure (3-14). Again, the ex-
citer time constant, TE’ shows the linear relationship with respect
to the exciter output, which is the same as type I. It is the most
dominant parameter which one would expect. Discontinuity exists at the
end of the curve which shows that the exciter output at a higher value
of TE is less than the defined operating point, EfDITC.

Figure (3-15) shows the behavior of the exciter model, type II,
upon changing the exciter gain parameter, KE' Looking to the figure, the
parameter, KE’ shows an approximate exponential relationship with the
output. Again, it is also the most dominant parameter of the exciter
and it has an adverse effect on the exciter response.

Figure (3-16) shows the behavior of the exciter model, type II,
upon changing the regulator amplifier time constant, TA. Looking to
the figure the system time constant of the exciter shows a slight change
upon changing TA, obviously TA is a larger value than TR' Therefore, it

has to effect the exciter output as its value is increased.

3-4 Exciter Type III

Figure (3-17) shows the behavior of the exciter model, type III,
upon changing the filter regulator time constant, TR. Looking to the
figure, the filter regulator time constant, TR’ does not contribute any

significant effect on the system time constant. It states early its
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nature design of a small value, abundant on its effect of the exciter
system's behavior.

Figure (3-18) shows the behavior of the exciter model, type III,
upon changing the regulator amplifier time constant, TA‘ Looking to the
figure, the regulator amplifier time constant does not effect the exciter
response in this model, while it does show a slight effect on the pre-
vious two models. Appendix B shows the differences between type II and
type III which is why we have a different result. Figure (3-19) shows
the behavior of the exciter model, type III, upon changing the feedback
time constant, T

F This figure shows that the system time comstant does

not change under changing the feedback time constant, T Thus, all

F.
three models show that the system time constant does not change under

changing feedback time constant, T

P for the same reason stated previously.

The behavior of the exciter model, type III, upon changing the
regulator gain parameter, KA’ is §Pown in figure (3-20). Upon changing
the value of KA the system time constant does show a change at the first
portion of the curve while it became steady at the rest of it. So, the
exciter output is sensitive to the smaller wvalue of KA’ KA shows the
same behavior with all three models.

Figure (3-21) shows the behavior of the exciter model, type III,
upon changing the feedback gain parameter, KF' The system time constant
decreases exponentially with the increase of the gain parameter, KF'
this is because of the nature values of the data set assigned to the ex-
citer system of this model.

Figure (3-22) shows the behavior of the exciter model, type III,

upon changing the exciter time censtant, T The exciter time constant

E-
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is the one most dominated by the exciter response, as seen in the figure
that a linear relationship does exist between them. Also, the fact
of its value makes it play a.étrong role on the characteristic equation.
Figure (3-23) shows the behavior of the exciter model, type III,
upon changing the exciter gain parameter, KE. Again the exciter gain
parameter is the one most dominated by the exciter response. It almost
has a linear relationship with the exciter response. It plays a very
strong role in the characteristic equation of the exciter system under

the assumption that nonlinearity does not exist.

3-5 Exciter Type IV

Figure (3-24) shows the behavior of the exciter model, type IV,
upon changing the exciter time constant, Tg. Again T has a linear
relationship with the exciter response. This is reflected in its impor-
tance on the characteristic equation of the exciter system. KE shows
a linear relationship of this model too. The conclusion is that TE

and KE are the most important parameters of the excitation system for all

model types.

3-6 Linear Technique

The root locus technique and frequency response technique have
been implemented to help in the understanding of the behavior of the
exciter data. We are dealing with a nonlinear system but it is worth
while to determine, for some sampling point of data, how the roots of the
characteristic equation of a given system migrate about the S-plane as the
parameters are varied. It is useful to see the behavior of the exciter

model by adapting both root locus technique and frequency response technique.
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The root locus method provides the engineer with a measure of
the sensitivity of the roots of the charactéristic equation to a varia-

tion in the parameter being considered.(15’14)

Hence, it leads us to
see the system performance of a relative stability of the excitation
systemn.

Computer facilities provided us with the solution of the above

techniquet(ls)

Another approach to test the relative stability of a
system is the frequency response method. The advantage of it is the
availability of sinusoidal test signals for a different range of fre-
quencies and amplitudes of any given transfer function. Computer faci-

lities provided us with the solution of this technique.(ls)

The close
and open loop transfer function of the excitation system are (for the
first and second type) in equations (3-1), (3-2), (3-3), and (3-4).

The close loop transfer function of the exciter type I is shown

in equation (3-1).

Efd _ KA (L+sT

Avt

£
3

- 2
ST T, Tp + 57 [(Kp+ 5 T, T+ T(T, + 1)) +

s [(Tp + T (K +Sp) + T, +K, KFTI- (R +5p) (3-1)
The open loop transfer function of the exciter type I is shown in

equation (3-2).

@ = Ky K S
(1+5S TA) (KE + S TE + sE) (1 +S Tf) (3-2)

The close loop transfer function of the exciter type II is shown

in equation (3-3).
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2
E KA (1 + Tf S)

£d _
Avt 2 o b <3 2 2
S1, 5%+ [p T, (Rp+sp + Ty To + 2T, T, T,]

TE T

2 ¢ 2
S [Tf (Rp + Sp) + 2T T, (Rg + Sp) + 2T T, + T, Tp

+ K, TE_KA]+St2 T, (Rg +Sp) + T, (K, + Tp + T

+ K Kp K, + 85 K, Kf] + (KE + SE) (3-3)
The open loop transfer function of the exciter type II is shown

in equation (3-4).

S K, K
@ = A N

B 2
a+ TfS) 1+s TA)

(3-4)

Figure (3-25) shows the root locus of exciter type I behavior of
a given value of the exciter parameter. There are three poles and one
Zero located at S-plane with the Zero located at the value § = 0.0.
Therefore, the segment of the root locus exists on the real axis between
S =0.0 and S = -1.0 in which is the first loci. The second segment of
the root locus exists on the real axis between S = -2.34 until break-
point, at S = -26.0, at real axis and then it goes to positive infinity
which is the second loci. The third segment of the root locus exists on
real axis between S = -50.0 until the breakpoint, at S = -26.0, at real
axis and goes to negative infinity which is the third loci. The arrow
shows the direction of loci in the curve. Fourteen different sets of
data have been conducted. These data have been already used on C.S.M.P.
simulation, on exciter model type I. It has been found that as the exci-

ter parameter increases incremently, it has resulted in a breakpoint in-
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crease too. The loci breakpoint is varying from S = =26 to S = -10 at
the real axis. This shows that as the exciter parameter values increase,
they become more dominant. Exciter model type I is stable in the sense
of root locus analysis in which all loci at the left side of the S-plane
satisfies the stability condition. The slower response has dominated
the characteristic equation of the mcdel, while the faster response

has had a less effect on the characteristic equation of the exciter
model.

Figure (3-26) and (3-27) show the Bode Diagram of the exciter
model type I behavior of a given data set of exciter parameters. The
gain and phase margin are easily evaluated from the Bode diagram. The
critical point for stability is u = -1, y = 0 in which the GH(jw) plane,
which is equivalent to a logarithmic magnitude of Odb and phase angle
of 180° in the Bode diagram. TFigure (3-26) and (3-27) represent the
results of an assigned data set; this data set has been used in C.S.M.P.
simulation of exciter model type I. It shows the phase margin is 70° while
the gain margin is high. Based upon this result, the exciter model is
stable. In addition, there has been fourteen data sets conducted. Also,
these data sets have been used in C.S.M.P. simulation of exciter model
type I. Their results were phase variance as well as amplitude of the
Bode diagram. This causes the critical points to vary too. The phase
margin, of fourteen data sets, is tolerated between 40° to 70° and that
satisfies the stability condition. It is extremely hard to correlate
the results obtained by C.S.M.P. simulation of a nonlinear system with
results obtained by linear techniques although it did give a slight

indication of model behavior.



66

PHASE IN DEGREES
-30

-60

26098606
«120 «-90

-180

PROBLEN SDENTIF ICATION = FRESP EXCITER TYPE |
=180

ABSCISSA ~ RADIAN FPREQ. IN POWERS OF TEN

FRECUENCY RESPONSE

lllll ¢ - - X ’

-3
(-}
3

&

FIGURE 3-26

BODE DIAGRAM FOR EXCITER TYPE I



67

ANPL ITUDE IN POWZRS OF TZN

- S D SR A T e T G e T W U B T G GO PP ST T e e . T S e B S T G B s Bt P WP S B Mty e P e e G Gt s e Wt D B S ey TP ek B O SR D T W B Pee e T > P

- = S o - e = - =5 S = S € =y

—— . > W e S W B G W - S B - s - -

FIGURE 3-27
BODE DIAGRAM OF EXCITER TYPE I



68

Figure (3-28) shows the root locus of exciter type II behavior
of given values of the exciter parameter. There are three poles and one
Zero located at the S-plane with the Zero located at the value S = 0.0.
Therefore, a segment of the root locus exists on the real axis between
S = 0,0 and S = -.917 which is the first loci. The second segment of the
root locus exists on the real axis between S = =.917 until breakpoint, at
S = -10.5, at real axis and goes to positive infinity which is the second
loci. The third segment of the root locus exists on the real axis be-
tween S = ~20.0 until breakpoint, at S = -10.5, at real axis and goes to
negative infinity, which is the third loci. An arrow shows the direction
of loci in the curve. Fourteen different sets of data have been conducted;
these data have been already used on C.S.M.P. simulation on exciter model
type II. It has been found that as the exciter parameter increases in-
cremently the resulting breakpoint increases too. The loci breakpoint
varies from § = -10.5 to S = -1.25. This shows that as the exciter para-
meter values increase, they become more dominant. Thus, exciter model
type II is stable in the sense of root locus analysis in which all loci,
of the fourteen sets of data given (two of which are not stable) in the
C.S.M.P. simulation program, is at the left side of the S-plane which is
the necessary condition to satisfy the stability of any system. Again
the slower response in exciter model type II controls the characteristic
equation of the exciter system. The faster response has a less effect
on the characteristic equation of the exciter model.

Figure (3-29) and (3-30) show the Bode diagram of the exciter
model type II behavior of a given data set of exciter parameters. The

gain and phase margin are easily evaluated from the Bode diagram. The
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above mentioned figures represent the results of data sets given, these
data sets have been used in C.S.M.P. simulation of exciter model type II,
which shows phase margin was 35°. While the gain margin is high, the
conclusion is that this system is stable with this data sét. In addition,
there has been fourteen data sets conducted. Also, these data sets have
been used in C.S.M.P. simulation of exciter model type II. Their re-
sults were varied. The first two data sets show that the system is not
stable because poles were located at the right hand of the S-plane. The
other set shows a variance in the phase as well as an amplitude of the
Bode diagram, hence this causes the critical points to vary also. The
phase margin, of fourteen sets of data, 1s tolerated between 20° and
35° and that shows that the system is a less degree of stability than

exciter type I. The computer output listing of this section is in Appendix D.

3~7 Introduction - Prime-Mover

The second essential part of the machine's controller is the
prime-mover. It is this input that causes a speed deviation of the rotor.
We need to understand the importance of the prime-mover regarding the
stability study and recognition of the effect of the governor-turbine
data on the system stability. Therefore, the study of the behavior of
the turbine-governor model is recommended in which we are trying to see
the impact of each parameter of the governor-turbine to its response.

By the aid of the digital computer, C.S.M.P. package(lz), it enables us
to simulate the mathematical representation of the governor-turbine model.
(See appendix E,) This includes the physical layout of the mechanical-

hydraulic hydrogovernor and the mathematical models of the speed governing

hydro system, the speed governing system for steam turbine, tandem com-
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pound double reheater, and PECO governor turbine system. The study
of the behavior of the tandem compound double reheater model and the
PECO governor turbine system model is the subject of this section.
Listing of computer output is provided in appendix F. The program pro-
vided the results of the effect of each governor-turbine parameter
variation to its response.

The governor-turbine model's behavior regarding certain given
data, table (3-2), will be discussed for the tandem compound double

reheater and PECO model (see appendix E).

3-8 TCDR-Type

Figure (3-31) shows the behavior of the governor-turbine model,
tandem compound double reheater IEEE type (abbreviated TCDR), upon
changing the speed relay time constant, Tl' The figure shows that there
is not a significant change in the turbine response upon changing the
speed relay time constant, Tl' This is because of the nature of the
value of Tl; it is very small. Figure (3-32) shows the behavior of the
governor-turbine model, TCDR, upon changing the speed governor time
constant, T2' The figure illustrates that the output is effected
slightly upon changing the speed governor time constant. The output is
increased upon increasing TZ' In other words, as T2 has a larger value,
it starts to dominate the loci of the system.

Figure (3-33) shows the behavior of the governor-turbine model,
TCDR, upon changing the servo motor time constant, T3. Again the figure

shows that the output has a slight change with changing T3° The walue

of this is very small, thus, its effect is apparently too small.
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Parameter PECO TCDR

k% Max. Min. *% Max. Min.
T, 3.000 15.00 .050 .070 .15 0.00
TZ 5.000 15.00 .050 .125 .30 .01
Ty .200 2.00 0.000 .125 .30 .01
T, .050 2.00 .050 .250 .60 .05
Ty 5.000 15.00 .000 7.000 15.00 1.00
FR .285 - - - - -
Tmax - 6.87 1.335 - vo- -
T6 - - - 8.500 15.00 1.00
T, - - - .400 .99 .10
KG - - - 15.000 25.00 .40
K1 - - - .220 .50 0.00
K, - - - .220 .80 0.00
Ky - - - .300 .80 .01
K7 - - - .260 .80 .05
nax - - - 1.000 - -
Poin - - - -1.000 - -
Aux - - - 2.000 - -
Initp - - - 6.0 - -

**0riginal data

GOVERNOR AND TURBINE DATA

TABLE 3-2
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Figure (3-34) shows the behavior of the governor-turbine model,
TCDR, upon changing the steam chest time constant, T,. The figure shows

that T, has almost a linear relationship with the output. T4 has a

4
larger value of the previous one and it has an effect on its character-
istic equation under the assumption that the governor-turbine system is
linear.

Figure (3-35) shows the behavior of the governor-turbine model,
TCDR, upon changing reheat time comstant, T5. Again the figure shows
that '1‘5 has a linear relationship wi:h the output of the model. Its
higher value is relative with the previous one. It does dominate the
characteristic equation which effects the root locus.
Figure (3-36) shows the behavior of the governor-turbine model,

TCDR, upon changing steady state speed regulator, K Again the figure

G
shows that KG has a constant effect on the output of the model. The
fact of its small value probably shows that there is no effect on the
output of the model. Secondly, the existence of the hard limiter could
have an effect of the holding of KG effect on the output of the model.

Figure (3-37) shows the behavior of the governor-turbine model,
TCDR, upon changing the limit of the hard limiter. Again the figure shows
that the hard limiter variation has no significant values on the output
of the model.

Figure (3-38) shows the behavior of the governor-turbine model,
TCDR, upon changing the second reheat time constant, T6' At this point
there is no effect on the output of the model at the first value of T6.
But it does show a constant effect on the output of the model. This

tells us that the small value of T6 is not significant while the higher

values have a significant change on the output model.
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Figure (3-39) shows the behavior of the governor-turbine model,
TCDR, upon changing crossover time constant, T7. The figure shows that
the first portion of T7 does not have a significant value effect on the
output model while it does show an almost linear relationship with
output. Thus, the small value of T7 does not have force to drive the
characteristic equation while the higher value did effect it. This im-
plies that there is some certain degree of change in the loci.

Figure (3-40) shows the behavior of the governor-turbine model,
TCDR, upon changing the fraction parameter, K3. The figure shows that

K3 does not have any significant value effect on the output of the model.

Apparently, it is just a constant parameter.

3-9 PECO Type

Figure (3-41) shows the behavior of the governor-turbine model,
PECO type, upon changing the time constant, Tl’ The figure shows that
T1 does change the response of the PECO model at only the first portion
of Tl’ while it suppresses the variation of the output limiter action.

Figure (3-42) shows the behavior of the governor-turbine model,
PECO type, upon changing time constant, T2. Here the linear rela-
tionship exists between the output and time constant, TZ’ The figure
shows that at the higher value of T2 there is no change in PECO re-
sponse, and again the hard limiter suppresses that change.

Figure (3-43) shows the behavior of the governor-turbine model,
PECO type, upon changing the time coustant, T3. T3 has an. ex-
ponential relationship with the model response. It appears

that it has the most influence at first on small values while

with a higher value of T3 it does decay its effect. This is probably
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due to the effect of the poles when they start to dominate and reduce
the Zero effect. |

Figure (3-44) shows the behavior of the governor-turbine model,
PECO type, upon changing time constant, T4. It acts exactly like the
previous one with the same reason.

Figure (3-45) shows the behavior of the governor-turbine model,
PECO type, upon changing time constant, T5. T5 does not have any in-
fluence on the system response. Its value probably does not have the
range to effect the output of the system.

Figure (3-46) shows the behavior of the governor-turbine model,
PECO type, upon changing the hard limiter. This kind of data causes
no action to the hard limiter at the first portion of the curve, while

it does act constantly at a later value of the hard limiter. So it is

simply that the data action causes the model to behave like this.
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CHAPTER IV

IMPACT OF MACHINE DATA ON
THE OVER-ALL STABILITY STUDIES

4-1 Introduction

Power system stability is concerned with maintaining the syn-
chronous operation of all inter-connected generation and load so the
loss-of-synchronism operation may be caused by loss of system compo-
nents resulting in structure instability or by sudden load changes,
energy imbaiance, resulting in dynamic instability. Structure instabi-
lity results from loss of capacity which can be initiated by such
things as:(57)

1) mechanical or thermal failure and maybe both,

2) relaying action either for desirable protection or due to

a wrong setting or misoperation,

3) neutral phenomena (for example, lighting),

4) and human errors as well as intentional errors.

Dynamic instability can result from any of the following causes:

1) improper regulation,

2) self-excitation,

3) inadequate synchronizing power,

4) and inadequate dynamic reserve.

If an operation condition carries the presence of one of the

first two causes above, it takes only a small imbalance (perturbation),

94
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which is usually present, to initiate the corresponding dynamic in-
stability. The third cause takes a large disturbance, such as a short
circuit cleared by tripping a line to initiate the corresponding (tran-
sient) instability.(57)' The instability can occur during the first swing
or second swing if the inadequacy of synchronizing power is the real rea-
son of transient instability. Major failure can happen in an island
separated from the inter-connection with gross generation-load im-
balances by inadequate dynamic reserve. In a situation like this, it is
not enough to have sufficient spinning reserve in an island, because
dynamically it may be too slow and therefore, generation can be lost
due to the speed protection's relay against unacceptable system fre-
quency deviation.(57)
One of the primary objectives of electric utility industries
is to maintain a satisfactory power supply to its customers all the time
under any circumstances. This can be achieved by a well-coordinated
plan and operation of the system. Therefore, one of the most important
quantities of the power system is the machine data. The past history
of electric power systems shows unsufficient study on machine data. You
will find some machine's data given by manufacturers which #s actually
reflected in a physical system being used. But what happens is that
you take the manufacturers machine data and switch these data in the
simulation program. Thus, you may end up with an unstable system.
Several reasons can be pointed out to why this happens. First
of ali, the simulation program may have errors; secondly, the data given
probably was wrong; and thirdly, both data and simulation programs can

have errors. The machine data given by the manufacturer may be wrong
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due to the measurement of the machine's parameters or the method

of measurement that has been used. Therefore, it is worth investiga-
ting the machine’s data and how it influences the stability studies.
Especially up to this date, there has been no unified method to measure

(60) It is true that

the machine data under operating conditionms.
today teh trend is to adapt a unified method to measure the machine's
quantities, but the ieda of investigating the impact of machine's
data is highly recommended. This chapter will investigate the impact
of the machine's data on the over-all system stability studies.

As we know at this time power systems are large and complex.
Therefore, most of the stability studies in power systems are done by
simulation. This.consists of step-by-stop integration of the system
differential equations by using one of the many numerical techniques.

(53)

Thus, the simulation program will be used in this study.

4-2 Study of the System

In order to see the impact of changing the machine 5 data on an

over-all system, a sample system was chosen. It is a model of a 345 KV

transmission system typical of Northeast utilities in figure 4—1.(58)

This consists of 10 machines being equipped with an IEEE type I excita-
(8)

tion system and a Philadelphia Electric Company (PECO) generalized

(61)

steam and hydro model. It is the EPRI 39 bus, 46 line, 10 generator.(ez)

Machine data, bus data, line data, excitation system data, and turbine-
governor system data are given in appendix G. This system has been used

by several investigators on the ERC-RP-90.(58)
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The studies in this chapter will consider the sampling system
subject to a .075 second three phase fault on the 26-29 line side of
bus 29. The fault location is shown in figure 4-1. 'The location and
level of the disturbance was based on the following:"

1) "The fault was placed on the high side of the machine trans-

former, slightly distant from the machine, thus, avoiding the

level of d-c components that would be established by a closer

fault to machine 9."

2) '"Machine 9 is loosely coupled to the system through the

line (26-28), (28-29) and (26,29). Hence, a fault at bus 29

would serve to exhibit the model test under severe and small

disturbance conditions, bus 29 being severely disturbed zcnd the
remainder of the system buses having only moderate disturbance."

3) "The clearing action, removal of line 26-29 further serves
to loosely couple the machine 9 to the rest of the system."(53)

Therefore, simulation will carry on under the above situation.
Machine 5, of system figure 4-1, was chosen to vary its parameters. The

attempt was made to see the impact of machine 5 parameters on the over-

all system stability studies. Those parameters are: direct axis syn-

]

q° direct axis

chronous reactance, Xys direct axis transient reactance, x
subtransient reactance, xg, quadrature axis synchronous reactance, xq,
quadrature axis transient reactance, x&, quadrature axis subtransient
reactance, xg, direct axis transient open-circuit time constant, T'o,
direct axis subtransient open-circuit time constant, T"o, quadrature

axis transient open-circuit time constant, T&b’ quadrature axis subtran-

sient open-circuit time constant, T;o, and inertia constant, H. The
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machine will be simulated by machine model 5, model 4, model 3 and
model 2,

The comparative of the machine model's performance will be con-
sidered. There are several machine quantities to observe upon changing
the machine parameters; for instance machine rotor angle, field voltage,
terminal voltage, electrical power output, quadrature axis voltage,
direct axis voltage, mechanical torque and turbine power. The quantities
which are sufficient to tell the bhehavior of the system are: rotor angle,
field voltage and quadrature axis voltage which will be used.

Next X3 will be varied, of machine 5 of a given system (figure
4-1), n times and at the same time keeping the rest of the parameters
and initial condition of the machine unchanged. The major change on
the machine quantities is seen upon changing only the Xy parameter.

The same thing can be done for the rest of the other machine parameters
mentioned previously. Per unit quantities are being dealt with; machine
parameters are in per unit. The per unit value of any quantity is de-
fined as the ratio of quantity to its base value expressed as a decimal.
For instance, if a base voltage of 120 KV is chosen, voltages of 108 KV,
120 XV and 126 KV become 0.90, 1.00 and 1.05 per unit, or it cam be in
a percentage scale in which the above quantities would become 90, 100,

and 105 percent.(a)

The per unit system is adapted as a log in the
industry's system, therefore, it is used internationally in the simula-
tion of any power system problem. Hence, a small variation of any para-
meter in per unit will reflect a large quantity in scale of ohms, voltage

and current. Therefore, a very sensitive scale is being dealt with,

for instance, X3 to n + 1 set of data cannot be used. This is because
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the system will become unrealizable in the engineering design point

of view. Therefore, there is a limited ceiling for X4 which must be
considered and that is when the system becomes unrealizable. Sampling
the n set of data of X4 is enough to see the machine quantities behavior
as well as its impact on the rest of the system.

Another point needs to be mentioned which is xé cannot exceed

Xqo which is well known. Aiso, xg cannot exceed xé. The same thing is

true for xq, xq is more or equal to xq' and x& is more or equal to xa.
There is another relation that is well defined, that is X4 is more or
equal to xq. Therefore, precautions need to be taken of the basic rela-
tionships of these parameters in the sense that xé cannot be more than
Xgs hence, n set of data has to be defined for the x& variation. The
same is true for xg, x&, and X Other parameters such as the inertia
constant H and machine time constants Téo’ T&o, THO, and T;o have to be
limited to n set of data. Simply this is that n + 1 causes the system
to be unrealizable in the sense of the design point of view.

Simulation has also been done which in this case perturbated the
initial terminal voltage of machine 5 and investigates the impact of the
variation of the machine data on the over-all system stability studies.
Another case of simulation has been done which has perturbated one of

machine 5 parameters and varies the other one parameter up to n set of

data. Table 4-1 reflects that the machine 5 data has been simulated.

4-3 Result Analyses of the Machine's Models Performance

It needs to be pointed out that the stability oxr instability of

the system will be evident as the swing curves are carried on. For



SAMPLE MINIMUM MAXIMUM

MACHINE 5 VALUE VALUE VALUE
PARAMETER PER UNIT PER UNIT PER UNIT
X4 .67000 .62000 2.0000

x} .13200 .10000 .4000

X .05400 .01000 .1750

% .62000 .18000 .7000

x) .16600 .10000 .6000

x; .11620 .01000 .1600
T, 5.40000 1.00000 15.0000
o .44000 .01000 1.0000
T, .05400 .01000 .8000
Ty, .05400 .01000 .4000

H 26.00000 12.00000 40.0000

R .00014 .00010 .0015

TABLE 4-1

SIMULATED MACHINE PARAMETER

7
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stability the relative angular displacement of the machine groups should
tend to return to or oscillate about a position or relative equilibrium,
that is no one machine group should increase indefinitely in relative
angular displacement with respect to the other groups.

Base to simulation has been done to the four machine models under
variation to the machine 5 parameters. It was found that some instability
occurs due to changing the data of machine 5 parameters. The reference
simulation curve for all cases is shown as curve N in figures 4-2 to
4-45; this is the simulation of the study system data given in appendix
G. It needs to be mentioned here that it is sufficient to observe the
performance of the system study of the following machines: machine 5
(the data of this machine has been tested); machine 9 (the nearest one to
the three phase fault on the system study); machine 1 (the furthest one
from the tested machine); and machine 2 (some where in the middle of the
system). Machine 1 was represented in simulation by curve A, machine 2
by curve B, machine 5 by curve E and machine 9 by curve I. TFigures 4-2

to 4-45 reflected machine model 5 performance while the other machine

models used a statement of their performance.

4-4 Performance of Machine Model with Changing X4

Figure 4-2 and 4-3 are a plot of the system's transient rotor

angle. It plots for several values of the Xy parameter. The plot shows
that the rotor angle of machine 5 i3 sensitive to the change of X3- Xy
causes machine 5 to be unstable at the value of 1.8 per unit. It was
found that the rotor angle is directly proportional to x,, and this is

expected because Xy is an element of the A matrix. X, causes machine 1

rotor angle to change conservatively noticing that the curve is degraded
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from reference curve N. As the value of X3 increases this causes the
machine 9 rotor angle to slightly change from the reference curve.
Changing x4 of machine 5 does influence the rotor angle of the tested
machine as well as other machines to change.

The same test of X4 parameter applies to machine model 4 simula-=
tion. The system's transient rotor angle plots for several values of Xy
parameters. Its amplitude has increased over machine model 5, increasing
the value of Xq. Xy drives machine 5 to unstable limits at the value of
1.6 per unit while it was unstable at Xy equal to 1.8 per umit at
machine model 5. This is due to representation of more damping winding
assigned to model 5 than was assigned to model 4. So machine 5 is sen-
sitive to the change of X4 under machine model 4 simulation. As the
value of X3 is increased it causes the rotor angle of machine 1 to be
degraded than the reference curve N, which acts the same as machine
model 5 simulation. The rotor angle of machines 2 and 9 have a very
slight change upon changing Xye

The same test of the X4 parameter applies to machine model 3
simulation. The system's transient rotor angle plots for several values
of X; parameter. Its amplitude has increased over machine model 4. This
is because there is less damping winding in machine model 3 than machine
model 4. Increasing the X4 value drives machine 5 to instability at the

value of x, equal to 1.1 per unit while machine model 4 at x

d equals 1.6

d
per unit. Changing Xy parameters has influenced the change of the rotor
angle. The rotor angle of machine 1 and machine 9 show change starting

at 2.0 seconds.
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The same test of X4 parameter applied to machine model 2 simu-
lation. The system's transient rotor angle was plotted for several
values of X; parameter. It appears that machine 9 acts unstable for

4 x& drives machine 5 to instabi-
lity at the value of X4 equal to 1.0 per unit. The rotor angle of

all x. values. Changing the value of

machines 1 and 2 has changes that are relatively small. Therefore,
changing X4 is proportional to the rotor angle of the machines as it
was stated earlier.

Figure 4-4 is a plot of per unit field voltage Efd of the
exciter system. It plots for several values of X4 parameter, machine
model 5 simulation, comparing the reference curve N with other curves.
This results in that almost each value of x4 causes the field voltage
to be different from the referenced curve N. This implies that the
amount of damping supplied by excitation system to machine 5 is change-
able and depends on the Xy value as shown in figure 4-4, For instance,
at Xy equal to .82 per unit, machine 5 required more damping by the
exciter. At X3 equal to 1.4 per unit, it initially required tremendous
amounts of field voltage while it slowed down under the normal reference
curve N. This is what would be expected of field voltage to control

the system. Figure 4-4 shows does not provoke the field voltage of

*a
machines 1, 2 and 9. It remains constant.

The same test of Xg parameter applies to machine model 4 simula-
tion. The per unit field voltage Efd plots for several values of X4
parameter. The performance of machine model 4 holds the same behavior

as machine model 5. So there is a tremendous amount of changed values

of the field voltage when changing x4y parameter. In other words, the
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amount of damping supplied by the excitation system to machine 5 is
changeable and depends on the X3 parameter's assigned value. By changing
X3 parameter, it shows a slight change in the field voltage of machines

1 and 9. But it does not show any change in the field voltage of ma-
chine 2.

Again, the same test of X, parameter applies to machine model 3
simulation. The per unit field current Efd plots for several values of
the X4 Pparameter. The field current of machine 5 is changing as Xy is
changed, but it shows a less amount of change than the two previous
models. Apparently this is caused by the less amount of damping supplied
by the exciter of machine 5. By changing the X3 parameter, the field
voltage of machines 1, 2 and 9 is not provoked. This shows a less corre-
lation of dynamic equations in this particular part.

The same test of X4 parameter applies to machine model 2 simula-

tion. The per unit field voltage E_, of the exciter plots for several

fd
values of x4 parameter. Increasing Xy values causes the field voltage of
machine 5 to increase which is the amount of damping supplied by the
excifer. Comparing it with other previous models, it shows a similarity
with machine model 3 in the sense of the amount of field current being
used for controlling the system. There has been no significant change
on the field current in machines 1, 2 and 9.

Figure 4-5 is a plot of the machine's internal voltage e& using
machine model 5 simulation. It plots for several values of Xy Parameter.
The internal voltage e& of machine 5 shows different curves for each one

value of x4 since the change in eé is a direct measure of the d-axis

(53)

damping provided by the exciter. But eé in the other machines re-
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main relatively uneffected by changing the value of Xy The machine's
internal voltage eé plots for several values of X, parameter. eé of
machine 5 degraded only at 2 higher value of X4 for all four machine
models being used. Further, it shows a slight change at a smaller
value of X4 for machine model 2 and 3. This is because of the influ-
ence of the exciter response over the e; value. Internal voltage of

machines 1, 2 and 9 do not show any significant change upon changing

the Xy Parameter.

4-5 Performance of the Machine Models upon Changing xj

Figure 4-6 and 4-7 are a plot of the system's transient rotor
angle. 1t plots for several values of the xé parameter, machine model
5 simulation, comparing reference curve N with other curves, which re-
present different values of x&. The rotor angle of machine 5 shows a
slight change from referenced curve starting from 2.0 seconds. The
rotor angle of machines 1 and 2 have been damped starting from 3.0
seconds of simulation. But machine 2's rotor angle shows a slight
change upon changing x&. Therefore, x& has an influence over the ma-
chine's rotor angle of the system study.

The same test of x& parameter applies to machine model 4 simu-
lation. Plots of the system's transient angle for several values of xé
were cbserved. The transient rotor angle curve of machine 5 shows an in-
creasing amplitude that is very high upon changing xé, while it does sup-
press the rotor angle of machine 9 (starting at 2.5 seconds). Also,
machine 1's rotor angle has been suppressed (starting at 3.0 seconds).

Machine 2's rotor angle did not significantly change.
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The plot of the system's transient rotor angle for several
values of xé parameter is observed using machine model 3 simulation. The
rotor angle of machine 5's amplitude is increased by increasing the value
of x&. Machine 9's rotor angle does not change at all under varying xé.
It's characterized by high amplitude of oscillation which is the severing
of the 3-phase fault. Machine 1's rotor angle has been damped out
(starting at 3.5 seconds) .by increa;ing xé. So changing xé has an in-
fluence over the whole machine's system that can be true for ather
machines.

The plot of the system's transient rotor angle for several
values of xé parameter is observed using machine model 2 simulation.
Again machine 5's rotor angle increases the amplitude by increasing
xé. This is also because of less damper winding being used for this
machine model. Machine 9 was unstable for all causes tested of xé.
Machine 1's rotor angle curves show a slight change but it is damped
out (starting at 2.50 seconds) by increasing xé.

Figure 4-8 is a plot of the per unit field voltage Efd of the
exciter system using machine model 5 simulation. It plots for several
values of x& parameter of machine model 5 simulation. Almost each value
of xé causes the field voltage to be relatively different from the re-
ferenced field voltage of machine 5. That is because of the damping
needed to suppress the system supplied by exciter. Field voltage of
machines 1, 2 and 9 did not provoke it by changing x& parameter. This
system is not dynamically correlated in this particular point of view.

The plot of the per unit field voltage Efd of the exciter system,

machine model 4 simulation, was observed for several values of xé para-
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meter. Machine 5's field current showed oscillation as x& was increased.
This tells us the amount of damping needed by the exciter. The
field voltage of machines 1, 2 and 9 was not provoked by changing xé

parameter. This 1s because the system was not dynamically correlated in

this particular point of view.

The plot of the per unit field voltage E_., of the exciter system,

fd
machine model 3 simulation, was observed for several values of xé para-
meter. The only machine severe field voltage was changed in machine 5,
while the field voltage of machines 1, 2 and 9 did not change at all.

The plot of the per unit field voltage E_, of the exciter system,

fd
machine model 2 simulation, was observed for several values of the xé
parameter. Again the only machine severe field voltage was changed in
machine 5 while the field voltage of machines 1, 2 and 9 did not change
at all,

Figure 4-9 is a plot of the machine's internal voltage e' using
‘machine model 5 simulation. It plots for several values of xé parameter.
Internal voltage of machine 5 shows a tremendous amount of change as xé
is increased. .This change reflects that the change in this voltage is
a direct measure of the d-axis damping provided by the exciter system.

The plot of the machine's internal voltage e& uses machine model
2, 3 and 4 simulation. It plots for several values of x& parameter.

Internal voltage of machine 5 becomes larger by increasing x The

]
d.
internal voltage of machines 1, 2 and 9 did not show any change upon

changing x&.
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4~-6 Performance of the Machine Models upon ChangingQEQ
Figure 4-10 is a plot of the system's transient rotor angle. It
plots for several values of xg parameter using machine model 5 simulation.

It is found that none of the machine's rotor angles changed. Therefore,

"

X4

the existing situation described before.

does not contribute any significant change to the whole system under

The plot of the system's transient rotor angle, machine model 4
simulation, was observed for several values of xg. Again there has been
no change in the rotor angle of all of the machines due to the change of
xg.

Figure 4~11 is a plot of the machine's internal voltage e& using
machine model 5 simulation. It plots for several values of the xg para-
meter, e& of machine 5 shows a slight change. Internal voltage of

machines 1, 2 and 9 did not show any change at all upon changing xg.

This is because xg did not effect the eigen value of the system.

4-7 Performance of the Machine Models upon Changing x

Figure 4-12 and figure 4-13 are a plot of the system's transient
rotor angle. It plots for several values of xq, machine model 5 simula-
tion, comparing reference rotor angle curve N with other curves which
represent different values of xq. The rotor angle of machine 5 is showm
initially changing. Increasing xq causes the transient rotor angle
shaft up by constant quantity. Machine 1 does not change at all under
such change of value xq. The rotor angle of machines 2 and 9 remain
unchanged too.

The plot of the system's transient rotor angle for several values

of xq is observed using machine model 4 simulation. Machine 5's rotor
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Curve A represents Machine 1
Curve B represents Machine 2
Curve E represents Machine 5
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angle shows a slight change upon changing xq while the rotor angle of
machines 1, 2 and 9 doesn't change at all.

The plot of the system's transient rotor angle for several values
of xq is observed using machine model 3 simulation. The transient rotor
angle of machine 5 shows a high oscillation with increasing the value of
xq. But the transient rotor angle of machines 1, 2 and 9 does not show
a change with the value of xq changing.

The plot of the system's transient rotor angle for several values
of Xq and x& was observed using machine model 2 simulation. Note that
machine model 2 carried the same value for xq and xa. Machine 9 was
unstable and was not effected by changing xq and xé. Machine 5's tran-
sient rotor angle shows a change while machines 1 and 2's rotor angle
does not change by changing Xq and xé.

Figure 4~14 is a plot of the per unit field voltage Efd of the
exciter system. It plots for several values of xq, machine model 5
simulation, comparing the reference curve N with other curves, which
corresponds to different values of xq of machine 5. It was found that
the field current increased with increasing values of xq. In other
words, the system has been damped by the exciter system. The field
voltage of machines 1, 2 and 9 remains uneffected with the changing of
X .

q

The plot of the per unit field voltage E_., of the exciter system

fd
for several values of xq was observed using machine model 4 simulation.
Machine 5's field current remained unchanged. This is the same for

machines 1, 2 and 9. This shows the system dynamically uncoupled in

reference to the field current.
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The plot of the per unit field voltage E.; for several values

of xq was observed using machine model 2 and 3. In both models the

per unit field Efd

machine's field voltage remained unchanged with :,:.q changing.

of machine 5 showed a slight change, while the other

Figure 4-15 is a plot of the machine's internal voltage ea ,
machine 5. It plots for several values of xq. The figure shows ea of
machine 5 changing slightly. The change in e& is direct provided by the
exciter. The other machine's internal voltage remains unchanged.

The plot of the machine's internal voltage for several values
of xq was observed by using machine models 2, 3 and 4. Internal voltage
of machine 5 shows the same change on machine model 5 while the other
machine's internal voltage remain constant for all of the machines using

machine model 2, 3 and 4.

4-8 Performance of the Machine Models upon Changing g&

Figure 4-16 is a plot of the system's transient rotor angle.
It plots for several values of xé using machine model 5 simulation.
It is found that all of the machine's rotor angles remain uneffected by
changing x&. One fact is this value of xé is so small, it probably
could not make any change to the system's eigen value.

The plot of the system's transient rotor angle for several
values of x& was observed using machine models 3 and 4 simulationm.
Again all of the machine's rotor angles remain uneffected by changing
x&. This is because of the system's eigen value was not changed.

Figure 4-17 is a plot of the per unit field voltage Efd of the

exciter system. It plots for several values of xé by using machine model

5 simulation. Here again, the field current remains unchanged for all machines.
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The plot of the per unit field voltage E_., of the exciter system,

fd
using machine model 3 and 4, was observed for several values of x&.
Efd of the machines remained uneffected for the same reasons mentioned
previously.

Figure 4-18 is a plot of the machine's internal voltage e&.
It is plotted for several values of x& using machine model 5 simulation.
ea of the machines being tested remained constant. This is because the
system"s eigen value did not change by changing xé.

The plot of the machine's internal voltage eé, using machine

model 3 and 4 was observed for several values of x&. eé for all of the

machines remained also uneffected.

4=9 Performance of the Machine Models upon Changing x;

Figure 4-19 is a plot of the system's transient rotor angle.
It plots for several values of x; using machine model 5 simulation.

It was found that all of the machine's rotor angles remained uneffected
by changing x;. This can be expected since x; is a very small value
which cannot contribute to changing the eigen value of the system.

The plot of the system's transient rotor angle for several
values of x; was observed using machine model 4 simulation. Again all
of the machine's rotor angles remained uneffected by changing x; for the
same reasons stated above,

The plot of the per unit field voltage E_, of the exciter, using

fd
machine models 5 and 4, was observed for several values of x;. It is
found that the field voltage of machine 9 showed a slight change. Field

voltage of the other machines remained uneffected.
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The plot of the machine's internal voltage eé using machine
models 4 and 5 was observed for several values of x;. Again e& of the

machine remained uneffected by changing xg.

4-10 Performance of the Machine Models upon Changing @éo

Figure 4-20 is a plot of the system's transient rotor angle.

It plots for several values of T&o using machine model 5 simulation.

Looking at the curves, it showed that the transient rotor angle remained
uneffected for the machines being tested.

The plot of the transient angle, using machine model 4 simulation,
was observed for several values of Téo. The transient angle of machines

5 and 9 showed high oscillation upon increasing Téo. The transient angle

of machine 1 remained uneffected by such a change in Téo' But ths
transient rotor angle did not show any change, by using machine model 3
simulation, on all of the machines.

The plot of the machine's transient rotor angle for several
values of T&o’ using machine model 2 simulation, was observed. The
rotor angle cof machine 5 did change with the decreasing amplitude. The
rotor angle of machines 1, 2 and 9 did not change although machine 9
severed instability due to the fault that existed in the system.

The plot of the per unit field voltage Efd of the exciter system
was observed using machine models 2, 3,4 and 5 simulation. Machine 5's
rotor angle showed a slight change for all of the machine models. But
the field voltage in the other machines remained uneffected by varying
Téo’

The plot of the machine's internal transient voltage e& was

observed by using machine models 2, 3,4 and 5 simulation. eq' of machine
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5 and 9 has changed slightly than the referenced curve N, while other

internal voltage of the machine remained uneffected.

4-11 Performance of the Machine Models upon Changing I&o

Figures 4-21 and 4-22 are plots of the system's transient

rotor angle and the per unit field current E The machine's rotor

£d°
angle remained uneffected while the field voltage of machine 5 showed
a very slight change as well as machine 9. The field current cf the
other machines was not effected at all.

The plot was observed for the machine's rotor angle and the
field current using machine models.3 and 4 simulation. Curves of both

rotor angle and field current remain unchanged which showed the mode

of the system was not changed by changing T&o"

4-12 Performance of the Machine Models upon Changing Igo

Figure 4-23 is a plot of the system's rotor angle. It plots

for several values of Tgo using machine model 5 simulation. Comparing
the rotor angle curves with N reference curve showed a very slight change
on the rotor angle of machines 1 and 5. But the rotor angle of machines
2 and 9 remained uneffected. The same test was applied to machine model
4 which showed that all of the machine's rotor angles remained uneffected.
Figure 4-24 is a plot of the per unit field voltage Efd of the
exciter system. The field current of machine 5 fluctuated around the
reference curve N in which damping was supplied by the exciter which
fluctuated too. The field currents of machines 1 and 92 were changed

slightly with respect to reference curve N while the field current of

machine 2 remained unchanged.
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4-13 Performance of the Machine Models upon Changing H

Figures 4-25 and 4-26 are the plots of the system's transient
rotor angle. It plots for several values of the inertia constant H
using machine model 5. Increasing the value of H causes the amplitude
of the rotor angle of machine 5 to increase, while it showed a reverse
on the rotor angle of machine 1, (increasing H serves to suppress the
rotor angle oscillation as it was seen in figure 4-20). The rotor angles
of machines 2 and 9 were suppressed too by increasing the inertia con-
stant. Therefore, the amplitude of the rotor angle of machine 5 is
directly proportional with the inertia constant.

The same test was applied to machine models 2, 3, and 4 with
the system's rotor angle being observed. Generally looking at these
curves, it was reflected that the rotor angle of machine 5 increased
its amplitude for all of the machine models by increasing the inertia
constant. It suppressed the rotor angle of machines 1, 2 and 9 by
increasing H. Note that machine 9 severed the instability for all
inertia values that had been assigned. This is due to the 3-phase
fault at bus 29.

Figure 4-27 is a plot of the per unit field voltage Efd of the
excitation system. It is plotted for several values of the inertia
constant H using machine model 5. The field current of machine 5 showed
a slight fluctuation around reference curve N. The field voltage of
machine 9 changed slightly while increasing H. The field voltage of
the other machines remained uneffected. This test was applied for

machine models 2, 3 and 4. The field voltage was observed during this

test. It behaved relatively the same as machine model 5.
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The plot of the turbine output power was observed for several
values of Xg» x&, xg, xq, x& and x; using machine model 5. It was
found that the turbine output power was not sensitive to any of the
above machinz parameters. This is what would be expected. The plot
of the system's rotor angle, field current Efd’ and the internal
voltage e& for several values of the rotor angle was observed using
machine model 5 simulation. It was found that there had been no change
on the above quantities upon changing the rotor resistance. The fact
is it is too small to compare it with the other parameters, hence, it
would not change the performance of the system.

4-14 Performance of the Machine Models upon Changing x_and Holding x
q d
with abnormal value

Simulation is carried on by holding the abnormal value of X4
and changing the xq parameter using machine model 5. Figure 4-28 is
a plot of the machine's rotor angle. Recall that figures 4-12 and 4-13
represent the machine's rotor angle simulation with varying only the xq
parameter. Comparing figure 4-28 with figures 4-12 and 4-13 you find
that they are identical. The rotor angle, the field current and
terminal voltage of the machine 5 are identical. The rotor angle of
machines 1, 2 and 9 remain uneffected in both cases.

Again comparing figure 4-14, this is a plot of the field current
upon changing xq only, and figure 4-29, which is a plot of the field
current upon changing xq and holding X3 equal to 1.0 per unit, it showed
a difference in the amount of damping used for machine 5. Figure 4-29
shows a higher field current used than in figure 4-14, this is reflected

in the amount of damping supplied by the exciter to machine 5 upon changing
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%y and xq which is larger. The field current of machines 1, 2 and 9
remain unchanged for both cases.

Figure 4-30 is a plot of the machine's internal voltage e&.

It is a plot for several values of xq and holding the abnormal value
of Xy Comparing figure 4-15, which changes only the xq values, and
figure 4-30 we would find that figure 4-15, the internal voltage of
machine 5, was more sensitive to the change than the internal voltage
of machine 5 which was shown in figure 4-30.

4-15 Performance of the Machine Model 5 Upon Perturbation Terminal
Voltage of Machine 5 as well as Varying its Parameters

The initial terminal voltage of machine 5 was 1.012 per unit,
(this is given in appendix G). The simulatjon will consider the small
perturbation of terminal voltage of machine 5 which is equal to 1.092
per unit. Figure 4-31, 4-32, 4-33 and 4-34 are plots of the machine's
rotor angle, field current and internal machine voltage ea for several
values of the X3 parameter. It was found that these curves are identical
to the machine's performance by changing only the x4 parameter, this is
shown in figure 4-2, 4-3, 4-4 and 4-5.

Figures 4-35, 4-36, 4-37 and 4-38 are plots of the machine's
rotor angle, field current and internal machine voltage ea for several

values of the xé parameter. It was found that there were no differences

?

between this simulation and the one in which we only changed the X3

parameter as seen in figures 4-6, 4-7, 4-8 and 4-9.
Figures 4-39, 4-40, 4-41 and 4-42 are plots of the machine's
rotor angle, field current Efd’ and internal machine voltage for several

values of the xq parameter. By comparing these figures with figures

4-12, 4-13, 4-14 and 4-15, it was found that these figures were identical.
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Figures 4-43, 4-44 and 4-45 are plots of the machine's rotor

angle, field current E_, and the internal machine voltage for several

fd
values of the x& parameter. Looking at these figures it showed that
they were ddentical with figures 4-16, 4-17, and 4-18 when changing
only the x& parameter.

Therefore, the conclusion of this simulation was that there

was not a major effect to the system under the pertubation initial

condition of the terminal voltage of machine 5 by 1.092 per unit.

4-16 Summary

It is known that power systems are large and complex. Nonlinearity
does exist in machine representation, load representation and line
representation. Therefore, most of the stability studies in power
systems are done by simulation. This consists of a step-by-step
integration of the system's differential equations by using numerical
techniques. This chapter presents a computer simulation of a synchronous
machine's performance under variation of machine 5's data and the impact
of this data on the system's stability. The simulation reflected the
following parameters.

The x., parameter has an adverse effect on the system's stability.

d

It causes machine 5 to be unstable at the wvalue of X4

unit (machine 5 simulation), 1.6 per unit (machine model 4 simulation),

equal to 1.8 per

1.1 per unit (machine model 3 simulation), and 1.1 per unit (machine
model 2 simulation). Also, it has an adverse effect on the performance
of other machines of the system study. It damps out the rotor angle of
machines 1, 2 and 9 starting at 2.5, 2.5 and 3.0 seconds, respectively.

Noted that the breakpoint of X3 which causes machine 5 to be unstable
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is the difference in the values from one machine model to the other.
That is actually reflected in the structure level of machine modeling.

The xé parameter shows an adverse effect on the machine's

1

d

on the machine's performance which was a lesser degree than Xqs which is

performance under machine models 2, 3, 4 and 5. x! causes a change
obvious.

The test on xg shows no change in the performance of the machines
for all levels of machine models.

The xq parameters has become very important in the sense that it
did change the machine 5's performance while it did not cause machines 1,
2 and 9's performance to be changed. Both xé and x; cause the machine's
performance not to be changed.

Téb and Téo were not active parameters in the sense that no change
of the machine's performance was noted.

The inertia of machine 5 has an adverse effect on the machine's
performance under all of the machine models simulation. Thus, increasing
the value of H causes the frequency of oscillation to increase, similarly
the lower inertia value causes it to slow the frequency of oscillation
of machine 5. The inertia of machines 1 and 2 act as a damping out of
the rotor angle starting at 2.0 seconds by increasing its value.

The performance of the machines, by changing and holding X4 to
1.0 per unit and at the same time varying the xq parameter, show an
adverse effect on machine 5's performance.

Although the system is nonlinear, the reader should have

some feeling of the variation structure of the macgine's data. If

in fact, we consider the whole system to be linear, this allows us to
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represent the system by dynamical equations:

x={A} X+ {B}l U

Y={C} X

Where the machine and network parameters can be considered as elements

of matrix {A}, the machine's controller elements are elements of matrix
{B}, and the output of the system is an element of matrix {C}. Therefore,
any change of the machine's data causes the mode of matrix {A} to be
changed. Hence, the eigen values of the system change too. So these
changes on the system's eigen values will reflect the change in the
physical structure of the system. Physically, changing any value of the
inductance leads to the change of the permeabilities, lengths, and cross-
sectional areas of the associated magnetic circuit. Appendix H presents
the definition of machine parameters as well as explains the physical

interpretation of the machine data upon varying them.



CHAPTER V

SUMMARY AND CONCLUSION

This dissertation was conducted mainly to test four types of
excitation systems (appendix B), two types of governor-turbine (appen-
dix E), synchronous machine upon variation of their data, and'the im-
pact of machine data on overall system stability studies. The end-
result is to study the sensitivity analysis of the machine's controller
parameters and to observe their impact on the machine's controller
response. This could help to characterize those parameters which do
not contribute a major change on the exciter and governor turbine re-
sponse for future work. -

The curves in figures (5-1) and (5-2) reflect the behavior of
exciter type I upon variation of the damping time comstant Tf and the
exciter time constant TE’ respectively. Figure (5-1) shows that the
exciter response does not change upon varying the time constant Tf.

This will lead to the conclusion that this parameter is not important
to be represented in future digital simulation studies. Figure (5-2)
shows that the exciter output holds a 1linear relationship with varying
the exciter time constant TE. The behavior of the exciter system is
dominated by the slower response while the faster response has a lesser
effect on the exciter response. Therefore, the conclusion can be stated
that this parameter is essential to be represented in digital simulation

studies.
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The curves in figures (5-3) and (5-4) reflect the behavior of
the governor~turbine model, tandem compound double reheater IEEE type,
upon variation of the servo motor time constant, T3, and the reheater
time constant, TS’ respectively. The governor-turbine response has a

slight change with the variation of T This will lead to the con-

3
clusion that this parameter has some sort of correlation with the
governor-turbine response. Changing the data of the governor-turbine
system may cause the structure of the governor-turbine to also change.
Figure (5-4) shows that the governor-turbine response holds a linear
relationship with varying the reheater time constant, TS‘ The governor-
turbine system output is dominated by the slower response.

The end-result is to study the impact of the machine data on
overall system stability studies. Figures (5-5) and (5-6) are the
machines' (machines one, two, five and nine) swing curves, upon varying
the direct axis synchronous reactance X4 of machine five (figure 4-1).
"N" represents the reference simulation curve of the study system data
which is given in appendix G. Varying the X3 value reflected an adverse
effect on the machines' quantities as shown in figures (5-5) and (5-6).
This simulation could characterize those parameters which do not con-
tribute a major change in the machine's performance for future simulation
stability studies.

Therefore, this dissertation's conclusions will be presented in
the following points:

A) The modification of a digital representation of synchronous

machine modeling by C. C. Young, which includes a development

of machine model III and %.
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B) The study of data sensitivity analysis of the excitation

system. Four types of excitation systems were tested to see

their performance. A conclusion can be drawn that the exciter

type I and type II parameters can be classified into three

categories:

i) Essential parameters such as exciter time constant TE
and exciter gain KE.

ii) Important rarameters such as regulator gain KA,
feedback gain parameter Kf and regulator amplifier
time constant TA'

iii) Exciter parameters not as important such as regulator
input filter time constant TR and feedback time ccn-
stant Tf.

Exciter type III parameters can be classified into the following
three categories:
i) Essential parameters such as exciter time constant TE
and exciter gain parameter KE.

ii) Important parameters such as regulator gain KA and
feedback gain parameter, Kf.

iii) Parameters not as important such as regulator ampli-
fier time constant, TA, regulator input filter time
constant TR’ and feedback time constant, Tf.

In exciter type IV all of the parameters are essential. Some
parameters of exciter types I, II and III were not as essential

to the effect of the exciter's response. Thus, the degree of the

exciter dynamic equations can be reduced for digital representa-

tion of the above models.
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C) Study of data sensitivity analysis of governor-turbine system.
Tandem compound double reheater model and a Philadelphia Electric
Company (PECO) mcdel were subject to a test of their performance.
A conclusion can be drawn that the tandem compound double re-—
heater model's parameters can be classified into three categories:
i) Essential parameters such as steam chest time constant
T4 and reheat time constant TS'

ii) Important parameters such as speed governor time con-
stant T2, servo motor time constant T3, and cross-over
timve constant T7.

iii) Parameters not as important such as second reheat time
constant T6, fraction parameter K3, hard limiter and
steady state speed regulator KG'

Also, a conclusion can be drawn that the Philadelphia Electric
Company model's parameter can be classified into the following
three categories:
i) Very important parameters such as time constant T2
and time constant T3.

ii) Important parameters such as time ccnstant Tg'

iii) Parameters not as important such as time constant Tl’
time constant TS’ and the hard limiter.

Some of the governor-~turbine parameters are not essential to the
effect of the behavior of the models. Therefore, the reduction

of the dynamic equation's order is possible for the digital

representation of the above two models.
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D) Study of the impact of the machine data on overall stability
studies' performance using synchronous machine models two, three,
four and five simulation. A conclusion can be recognized that
machine parameters have an adverse effect on the system stability
and machine models four and five parameters can be classified
into the three categories below:

i) Essential parameters such as direct axis synchronous
reactance Xg» direct axis transient reactance xé, quad-
rature axis synchronous reactance xq and inertiz con~-
stant H.

ii) Important parameters such as direct axis subtramsient
reactance x'|, quadrature axis subtransient open-
circuit time constant Tgo.

iii) Parameters not as important such as quadrature axis
transient reactance x&, quadrature axis subtransient
reactance xg, direct axis transient open-circuit time
constant Téo’ and quadrature axis transient open-
circuit time constant T'o.

A conclusion can be drawn that the machine model's three para-

meters can be classified into the following three categories:

i) The essential parameters such as direct axis syn-
chronous reactance Xgs direct axis synchronous tran-

sient reactance x'

q’ quadrature axis synchronous

reactance xq, and inertia constant H.

e
e
v

Important parameters such as direct axis transient

open-circuit time constant, Téo'



iii) Parameters not as important such as quadrature axis
synchronous transient reactance xé, quadrature axis
transient open-circuit time constant Téo.

And finally, a conclusion can be drawn that the machine model's
parameters can be classified into two categories:
i) The essential parameters such as direct axis synchronous
reactance Xq> direct axis synchronous transient reac-
tance xé, quadrature axis synchronous reactance xq,

and inertia constant H,

e
e
~

And important parameters such as quadrature axis tran-

sient synchronous reactance xé and direct axis tran-

T

do’

From this dissertation it can be concluded which parameters have

sient open-circuit time constant T

an influential action on the system's stability. The conclusion of this
study is that some of the machine's parameters do not influence the
system model's performance for all the machine models. Therefore, the
reduction of the dynamic equation's order is possible for the digital

representation of the above four models.



APPENDIX A

DERIVATION OF MODEL III & % EQUATIONS

Park's model describing the dynamic characteristic of synchronous
machine in a per unit form is given below. As stated, one winding
of a damper will be represented in the d and q axis of synchronous
machine referred to as X for d axis damping and g for q axis with
the assumption mentioned earlier. The equation can then be written as:

Direct axis flux linkage

Af = --Xaf id + Xff if + Xfx i (A-1)
Ad - _Xd *d + Xaf g + Xaxd tx (4-2)
Ax = _xaxd id + Xxx ix + Xfx if (A-3)
Direct axis voltages
v, = dAd - w A -R1 (A-4)
d Lt L d ad
o w
o .
ve =T/ i, + dAf (A-5)
f ff 5 dt
o
v = dAx . -
X wadt + Rxlx (4-6)
s
Quadrature axis linkage
A =-X i +X i (A-7)
g ag 4 g8 8
A ==X i +X i A-8
qa” "%q "q " “aq'g (4-8)
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Quadrature axis voltage

v = d& -+ _£ Ad - riq (A“g)
q wdt o
(o) o
v =Ri + dig (A-10)

Noted, equations (A-1), (A-2), (A-3), (A-7) and (A-8) are in

five unknown currents. Equation (A-7) can be written as

1
i =<c— (\_+ i A-11
g "X, et Taeld (4-11)

If field current, i_., is eliminated from equations (A-1), (A-2) and

f,
(A-3) we will have:
xax
g=-x Ytz x A (A-12)
XX

Now taking ig from (A-11) and put it in equation (A-8) which yields the

following:
1 1 Xag
i == A + = A (A-13a)
xl' xll X
d g 1 g “gg B
where 2 2
X" = X. - xaf XXX + Xax Xffv- 2xaf xfx Xax (A~13b)
d d XX - X
ff "xx fx
and
X,
xg = Xq - X g (A-].BC)
424

Further assumptions which must be made are:

1) Relationships must exist between the rotor and stator coil

inductances in each axis.<59)

Lax fo - Lxx Laf

or
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Xox Yex = Fax Zas (A-14)

2) The time constants of the two rotor coils in each axis should

be different by at least a factor of ten.(sg) Hence, the following
can be defined as:
X2
x - X" = a A—15
q q ,i_g ( )
2424
X, - X" = X° /X (A-16)
d d ax’ “xx
2
- ' t—4 Cod
Xy - X3 xaf/xff (A-17)
LI | I 2 2 -
Xd Xd Xax _ Xaf (A-18)
XX Xff

Concordia had defined the so-called open circuit (that is, the

armature is open circuited) rotor time constants as:

™ _X
qo igg Radians (A-192)
g
' X
T, = ff Radians (A-19b)
do E—
f
x2
fx
w _ g8 ff :
Tdo ( R ) Radians
X
or
Xé - Xg X
n _ XX -
Tdo (Xd — Xg) R Radians (A-19¢)
X
Proof of these relations are:
Xee
-_— X' - x" X
Xog = Xeg) = (Xd ~ Xﬁ) Rxx as follows:
R d d X
X
o own
Tio = (Xd Xd)‘xxx
X, -X" R
d X
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13 =
Tdo

1
)}
p.<

XZ
™ = (X - "fx) 1 Radians
do ff - =
X R
XX x

which is equal to the above and
™ = Egg sec or T" =.§gg Radians
qo R qo R
g g

£ ig and ix will be found. Since we have five

equations and five unknowns, the following can be implied to find the

Next id’ iq, i

unknowns. Recall equation (A-7),

A ==X i +X i
g ag g g8 8
= 1 ( +X i A-20
tg = L O X 1) (4-20)
g8

Recall equation (A-8),

A =X 1 -X i
q ag g 9 q

(A-21)

i

1 (A +X 1
g — 4

)
X q°q
ag
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Equating equations (A-20) and (A-21) yields

il“ {Ag + xag il = 'il_ A +X 1}
- q ag @ q q
X X A A
1 (28B_- 9y -1 . .8
q X X X X
gg ag ag g8
xﬁg DAy B
i, Q-xx) = X
q g8 q q gg
2
S Xa )= % Yo T
g8 8g
Define
2 2
"= (X -X and (X - X") =X
Xq ((l _ag_) (q q) .
X X
gg gg
.io=1 (8-22)

qQ 3w (-» +X

A
q a
q Yes

Equation (A-2) can be written as

g)

iy = (g = X " dg ¥ X4 1)

|
bl Ll

ax

Substituting ix in equation (A-1) yields

- . . s fx _ .
Af = xaf i, + xf i +3— {Ad xaf i + Xdid}
ax
X X X X X
_ d fx _ _fx af fx
Ag = dg (K +—5—) +ip Keg x T &
ax ax ax

- Xkad + 1d(Xanax—Xdex)

1 (ReeX o~ X Xap) = X 2
(A-23)

1x of equation (A-2) can be eliminated by substituting it into equation

(A-3).
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X
= _ . XX -
Ax = xaxld + Xfxif + X (A X flf + X 1d)
ax
. 2
Xax)‘x | ( Xax + dexx) + if (Xfxxax )+X Ad
(A-24)
Eliminate if from equation (A-23) and (A-24)
2 Xfxxax-xxxxaf
Xty = 100K, + XX )Y 3 10 Kt Feda
ff ax fx af
+ 1d (x f ax Xfx)l + Xxx>‘d
X_X° X X _X°.X xxzx XX X X
. 2 fx ax af xx af ax d fx d fx
i P " Fax VT XX XX &
a ff ax ~fx af ff ax fx af
X A - fxxax Xxxxaf) X A+ A(-X _kxfxxfx—xfxxxxxaf)
ax x XffXax Xfxxaf ax f d* "xx Xffxax_xfxxaf
i (XX - X2 ) (X X X X ) +X XX _-X XX
d d xx ax £ fx af fx ax af xx af ax
2 G2
- x'dxfxX + Xde Xxxxafl - (Xaxxff Xax £x af) Ax
2 2
- A (Xfxxax XXX af ax ) + A ( X Xffxax+xf L f+Xfoax
- Xfxxxxxaf)
(XX X X X3 X +2X X2 X ~X X2 X X X2 X )
13V x££ ax ff fx ax af "xx af ax "d fx ax
(X xxff ax f af) + A (Xfx x-xxxxff ax) - Af
2
(xfxxax - Xxxxafxax)
9
xx2+x3x -2X_X“ X
xxX af £f fx ax af
1y %4 2
& xxffxax Xfxxax)
2
(X Xff ax fx af) + Ad (xfxxéx-xxxxffxax)
(x X ) X X_X -X£X

ff ax x ax xx £f ax "fx ax
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and

Therefore,

or

To
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2
- Ag (Xfxxax - XXXXafxax)
2
: (XXXXffxax - Xfxxax)

mind that Xxx Xaf = Xafo£ Define Xa as

2 2
XS = (X, - Xxxxaf + Xafof - foxxafxax

d )
X2
Foer = X80

1" - 2 2 -
(XX =X X+ X Ko 2xfxxafxax

2
(Xxxxff - Xfx)

X2 Xff - Xf X fX
iX"=)\ {ax X a ax}

d - X4 X
d x Xxxxffxax Xfx ax

X X2 -X X
A { X ax XX af ax,
£fX X X - X2 X
xx ff ax £fx ax

2
-ld(-xfxxax + Xxxxffxax)
X X_X -X£X
xx £ff ax " fx ax

2
J— xaxxff " Xfxxafxax\
i X" =22 ( Y~ A
d’d x X XX - X2 d
xx ff ax fx ax

] "= o
Y Ao+ Ay Xue
xfx

find if substitute it for id in equation (A-23)

"

" _
1Ky KXo ~ Xales

X
X A_. + ax
ax f (——xxx Ax) (—xafxax + defx)

af ax

1t
- Xd

) = ay (Rp Xy + X X XX

d fx

)

(A-25)
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First term:

A, X, X" +X X

a Ry Xg ¥ X %oy — X¥e) =

2
A (-xfx fgg Xat ax)

X
XX

|
o

2
>\d (“Xaf Xxx + Xaf Xax) -

Xfx

Second term:

"
Xd xax £ X X

" (
X (Xfx af Xax Xff) xax plod

(X X") A X

(xafxfx - Xax Xff) Xax

- gh

(Xd Xd) X.Xx Af
2 2

(Xaf Xxx - Xax Xff)

(X - X") X x

X2 x2
3£ af ax)
f£'xX

f

X X

ff xxx =

(X - X") A
X £ (X" - X')

Third term:

(xax Xx) (- X > x + X, xfx)
(]]
xxx X (Xfx af Xax Xff)

2 X
-
xaf( ax) xx + Xd Xfx
X X ax xxx =

Xg Koy Xoe ~ Xy e

X

_ oy XX
Xy - X 5+ X3 Xy
ax

xaf

I
g

X

q] _
| X§ (Rgy Xop = Xy Xgg)
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- "
(xax A) xanxde + Xd Xafxxx + xd xrx Xax
" - =
xxx X xaxxd (xfxxaf xax Xff)
Xax
X X (X Ax)
af 'xx “xx -
xax(xfxxaf - xaxxff)
Xax
X (X Ax)
af XX
Xeg (X3 = Xy
Therefore,
_yxn
L 2 FamED e X, O (4-26)
= T _ 'y DR dl
EX X} -Xp X X (&Xi-Xp
From equation (A-7) and (A-8)
A ==X i +X i
g ag q g8 g
A =X i +X i
q q q ag §
Solving for ig
X -X A =1i (XX - X2 )
98 ag q & q 88 ag
. 2
XA -X A =X i X -Xx7)
qg ag q g8 g ( q _ag
g8
XA XA
Bt A
gg ‘ggag © 9
X X e X - XM
gqu_(q q)3=i X"
X X
ng ag ag & 4
1 = —E (" -(X -X)A)=1i
g X X' 'd q qa° q g
ag q 1
1 = =1 (e" - (X -X") A) (4-27)
g X X" d q Q" q

ag q
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Equation (A-2) can be written as

i =5— (@
ax

a~ Xp ig ¥ X5 1)

Switch the value of if from equation (A-25) to the above.

2
- xn
=, -x Ko XD X Xy Ax R EN
X Xax d af(F—Xr,) f X X ( X" d~d
d d ff XX
(X,-X") X (X —X')A
1 d “d ax
i.=_()\ -X Tyt Aot ™ +X1)
X Xax d “af (Xd Xd) f Xxx ( -X )
" v -
. - PR 9 e Xee (xd xd\+ (X -XPr +xd1d
= - v 1/ v ]
x xax xax q Xaf Xd Xd XXx(X X ) Xax
! “'X" (X _XV)
1 T X4 “aa)
i = A= & n) Tty e" + X i (A-28)
X Xax d Rf Xd Xd ( -X ) dd
. (59)
We could also define the following as:
e «ci_->e =X 1 or e = E (A—29)
ql £ ql af £ ql T
e «i »e =X 1 (A-30)
4y b'< 9, ax x
< = A-31
ed ig > ed Xagig ( )
X
e" a A > e" =2X, (A-32)
x q X X
XX
X £
e' « Af > e! = ié_ Af (A-33)
*ag
" < 1 - A,_34
ey Ag > ey xgg Ag ( )

There is now a need to eliminate the flux linkages from the
voltage representation. Refer back to equation (A-8) and switch Aq in

equation (A-4).
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dld W
vy = odt -m—o(—xq1q+xagig) - R
i =- X
g~ %a'%ag
da w
v,= —34 _ L (xi -e)-R1 (A-35)
d wdt W qa d ad
o o
From equation (A-2)
Xd = -Xdid + xaflf + Xaxlx
and
i =e /X
X q, ax
if=eq1/Xaf
Now switch Ad in equation (A-9).
dx w
v = —%4 4+ 2 (Xi.,+e +e )-ri (A-36)
q wodt W, dd qy 9, q
Equation (A-24) can be written as a function of (id, eq . eq )
1 2
after eliminating Af.
X
e' = 2t A
q xff f
X X X !
e'=§a——f- X ig+ £ . +i3e
T % | 2 af 41 “ax %2
2
-X X
e' = —xaf igte + afxfx e
q £f UG “axer L2
X X
LI _yn af xx af
eq = (Xd Xd) id + e +
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' xif Xxx
eq = - (X4 - X)) i, + eql + ;5— i;; eq2
ax
' X1 - %
eq = -(Xd - Xg) id + eqli-gig-:—iga eq2 (A-37)

This is equation (2-14).

Equation (A-23) can be written as a function of (id, eq s eq )
1 2
after eliminating lx.

w _ 38X r_ . . .
eq Xxx [ Xaxld + XXXlx + Xfxlf]
Xax X Xfx ]
e" =X i +557e +— e
q Xxx axd hax q2 xaf q1
-Xix axxfx
e = i,+e +
e X 4 e X Xe o9
Ko
e" = +e +te
q9 X, "4 9 q
e"==-X,-XH i, +e +e (A-38)
q d "d" "4 Tq, Tq

This is equation (2-13).
Equation (A-25) can be written as a function of (iq, ed) after

eliminating Xg.

m.
]
s
f—
1
]
e
+
]
e
[
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Xa ed
e"=-28[Xx 1 +X (-]
d X

gg 28 4 g8 = X,

3
" - -
€4 X €a

88
or

11 = - - " - -
ey (xq xq) 1q ey (4-39)

This is equation (2-15).

THE FIELD FLUX LINKAGE RATE OF CHANGE

Apply Kirchoff's voltage law to the field circuit.

dkf

| - - I -
Efd = Rf i + It (A-40)

E%d is an exciter armature e€-m-f

= i A-41
eql X ¢ ig ( )
Also
X
£ Y] (A-42)
R do
£
Therefore,
*are _Xer Far Lo
Rf Rf Xff f do q
Multiplying equation (A-40) by Xaf yields
Re
dx
Xaf E' =R Xaf i+ Xaf £
dt
Rf fd f Rf f Rf
X X . dx
_ ff af f _
Efd = Xaf if + R, ° X..dt (A 43)'
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E., = et E!
fd R fd
f
Efd named the open-circuit armature voltage which would be produced by

voltage E%d in a steady state. Equation (A-43) can be written as

]
fa " %, T Tdo T

E

or
de' 1
ar =T Bra T %, (hse)

This is equation (2-16).
The above equation represents the rate of change of the flux
linkage of the e& component. The rate of change of ey and e; is de-

fined by the following.

" . ro_ g
g;-q- = - :32 (zd - zﬂ) (4-45)
do “d d

This is equation (2-17).

—— -ed/T" (A—46)

This is equation (2-18).
The mechanical motion equation is

2
d°s _ 180f ds. -
dat H T, -T, -KR3g (A-47)



APPENDIX B
PHYSICAL AND SIMULATION MODEL OF EXCITATION SYSTEM

B-1 Rototrol Excitation System

Rototrols for excitation systems are available having single
stage or two stage amplification. The principle of the operation of both
types depends on the energy available in the control circuit and the
total power output required, The Rototrol is similar in design to the
d-c machine. The two stage Rototrol can be used as either a pilot ex-
citer or a main exciter. Either the one or two stage of the amplifica-
tion is supplied in the four-pole machine, hence, the Rototrol can be
directly connected to the shaft of the generator. Figure (B-1) is the
schematic design of the excitation system with the Rototrol pilot ex-
citer and the single-field main exciter.

Variable voltage is supplied to the main exciter field by the
Rototrol = pilot exciter which is connected directly to the field. It
is under the control of the voltage regulator automatic control unit or
the manual control unit.

The manual control unit consists of a bridge circuit excited by
the voltage drop across the main exciter field. By the way, the Roto-
trol control field is differentially connected in a the bridge circuit.
Under a normal deviation of the main exciter shunt field voltage from
its hand set value causes an unbalance in the bridge circuit and current
flows in the Rototrol control field to correct the voltage., The manual

control unit, therefore, regulates the main exciter shunt field voltage

168
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Reg. Cont. Self-energies
Switches Series Field
x " Maoin Exciter
Shunt Field %
Voltage : / Gen. F1d. A
Regulator i~ A-C 8
Auto. Control - GEN. c-T
Unit S c
U
) p.p U
v o
Manual /. Voltage Regulotor
Automatic
Control Unit |____~ Control Unit
\Reg. Control
Switches
FIGURE B-1

SCHEMATIC DIAGRAM OF EXCITATION SYSTEM
WITH ROTOTROL PILOT EXCITER AND
SINGLE FIELD MAIN EXCITER

to maintain its constant at any value set by the operator without further
attention on his part. The self-energized series field of the Rototrol
provides all the excitation requirement of the pilot exciter when the a-c
generator is operating with the regulated voltage output. The Rototrol
pilot exciter supplies all the excitation requirements of the main ex~
citer. In this respect, this scheme is identical with the exciter

reheostatic system. (19,20,21)

B-~2 Static Voltage Regulator for Exciter

Figure (B-2) is a schematic diagram showing the Rototrol pilot

exciter, an exciter, and an a-c generator. A static type of circuit for
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ROTOT'» EXCITER EXCITER A-C MACHINE
I\ Y,
/ / '\ A
‘% A-C B
GEN,

C

Damping .
Transformer &__f PeT
_-f—co.s-\‘ Trons.

IR

Ix Reoctor

FIGURE B-2
SCHEMATIC DIAGRAM OF ROTOTROL PILOT
EXCITER REGULATOR SYSTEM
the purpose of regulating the a-c generator uses Rototrols for the ampli-
fication. As seen the resistor path IR and a saturation reactor path Ix,
with the current in each path rectified, is fed into the control fields
of the Rototrol. The Rototrol control fields are connected to be equal
and opposite magnetically when the a-c generator voltage is normal at the
regulated value., Under this condition the Rototrol output voltage is
maintained at the required value by its self energizing shunt and series

fields.(ls)

If the alternating voltage does not have a normal deviation,
the control fields adjust the Rototrol as needed to restore normal

voltage.
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Regulator
Under a deviation that is not normal the a-c voltage will be ad-

justed by changing the resistance in the.field exciter by the voltage

regulator, The voltage sensitivity element of the regulator acts di-

3)

rectly on the reheostat to vary its resistor. The schematic diagram
of the self-exciter and direct-acting rheostatic type of voltage regula-

tor is shown in figure (B-3).

EXCITER A-C MACHINE
J\ S , W
/ \ / \ A
A-C B
SHUNT GEN,
FIELD i ¢
{ YR |
! v’\/\/\if
| | Direct acting 9000 P.T
; : voltage regulator (OT0)
FIGURE B-3

SCHEMATIC DIAGRAM OF SELF-EXCITER EXCITER AND
DIRECT~-ACTING RHEOSTATIC TYPE OF VOLTAGE REGULATOR

Other types of excitation systems such as a rotating amplifier
d-c machine are designed as a power amplifier such as Amplidyne (General
Electric), Regulex (Allis-Chalmers Manufacturing Co.), and Rototorl
(Westinghouse Electric).

From the beginning of this appendix we ‘have seen the physical lay-

out of some of the kinds of excitation systems. Most of the above physi-
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cal models of excitation systems have been simulated by mathematical

models shown in figure (B-4, B-5, B-6, B-7, and B-10).

B-4 Mathematical Models of the Excitation Systems; Classified in Four
(®)

Models by IEEE

The type I model continuously acts as the regulator and the ex-
citer. The excitation system designed in type I is shown in figure (B-4).
The type I excitation system is representative of the majority of modern
systems which are now in service. Continuously acting systems with ro-
tating exciters are included. Example of these are Regulex, Amplidyne,

Alterrex, Rototrol and TRA regulator.

Saturation
Vref Function
vRmax
KA L, + I Efd’
1+STA Kg +STE
VRmin
S K¢
I+S T¢
FIGURE B-4

TYPE I BLOCK DIAGRAM OF EXCITATION SYSTEM
Figure (B-4) shows the transfer function of each unit of the sys-
tem which is a satisfactory representation for computer studies. Machine
terminal VT’ is the input applied to the regulator input filtering. Its
time constant TR is usually very small. A comparative of the regulator

reference with the output of the regulator filter output is illustrated.
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The voltage error inputs to the regulator amplifier by the first

summing point.

The second summing point combines the voltage error input with
the excitation major damping loop signal. KA and TA are the gain and
time constant of the regulator transfer function. The hard limiter is
suggested to control the input to the exciter. An upper limit will
prevent over heating of the field winding. The lower limit is used some
times on generators to be sure that there is no loss of synchronism due
to insufficient excitation. Therefore, a lower limit might be functioned
as of the light load on the machine.(zz)

The next summing point sees the saturation signal, Sp = f(Efd),
as well as the output from the hard limiter. This results in the input
to the exciter. Ky and T are the gain and time constants of the exciter.

Note that Kz is negative for a self excited shunt field. Kf and T are

gain and time constant of the damping loop of the system.

B~5 Type II Excitation System—-Rotating Rectifier System

The type II excitation system is similar to type I except that
the major damping loop input is supplied from the regulator output as

showm in figure (B-5).

B~6 Type III Excitation System—-Static with Terminal Potential and

Current Supplies

Excitation system, type III, is shown in figure (B-6). It
represents the static systems which cannot be represented by previous
types. This is because the generator terminal current is used with

potential as the excitation source.
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Vref

Scturation
Function
VRmox
Ka + 1 Efg
T I Ke+STE v
VRmin
S K¢ Y
(1+ST¢ )(14ST¢)
FIGURE B-5
TYPE II BLOCK DIAGRAM OF EXCITATION SYSTEM
VRmox VB
! ! Efi;
1+STa —':@" KE+STE
VRmin o
S Kf
1+S T¢

V1

:{ng-l KpVr+dkr ITl
T

T

FIGURE B-6
TYPE III BLOCK DIAGRAM OF EXCITATION SYSTEM
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An example of type III is the General Electric SCPT., The trans-
fer function blocks are similar to type I except there is a signal added
by the signal representing the self-excitation from the generator ter-

minals. Kp and KI are coefficient factors of the shunt excitation supply

proportional to VT and It‘ The multiplier accounts for the variation of

self-excitation with change in the angular relation of field current Ifd

3 1 i T e -
thev The VBmax imiter causes the excita

and self-excitation voltage V
tion system output to be zero if A > 1 which is when the field current
(8) 78 Ty
)

Then

exceeds the excitation output current, where A =

(

B-7 Type IV Excitation System--Non-Continuously Acting

The type IV block diagram is for rheostatic systems with con-
tacts for fast response, such as the BJ-30 by Westinghouse and the GFA4
by General Electric. If the deviation in the generator terminal voltage
from the desired value exceeds the range * KV (typically .05 per unit),

the output of the integrated is ignored and either V is

Rmax vain

applied. Contacts to the exciter input reduces the generator voltage

error quickly.

Saturation
Function
Vi
Ref VRmox
AV
| e : . —P
i+STR STRH | Efd
l +
&Rnﬁn
Aux ¥ Rmax
Dead Band __J
kv
VRmin
FIGURE B-7

TYPE IV BLOCK DIAGRAM OF EXCITATION SYSTEM--NON-CONTINUOUSLY ACTING
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In block diagram, figure (B-7), the block marked by AUCT signi-

fies an autioneering circuit which reflects the output of the integrator

(8, 10)
or the contact voltage VRmax or VRmin'
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COMPUTER PROGRAM SIMULATION OUTPUT
LISTING OF TYPES OF EXCITATION SYSTEMS
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o018 830 POCWAY(L®1®.///7/8 1R SLNSITIVITY ANALYSES OF A TYPZ | EXCITATIONS,
1 ¢ SYSTFY? (/43Ke*AS TINE CONSTANY TA IS VACGLIED FROM 060 TO 040 *
R 2/787K*PUN® (BXe*TA® 4 BXe*SYSTEV TIME CONSTANT®}

0J1¢ SRITE €6e82) (I.TA(L)TC2(22e1x1e41)

0020 WRITE ¢643520)

o021 820 FOGVAT(®L1®,///7/741Ke*SCNSITIVITY ANALYSIS CF A TYPE | EXCITATION®,
1 ¢ SYSTIVS (/A INe*AS TIM: CONSTANT TF 1S VARISD FGOM 408 T2 5.00°%
2 PIAK R UNT JBXIOTF® (5K SYSTEV TIVE CONSTANT®)

0322 WEITE (6329 (ToTFEIIaTCI(L ol aloal)

0023 sEITE (6.930)

002e¢ 830 FOONATL ¢4 ///7/783 K0 SENGLITIVITY ANALYSIS OF A TYPE 3 EXCITATION®,
1 ° SRSTCU /49X, °A5 GAIN KA IS VAITED FAYIM 1,00 TO 1%50.0°%¢
D CIATRLPHUNG (BRPKAY (OROSYSTEY TIME CONSTANT®)

00293 WRITE (0320 (LexALLIeTCALIIeE=1,a})

- 9920 SRITE (65332

0027 835 FOEMAT{®1? (/77774 R ENSITIVITY ANBLYSIS OF A TYPE 1 EXCITATIONS,
3 % STSTEMS,/a8R.%A3 CAIN KF 1S VANIED FROW 4033 13 3 *,
D FIATRRUNO JARLORT? (LA ISYSTE® TIuE' CONSTANT?)

2020 ORITE C6e53) CLexF(IDeTCPlTNelntool)

0020 eRITE (6.540)

0930 880 FOGHMAT(O1°4/7//7/78 X ¢*SENSEITIVITY ANALYSIS OF A YroZ § EXCITATIONS,
L-° SYSTEM® /8 3%e°AS TIWT CONSTANT TE 1S VARICD FROM o032 TC %,00°%,
R ZI8TRPRUN® oBXe®TE® oSXe*SYSTEM TINZ CINSTANTS)

(13} WRITE L64%2) C(1TELIDTCSIL)elzleal)

0932 weitTe (6.530)

(-T2 §30 FORMAT(®1° (/7774 Re*SENSIVIVITY ANALYSIS CF & YYPE | EXCITATIONS,
1 % SYSTEM® /49X, %AS JAlN RE 1S VARIED €AJM ,01 TO 18,0°%,
P 2/78TRRUN® o BXORT? SR *SYSTEN TIME CONSTANT®)

0036 WALTE (6432) (1exE(L)eTCOIL)elnl al)

0033 ° CALL PRV OTET®TC1e4302483250LABL)

1036 whiTELO21000)

vo3l?

2008 FOOMATL IR /IR *SENSITIVITY ANALYSIS GF A TYPE 1 EXCITATICN ¢,

PAGE 0003
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0d3e
‘0039
00a0

00e}
0042
0343

004as
004S
0040

00s?
ooanr
0340

0030
00s1
00s2

0033
0C3e
008s

sose
005?
0038
0959
0060

181

1 *SYSTCi PLOTTING THE EFFECT ON THE APPROXIMATYZ TIME CONSTANTS,

o DATE = 77279 [ x74% 74 3]

‘@ /1K e®0F THE SYSTEM wniN TIME CONSTANT TR IS VA®IZEQ FOOM 0.0 TD ¢,

J *0.08°)
CALL PR DT{TA,TC244301043,2,LABL)
wEITE(842002)
1002 COESVAT(IXG/IX*SENSITIVITY ANMALYSIS CF A TYPZ | SxXCITATION ¢,
3 SSYSTEN NPLOTTIVGL THME EFFLCT ON THE APPGOXIMATE TLuME CONZTANTS
2 Z1X¢°CF THE SYSTER wMEN TIME CCASTANT TA 1S VARLIED FROR 0.0 TO
3 ¢ 00"
CALL PRALOTITF TC3003e3e8302eLAK)
wRITE (6,100 '
1007 FOCMATLIXe/IRW*SENSITIVITY ANALYSLS CF & YY»Z | CSRCITATION 9,
L *SYSTFV PLOTTING THE TEFECT ON THE APPAOXIVATE TIME CONSTANT e

2 ZIne0F THE SYSTEM wHEN TIME CONSTANT TF "5 VARIED FRCW 01 TO *,

J 3,0 *)
CALL PRPLOTIKA (TCH.03el «43,2,LAOLY
WRITE(6] I8
1004 FORMAT(IXe/IN*SLNSITIVITY ANALYSIS OF A TYPE § FXCITATION *,
1 *SYSTEM PLOTTING THE SFFEECT CN THE APODOXIMATE TIME CONSTANTS,
2 Z1K*DF THE SYSTEM wHEN GAIN XA 1S VARLIED FAROM 1.00 TO 150.,0°)
CALL PEPLOTUIKF ¢ TCT 43,1403 ,LA0L)
whkITC(641007)
1007 FOOMATEIXe/IXe*SENSEITIVITY ANALYSIS OF A TYPE | EXCITATION ¢,
§ *SYSTCH PLCTTING TiE EFFECT ON THE JPPRUXIMATE TIVE CONSTANT,
2 F1X¢'CF THE SYSTEM wniEN GAIN KF 1S VARIED FRAM (003 TC o3 *)
CALL PPPLOTITF .TCSeelelediolotlary) )
eRITELE.100%)
3039 FORMATLIAGZIX,*SENSITIVITY ANALYSIS OF A TYPS | SXCITATICN ¢,
. 2 *SYSTEM PLOTTING THE EFFECT ON THS APPROXIMATE TIME CONSTANT®,

2 /1Xe°0F THE SYSTEM witEN TIME CONSTANT TE 1S VARIED FRQOM 401 TOD ¢,

3 *3.00°)
CALL PFPLOTIXE ¢TCOe8 ol oA ol L ARL)
SRITEC(G.3008)
2000 SOAMATEIX /1R« *SENSITIVITY ANALYSEIS OF A TYPE | EXCITATION o,
1 °SYSIEM PLOTTING Tr® EFFECT ON THE APPRIXIVMATE TINE CCNSTANTS.
2 2R 4%0F THE SYSTEM wREN GAIN XE IS VARIED FFIN (01 TC 15.0°%)
S0 FOKMAY (2(F20.1))
31 FOEMAT(OLF10.2))
S2 FOAMAT (1Xe45Xel3eFLaeSe3XeF1046)
sTOR .
eND

PAGE 0002
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906 eCONT INUOUS SYSTEM MODELING PROGRAKeSSS
o6s VERSION 1,3 ¢se

TITLE TYPE 2 EXCITATION SYSTEM, ROTATING RELTIFIER SYSTEM
TITLE @17 STATIC VOLTAGE REGULATOR

FiIxe0 gsev

FIXED ICNY

FIXED IPUN

INIVIAL
PARAKETER TRE0.:00KARA06eTABOIZoKERL O oKFEe 03¢ TERG7Iv0 00
TFu 00eSEB 70 s VRHAKSE,S o VRHINE =G0 SeVREFR] ¢ 00 ICNTE L o IRUNSL 0000 72 - |
AUX®0,04EPDC=0
18¢€T=0
TYFie?F
TF2eTF
TisTE/xE
KEFOa] o O/KE
TRaax® 408
TRYINZO40
TROEL I »{ TRMAX~TRMIN) /8000
TEMINS,.]
TTraxe 3,5
TECELTaLITCMAX=TEMIN) 7000 -
KEMALS I, S
KEMFIND,]
KEDEL Yo {XEMAX=REMIN) 740.,0
KARAX<300.0
KARINS] O
KADEL Ta (RAMAX=KAMINI /740D
TFNIN®0,08
TFPARQ]) 0,0
TILEL YT T MAX=TFRIN)IZA0,.0
TANIN®OLO
TARAZX®S 0
TAOEL Yol TANAX=TANINIZA0 0
NOsOnY
IF € C0e%5*xKA) (L€, VRMAX ) GO TO 3
KALEPsVRMAX
GO Y0 3
3 IF { (0.%7KA) CEe VRMIN ) GO TO 2
KalfnsvRMIN
GC 70 3
2 KALIMa0,5°KA
3 CONTINVE
ERDSSeL 1. 0/KESKALINY /(1 40¢SE/KE)
© EFO17CE{1.0-EXP(=3e0))*LFOSS
SORT
OVYNAMIC
VTel e0~065¢STEP (0.0}
PAOCEOURE VIiwnrs S(TRL,VT)
3F 179) 10.2010
10 VINTFREALPLIL0TR,VT)
GO Y0 >
20 VIATev?
30 vievint
ENOPA0
V2sYPEF oAUR-Y])
VIsv2-v?
PROCEOUEE YesMOPSITALVIeRA)
IF (TA) 00,418,400
B0 VAPLISLEALPLID.0eTAYI)
GO T3 &2
41 VaPRlevy

&9 Vaavaeveses
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42 VesxAevernt
ENOPRO
VSALINITEVRMIN.YRRAX s VE)
veeseetro
vosvS-va
CEFOPRIeNEALPLLIEPDODTI, V)
EF0e1 ., 0/xCOEFDPRY
VOIREALPLLIO.DTF2,VS)
20CTatlvo=2)/7F)
2eINTCRLE0.0.200T)
v2exF e2D0OT '
WOS ORY
16 ( XEEP AEe 1 3 GO YO 100
IPLISEY=1) J00.10C.300
300 17 (EFO-EFOLITC) 10042C04200
200 YCating
1SETa
160 CONTINUE
SORY

TERMINAL
TINER OCLT=0,000¢ FINTINS].0
REYNOD RKSFX
GO 10 (10004101003020023030¢1080¢3030%¢1RUN
2000 wRITE (351} TR.TC
GO 70 1080
1010 wWRITE (3.31) TATC
<O Y0 1040
3020 wERITE (3.51) TF.TC
G0 YO 000
3030 WRITE (3.51) KALTC
GO T0 1060
2040 WRITE (3.51) TE.TC
G0 10 1060
3050 SFITE (3,51) XETC
31080 1SCT=0
IF (ICNT-a41) S00.510.910
300 1CNTeiICNTe]
GO TO (200042010¢202002030620404,2050)«1IRUN
2000 TRaTReTRDELT
GO 10 20¢0
2010 TAaTAeTADELY
60 T0 2000
2020 TFaTFeTFOELTY
60. 70 2000
2030 xXRexAsRACELT
GO TO0 2v60
2040 TESTESTEOELT
60 10 20¢0
2030 KEeKEOREDELT
20060 CALL RERUM
810 CONTINUVE
81 FOFwAT (2(€20.8))
ENO
PARAMETES TAn0,0¢ IRUND2,ICNTnL ,TR20,0
E£n0
PARANCTER TA®De02:TFwo6 o+ IRUNSIICNT ]
(4, -]
PARAMETER TFaloe0eKAm2Se ¢ JRUNEQICNT S
END
PARAMETER XAw100e0¢TER ¢4 oIRUNSIICNTa]
TINER DELT®0,001e FINTINa2.0
END
PALAMETER TE® .8 lRUNSAICNTS]
end :
stop



foatTean v ¢ LEVEL 2t MAIN DATE = 772718 02703719

[-1-1-3) ODIVENSTIONR TREAI)eTAIAI) sTFIAIIRALAI)IJTECAL) KECAIILTCI(AI),
§ TC2€a3)s TCI(AIPTCA(AT}TCS(010.7CH(02)

0002 INTLGER LABLITIZOSYSTO o EM T, IME * o *CONS® *TANT Y/

0003 PEAD (3300 (TR(13TCIILDalml b))

00048 READ (3.50) (TaLg).TC2(1Jelntoald

0008 SEAD (3,50) (TFI1).TCI(Lldelmt, a0)

[-1-1-1.3 EEAD (3500 (xXAL{[)eTCalil)elzl,al)

0007 ECAD £3e50) (TFCL)TCS(LlDeInt,08)

0008 READ (J3¢50) IXKE(I)eTCOLL)olm)otl)

0009 OC 10 1s42,43

o030 10 RLAD(S:51) TR(II)TA(LIDTFLLDekALD)

0011 00 20 {(va2.a3

0032 20 READISSIE TCI(E)eTC2(TIaTCILITCALL)

0013 WELITE (8¢%00)

oo1e 800 FORUAT(1®,//77/78 X ?SENSITIVITY ANALYSIS OF A TYPE 2 EXCITATION®,
§ % SYSTCM®./a3Xs%AS TIME CONSTANT TR IS VARIFD FROM 0.0 TO 0,08°,
2 Z/ATXCRAUNY ¢ BXo*TR® sSX*SYSTEMN TIME CONSTANT®)

001S URITE €6e52) (1eTRILIeTCI(L)lnloel)

80106 WBITE (6+510)

0037 6530 FORVAT(®3*.///7/781 K¢ SENSITIVITY ANALYSIS OF A TYPE 2 EXCITATIONS,
3 ¢ SYSTEM®./43Xe?A3 TIMT CONSTANT TA [S VARIED FRON Q0.0 TO o2 *¢
2 L8R HUN® S AN, TA® SXe *SYSTEM TIME CONSTANT®)

0018 BRITE (6452) (1eTA(L)oTC2(1)oln20a1)

o0t9 SO ITE (6.520)

0020 820 FOFMAT('2? ¢ ///7/788 X *SENSITIVITY ANALYSIS CF A TYPZ 2 EXCITATION®,
3 * SYSTEM® ,/43Xe%A5 TIME CONSYAAT TF 1S VARIED FACM O-OI TO 3eS%.
R J/8TXLPUN® eBXe®TF® o 5X s *SYSTEM TINE CONSTANT®)

0021 BALTE €0e52) (JeTFLIIeTCILIIiIn1oal?

0022 waITE (06+.530)

0023 630 FORMAT(®1®o///7/781K,*SENSITIVITY ANALYSLIS OF A TYPE 2 EXCITATIONSG,
3 ¢ STSTEU®,/4NAKe*AS CAIN KA (S VARIED FRUOM 1400 TO 100.0°%,
D 2/8PR R UN® cARIOKA? o DAL, *SYSTEN TIME CONSTANTY)

002¢ WOLITE €6e52) (1sXAL2),TCA(I)elm1ea])

0029 WRITE (6,5401

0026 SO0 FOSMAT(®)®4///7/781Xe*SENSITIVITY ANALYSIS CF A TYPE 2 EXCItAIION'
$ * SYSTIM® o/7&3X.%AS TI{M: CONSTAAT TE 1S VARIZND FROM o3 TO 840°%
2 /747X *RUR® cBX P TE® ¢SXe *SYSTEN TINME CONSTANT?)

0027 SRITE €6e52) (34TE(1)eTCA(I)elmieal)

6028 #RITE (6.%%50)

0029 $30 FOSMAT(O3¢,///7/7814e° SENSITIVITY ANALYSIS CF A TYPEZ 2 EXCIVATION®,

. T © SYSTEM®,/89X,°AS GAIN «E 1S VARIED FAOM o1 TO S,0°%.

2 F240TXPDUN® sBX*KE® DX *SYSTEM TIME COMSTANT®)

0030 WRIYE €€e82) (14XE(I).YCO(!).1mi al)

8931 CALL PEM OT(TR,TCL+8341,43,1.LABL)

0032 R wRlTF{6.1001)

0033 3003 FOEMAT(IX./1X*SENSITIVITY ANALYSIS OF A TYPE 2 EXCIVATION °*,
§ *SYSYEM PLOTYING TME EFFECT ON THE APPROXIMATE TIME CONSTANT®,
2 ZiXe°CF THE SVYSTEM WHEN TIME CONSTANT TR IS VARIED FRO® 0.0 TO ¢,
3 *0.08%)

003a CALL PRPLOT(TA«TC2¢43e304301.LA8L)

00338 WRITELG6.3002)

0036 2002 PORMAT(1Xe/71Xo*SENSITIVITY ANALYSIS OF A TYPE 2 EXCITATION *,

184
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FORTIRAN IV G LEVEL 23 HA N DATE = 77278 02703719

(2214
¢038
ool

0080
[ 1-13)
0082

006>
(048
0045

0046
0087
004s

0049
9030
0033
0052
0033

3 OSYSTEM MLOTTING YHME EFFECT ON THE APPROXIMAYE YIME CONSTANTS,
2 J1Xe%0F THE SYSTER wHEK TIME CONSTANY TA (S VARIED FPOMN 0.0 TO ®,
3 %2 %
CALL PPPLOTITF TC3e430le030iot AL}
wRETE(6.1003)
3003 FORMATIIX/IX*SENSITIVITY ANALYSIS OF A TYPE 2 EXCITATION ¢,
§ O*SYSTEM PLOTTING THE EFFECT ON THE APPROXIMATE TIKE CONSTANTS,
R /73X4°0F THE SYSTEM wnEN TIME CONSTANT TF IS VARIED FROM .01 YQ ¢,
3 *33 0D .
CALL PPPLOTIKA oTC4083¢2443,2,LADL)
#PITEL643004)
1004 FCEMAT{ IR /71X e*SENSITIVITY ANALYSIS OF A TYPE 2 EXCITATION o,
3 OSYSTEM PLOTTING THE EFFECT ON THE APPROXIMATE TIME CONSTANTY,
R F34.°0F YHL SYLTEM wMtR GAIN K& 1S VARIEOD FadM 1,00 TC 100.°)
CALL PRALOT(TETCSe03 020341 4LALL)
WRITEL(6.100%)
1008 FOPVAT(IX, /71X s *SENSITIVITY ANALYSEIS OF A YYPE 2 EXCITVATION @,
3 ®SYSTEM PLOTTING THEC EFFECT OGN THE APPROXIMATE TIME CONSTANTS,
2 /I1X,0F THE SYSTEM anEN TIME CONSTANT TE §S VARIZD BROM 1 TO *,
3 #3.00%)
CALL PRPLOT(XKE TCO43e2443010LAELS
WRITE(6410006)
3006 FORVATL1IX /1R« *SENRSITIVITY ANALYSIS &F A TYPE 2 EXCITATION °,
3 CSYSTEM PLOTTING THE EFFECT ON THE APPROXIMATE TIME CONSTANT®,
2 71X .°0F THE SYSTEM WHEN GAIN KE IS VARIED FROM o1 TO S.0°%)
S0 FOUMAT (2(E20.08))
83 FORMAT(G(F10.2))
82 FOSMAT (IXed5Xel3eF14:8:5XeF1046)
sYCP
END

PAGE 0002
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GSOOCONT INUIIUS SYSTLN RUOLLING PROURAMSSO

[T 1] vtﬂslnﬁ 1e3 00s
SI%E IYFE 3 EACITATION SYSTEM
FIrED iser
FLAED ICAT
Flage 1PUN

LLYLETTS
PARSNETLS TRO0 . UeKASE0. oTASGU2KESL 40 o XF840)eTE® (T 30000
TFole0eSES T VRNARG G VANING =0 Do VRIIR] ¢ Qe ICNTa ¢ JRUNST ¢ qe0
AUAS040eEFDUB Y0Pl g o] Rl VESARSE D
1sevso
TiatesxE
1GnaAn, 08
TRNLNEV.0
TROLL Ta{ ThMAR-TRMINDIZ4U 4D
TEMNIN® .01
TEMARS S,
TEOLLS e (TENAA=TENIND /GO .V
RENAXSLS,
KENIAT,08
KEOCLIYEREMAXR=AENIND 76040
KAMAAE 50,
. KAMINSl.O
KADEL To {KAMAR=KAMIN) 740 ot
TFRINS0,0)
TEMARES,
TEOEL IS TF MAX=TFKIN) /74040
TARINSQ O
TAPARE S
TADEL T2 TAMAX-TARIN)/Z40.0
. KFHIN=O,01
KFNAX=,3
RECEL TR (RFMAX=KFRINIZ4040
NOSORTY
3F ¢ (0.59KA) LLE. VEMAX ) GO TO 1
KAL) M=VRMAX
60 T0 3
3 IF ( (0.5%KA) +GEe VRMIN ) GO TC 2
KALIVaVRNIN
6D T0 3
2 KALIN=O,.SeKA
3 CONTINUVE
CFDSSTKALIM/KE
EFOITCEl1,0-EXPL~1,0)3°EFDSS
SORY

OYRANIC
SFOnl ¢—~¢5¢STEPL0.0)
17520 0=e5¢STEP(0.0)
YIE] 0 0-058STEP(VO)
PROCEDURE VIZHCES(TRVT)
$F (Th) 10420610
30 VIKTSREALPLLL.0¢TR,VT)
60 10 3O
© 20 VINTavY
. 30 VvisvINT
ENOPRO
Y2sVYREFAUX~-VE
HOSIRY
VINEN=CARS( SHPLRIKPOVT KIOIT))
Al TOOIFO/VTHEN) 2
YTHENJSVTNEANGSURT(Le~A)
BPlACTele) VOMAX204,0
300Y
v3ay2-v?
PROCEDURE VASMOFSITAVIXA)
IP 745 40,8140
Q0 VAPALERESLPLIC.OeTALYI)
60 YO &2
43 vapRiev)
42 VAasKAaovaPnt
ENDPPO
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ENDPPD

YSsLEMITEVHNEH, VANAK V4]
VOsVOSVTHIN]Y
VOrLINIT (0,0, VHHAR VL)
CPDPRLshrPA LM (70078 ,v8)
EP0s] JO/nL eLrOPRE
L00VS(EFD=-L )/ TF

IS INTGEL (04 042007)
v¥skFeloCT

NOSORY

300
200

100
SORT

1F | XEEP ,NEe 1 ) GC 10 300
IF(ISET~1) 300.100,300

§F (EFO-EFOLITC) 10042000200
TCaviINE

182Tey

CONT INVE

TERMINAL

1000
1010
102¢
1030
103s
1040

1050
1060

$00

2030
203s
2040
2050
2060

810
81

TINER OELT®0.001¢ FINTIN2I40 °
RETHOO RKSFX

GO TO (10001010410204303052035541040410500,418K
YEITE (3.513 TR,T1C :
GO YO 1062

¥RITE (Je51) TA,IC

GO TO 10¢0

WRITE (3.51) TR.TC

GO TO 1060

WRETE (34513 KALTC

GO0 TO 1060

WAITE (3.31) KF,TIC

GO 10 10060

SRITE (3.51) TELTC

GO TO 1060

CRITE (3.31) KETC

1SET=0

IF CICNT=41) 5004310.330

ICATsICNTeg

GO TO t200002010020200203002035+200002050) ¢ IRUN
TRaTReTROELT

G0 TO 2080

TASTACTACELT

GO %0 2060

TFaTFeTFOELY

GO TO 2060

CASKASKADELT

GO YO 20¢0

REuKF IXFOEL Y

GO Y0 2060

TESTESTEDELY

GO 10 20680

RESKESKEOEL T

CALL RERWN

CONT INUE

FOFMAT (20220480}

END

PALAVETER TR20,03¢TA20,006¢1RUN®2,ICNTa}
ENO

PARANETER TAS0.t3eTF=,38 4 IRUNEIICNTaY
€NO

PARAMETER TFo.01oKAR),J63RUNS, ICNTR]Y
TNO

PAFAMETER RA130.0.TEZ0.010 [AUNZSICNT]
END

PARANETEE KFve25:TER 254 IRUNTOICNTe )
TIVEP OELT=0ed08 e FINTINGIS,

END

PARANE TER TE®,S oR€e =,08,1RUN2T, ICNT=}
TIMES DELY=0,001¢ FINTINe1S,

End

STCP
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FORTAAN IV G LEVEL 21 . RALN DATE = 17278 03/13/%0 PAGE

0001 OIMNSION TR{A3)TAL4I) e TFIA3) JKA{A3I.TE{AL ) RELATITCIL A,
g TC204a30e TCILA3)eTCOLAIIeTCOLA)eTCOLOL)RF(A3)TCVLAI)

0002 ENTCGER LABLES)I/PSYSTOo%EM TO, 2 IME & ,6CONS? o * TANTS

0903 READ (3.50) (TR{)TCI(L)elwloal)

o00s READ £3450) (TAL1).TC281) lmteal)

0093 READ (3+50) (TFL1).TCIC(1)elmican}

o008 READ £3.30) (KA(1)sTCALID lmlonl)

[Y-1-34 READ €3,90) (TC(1I.TCS(T) lml1 01y

S008 NEAD (34303 (XC{1)sTCOLLD lmlcal)

LY-T1) READ (34501 (RF(1IeTCPLI}alnl, atd

0010 00 10 tsa2,.a3

0011 10 READIS.51) TREIIeTALIN TP )eRACIIeRF(T)

[ T1¥] 00 20 1s4a2.4)

oot 20 NEAD(S,51) TCI(L1)eTC2(ID.TCILTITCALLILTCT(L)

0014 WhtTE (6.500)

001s 800 FOEMATL®1¢4//7/7/701 X *SERSITIVITY ANALYSIS OF A TYPE 3 EXCITATIONS,"
1 % SYSTEM®,/43Xe*A3 TI¥E CONSTANT TR 1S VARIED FFOM 0,0 TO 0.08°,
E L7ATXPHUN® (BX* TR UK ?SYSTEN TINE CONSTANTS)Y

oole WRITE (6e52) (LeTR{LITCILI) 1n1,03)

Qat? eQITE tee5102

oc1e B10 PORMATL*L P/ /78 R SENSITIVITY ANALYSIS CF A TYPE 3 EXCITATION®,
§ ® SYSTEM®,/83Xe%AS TINE CONSTANT TA IS VARIED FGOM 0.0 TO 340 °,
2 LPAPRGORUN® BR:°TAS sSXe*SYSTEM TIME CONSTANTS)

Qote WRITE (0e52) (3.TAL1)7C211)e1m1,41)

Q020 WRITE (64320)

002t S20 FORMAT(®3°e///7/78 1R "SENSITIVITY ANALYSIS CF A TYPE 3 EXCITATION®.
S ° SYSTEM® /43X, %AS TINZ CONSTANT TF 1S VARIED FROM 0.01 TO S,0¢,
2 F74TROCUNT (AR O TF® ySXe*SYSTEN TIME CONSTANT®)

0022 WRITE (€e8D) (14TA{LIDeTCI(I)etuloal)

0223 wOlTE (6.530)

0024 S0 FORMATLO1® . /// /741K *SENSTITIVITY ANALYSIS . OF A TYPE 3 EXCITATION?,
L % STSTEM'/78AX*AS GAIN KA IS VARIED $#R0V 1,0 TO 150,°%
R 2787TK RUN® (BXe*KA® eDRe*SYSTEM TIME CONSTANT S

0023 WREITE (0e52) (TexAl(T)eTCALI) InT,0l)

0020 wRITE (6.33%)

002? 8IS PORMATIOL® (/// /781K SENSITIVITY ANALYSIS OF A TYPE 3 ExCITATION®,
"3 ¢ STSTEM® (/48X.°AS GAIN KF [5 VAKICLO FOOM 0,01 TO 03 °,
D S7ATRRUN® (B ORF o SXe *SYSTEN TIME CONSTANT®)

o028 T BRITE (0.32) (IuxF(LI.TCT(I3elnloall

0029 WEITE (6.54010

0030 BA0 FOMMAT(O1®,///7/741Xe?SENSITIVITY ANALYSIS CF A TYPE 3 EXCITATION®,
T ® SUSTEM® (/A3Ke%AS TINS CONSTAAT TE IS VARIED FROM ,01 TO %.0°%
R C/8TRCAUNT (8K *TEPe3Xs *SYSTEN TIME CONSTANTS)

9031 UREITE €0e52) (L1eTEL1)aTCHLIIoLm)e02)

0032 ww1TE (&.550)

0033 B80 FOUMATL®1® /77708 Xe*DERSITIVITY ANALYSIS OF A TYPE 3 EXCITATION®,
1 ® STSTENS,/40X,%A3 GAIN XK€ 1S VARIED FROm L0t TO 1%.0°,
2 P78PRLCHUNS (BRORE® (DR *SYSTEN TIME CONSTANT®)

(221} WOITE (6652) (1nELLITCOH(TMs1RLe0Y)

0033 CALL PRM OTE{TR.TC1+83:1+83,1sLABL)

0038 YRITE(6.2001)

0035? 8003 PORMATEIAL/1X*SENSITIVITY ANALYSIS OF A IYPE 3 EXC3STATION ¢,

006t
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FORTRAN Iv G LRvVEL 2t RAIN OATE = 77278 03/715730

0038
003¢
0040

0043
[ [T}
0043

00448
00453
0040

8087
0040
0049

0030
0031
- 0032

0033
0036
0033

003
003?
0038
0039
0040

1 *SYSTER OLOYYING THE EFFECT ON YHE APPRCXINATE TIME CONSTANTC,
2 731Xe°0F THE SYSTEM wHEN TIME CONSTANT TR 1S VARIED FEOM 0.0 TO *,
J *0.08°)
CALL PRALOTITATC2483¢80432.L48L)
wRLTELlO.1002)
2002 FORUATL1Xe/1X e *SENSITIVITY ANALYSIS CF A TYPE 3 EXCITATION °,
T OSYSTEM OLOTTING THE EFFECT ON THE ADPOORIMATE TINE CCNSTANTSC,
2 Z1Xe*JF THE SYSTEM eMEN TIME CCNSTANY TA 1S VARIED FAOM 0 TO *e
3t )
CALL PRALOTITFTCIea301 00,0 A0L)
eRITS1841003)
3003 FORMAT( A /71X« *SENSITIVITY ANALYSES OF A TYPE I EXCITATION ¢,
I *SYSICH ML QTTING THE EFPECT ON TRE APPROXIMATE TIME CCNSTANTO,
2 Z3X400F THE SYSTEM sMEN TIME CCNSTANT TF IS VARIED FRECM .01 TO °,
3 *S.0 ")
CALL PN OTE(KATCAL03¢14¢43,3,L ALY .
w¥RIYEL(O1008) .
2004 FORMAT{IX (/71X ¢ *SENSITIVITY ANALYSES CF A TYPE 3 ExXCITATICN ¢,
3 *SYSTEM PLOTTING THE EFFECT ON THE APPROXIMATE TIME CCONSTANTS,
2 Z2IX*OF THE SYSTEM aMEN GALIN KA 1S VARIED PPOM 1.0 TO 130.°¢)
CALL PRPLOT(RF.TC?,83,1043.3,LAHL)
wRITE(6.1007)
$007 FOOMAT(IX/ZIX+*SENSITIVITY ANALYSIS OF A TYPE 3 EXCITAYICN ¢,
1 CSYSTEM PLOTTING THE EFFECY ON THE APPQOXINMATE TIMEZ CONSTANT®,
2 71Xe°0F THE SYSTEM warEN GAIN KF IS VARIED FROM 01 TO 3 *)
CALL PR LOTLTETCO9%1 0188, 2.LABL)
SRITE(G.1005)
2009 FOOSMATIIXe/1X*SINSITIVITY ANALYSIS OF A TYPE 3 EXCITAYION ¢,
1 OSYSTEM PLCTTING THE EFFECT ON THE APPROXIMATE TIME CCNSTANT®,
2 ZLX°0F THE SYSTER wrnEN Timc CCASTANT TE 1S VARIED FRCK .03 TO ¢,
J *3.0 *)
CALL PRPLOTIKE «TCOe0Re3 o801l AEL)
WRITZ (o 1008)
2000 FOCMATCIR./IXe®*SENSITIVITY ANALYSIS CF A TYPT 3 ExCITATION ¢,
. 3 *SYSTEM PLCTTING THE EFFECT ON THE APPROXIMATE TIME CONSTANT®,
T Z1Xe¢*0F THE SYSTEM arEN GAIN KE IS VARLIED FROM ~0e1 YO 15.0 *)
. 90 PCRMAT (2(€20.8))
31 FORMAT(O(F10.2))
32 FORNAT (1Xe805Xal3¢F1403:3X:.F20.6)
stCe
(1.}

PAGE 0002
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8840CONT INUOUS SYSTEN MODEL ING PROGRAMSESS

e6s VERSION 3,3 oo
TINE TYPE 4 EXCITATION SYSTEN
FIxED 1seET
PIXED JCNT
FIxXI0 1RUMN

INITIAL
PARAMETEZR VAVAXS[0e S VANING=10:3¢3E8,8%3.KE00.1 ,TE20.080000
EFD020,0,VHEFP®] 400 ICNTH 1o IRUNSY
18ETe0
VRMw (VAMAX-VARIN) S, 0
KV, 058 vOMAR
TieTF/0E
TEMINGS 08
TEvan=ss .0
TECTLYwl TEMAX-TEMIN) /8040
KEINS=,0]
REVAX B2 o0
KEDLL T2 (KERAX=XEMINI /4040
hNOSORT
IF{viLE.VRNAX) CO TO }
Vis,SevinaXx
SO0 1C )
1 IFLvE CELVREING GO TO 2
VienaMiN
G3I re 3
2 Vvia.Sevanax
3 CONT InuE |
EFOLSw(tQo/xEe V) 3/7(1 +008E/KE)
EFDITCu 1o O~EXP{>140))8EFOSS
$ORY

OYRAMNEC
VTel 40-0.5¢5TZP(0.,0)
V3 SVREF=VY
NOSTRT
IF (V] oGE XV ) YRuVPMAX
IF(V] sLE.i"KV)) VRuVAMNIN
IFLADSIVIILTeKY) VRaYRN
SORT
Vv2syP-y]
¥3sLEefrD
EPrOPRESEEALPLIEFDOTI,V2)
L#De}l cO/KESEFORAYL
MOICRY

I1¥ t KEEP oNEe 3 ) GO TO 300
LFIISET=3) J004310C.300

300 1F (EFO~EFDITC) 1000200,200

208 TCevimg
1StVey

100 CCON’TINE

SOuT

TEAMINAL
TIVER OELT=0.001, PINTINe]],0
WETHOD RPKLFX
GC TO (1040,3050).1IRUM
1040 wRIYE (3+33) TELTC
G0 70 31¢00
1750 wRITE (3.41) X€,7C
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3090 13872
Ir (ICNT=a2) 200,210,530

3CO0 JICATRICNTe}
GO TO (2040.,2050)1AUN

2040 TEWTRSTEOELY
G0 10 2000

2050 X ELonCIxEOELTY

2C30 CAaLL kEAUYN

310 COnTINUE

S3 FOemAT (2¢E20.8))

L1
PAFANMETER TEmQeS¢KEW=0,08, IRUNS2, ICNTS)
TIVER DELT®0.008, FINTINa1L.0

€ND

sSTOP
CLYPUT Vv4RT4AGLE SEQUENCE
°wrY wer (34 n TEMIN TEMAX TEDELT KEMIN KEMAX XEDA.T
220C03 Vi v vi EFDSS EFDITC VT v VR ve
ve 144 vy v 220003 CFOPRL 2200CA TC ISEY ZLogos
ISEY ICNT e KE

PADAVETESRS NOT (NPUT GR QUTPUTS NOT AVAILABLE YO SCRT SECTIONSSSSET TC 2ERCes®
PEVIN EFOO

CUTouUTS INPUTS PARAMS INTEGS ¢ MEM 3LKS FORTRAN ODATA COS
38(500) 856314003 13(400) te Ce 3(300) 51(600) °

[ 4.Y-214:)



FORTRAN $V G LEVEL 21 MAIN OAIE & T7097 037117408

0002 OIMENSION TECAL) oXE(43) e TCI t41 ) TC2¢(0Y)

o002 SNTEGER LABLES)I/Z*SYSTO%C T, 1ME © ,°CONS o *TANTYY

0003 READ €3.30) (TECI),TCi1CLl)elwl, aL)

000s READ €Je30) (KECI),TC2(LIelmr, al)

0003 SRITE (8,540)

[-1-1-1.3 BA0 FCRMATICL?9//7/7/74 X4 SENSITIVITY ANALYSIS QF A YYPE 4 EXCITATION®,
§ ¢ SYSTEM®,/43%,°AS TIME CONSTAAY TZ 1S VARIEZOD FROR 01 TC S.0°%
8 V//74TX*RUN® eBXe*TC® eSXe *SYSTEN TIME CONSTANT®)

[11-2 4 SRITE (6e52) C1eTELLILTCILIDW1m],4)

000s SRITE (6.530)

0009 B3SO PORMATIV1¢ /7778 R °*SENSITIVITY ANALYSIS OF A TYPE & EXCITATIONS®,
§ * SYSTEM® /49X, "AS GAIN XE IS VARIED FROR =,011 TO 2.00°,
R 2/747Xe 'RUN® cBRe*KE® ¢ SXe *SYSTENM TIME CONSTANT®)

0010 WRITE (0e52) (TRELIIeTC2(IDelIm]oal)

[-1-2%1 CALL PRELOTITE,TCledlelea201oLABL)

0012 watTE(6,1008) )

0013 1008 POCMATI( 1Xa /I Xe*SENSTITIVE TY ANALYSIS CF A TYPEZ 4 EXCITATION *o
1 *SYSTEM PLOTTING TNHE EFFECT ON THE APPROXIMATE TIME CONSTANT®,
® Z1X¢°0F THE SYSTEM wHEN TIME CONSTANY TE IS VAR IED FROM .03 TO%
J ® 5.0y -

001a CALL PRPLOT IXKETC2e4303c¢42e20LABL)

00313 WRITE(B,1000)

0026 1000 FORMAT(IXe/Z71Re *SENSITIVITY ANALYSIS OF A TYPE 4 EXCITATION ¢
3 *SYSTEM PLCTTING THE EFFECT ON THE APPROXIMATE TIME CONSTANT®,
2 21%e°0F THE SYSTEM WHEN GAIN XE 13 VARIED FROM =.01 TO 2.0 °*)

[-1-2% 4 S0 FORMAT (2(€20.8)°

[-1-33 ] 82 FOAMAT (1Xe43%XeIJeF18e3¢5XeF10.08)

onto ST

0020 END

192
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APPENDIX D
COMPUTER PROGRAM OF ROOT LOCUS
AND FREQUENCY RESPONSE TECHNIQUE
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ROCT LCCUS PRCCRAM
PRCOLEN LTOENTIFICATION = QTLOC EXCTER TYPE

G006 000008000000 00000000000082000000000000000
THE NUNERATONR 1S CIvEn oY
Tre POLYAOMIAL CCLFFICIENTS = IN ASCENOING PINERS OF S
0.0 300008 00
TH€ PCLYNGMIAL ROCTS ARE
8t PARY
0.9
ISAGINARY PARY
0.0
000 000080000008 0000000000008
TrE OENIWINATOR 1S GIVEN BY
The PTILYNCMIAL COCFFICIENTS = IN ASCENDING PIVWERS OF S
31.1700E 02 1e0934E 02 543340€ 013 1.0000€ 00
e P:LV&GI:»; oGCTrS ARE
REM. PaARY -
=1,00008 Q0 =2,3800€E CO =35,0000E 03
EPAGINARY PARTY
0.0 0.0 Q.0
0000000000000 00000000000000058
G000 00D DICOPITRNOIININIOINNNCEIBD00TERINVECOBOINRINIOS

YCU PCRGOT YOUR CPTICN CARDO. ASSUME NOPTag,

MINe CAIN = 1¢00€ 03 MAXe GAIN = 3.00E 03
STATIC SENSITIVITY w  8,%4701920—-03 & GAIN

G080 005803005500 00080080000800000000820000080800830800008

1 XK 1.000£ 0} Sa= 0e08% -0.8778 ~2.677
0e0 0.0

2 K » 1420358 01 S= 0¢310 ~0.8307 -2+ 766
0.0 Q.0

3 K= 1.6312¢ 08 S = 0e138 ~0.922¢ -2,26%8
0.0 0.0

& K ® 1,938¢€ 0} S e 0,170 ~0.7929 -24677

GAIN »

~49,78
[-2Y}

-49,72
0.0

-4Q.69%
9.0

-4Q9.37

K2 1150 # ( K o 11702 00 )

1.17000062 02

STYATIC SENSIVIVITY
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PORZCLUENCY RESPONSE
PRCBLEN LTUENTIF JCATION ~ FOESP EACITER TYPE

GAIN = 4,000000€ 03

Br€ WUMERATCS I3 GIVEN BY
"ne noF«:JW~br COLPFICIENTS = IN ASCENDING PQSERS OF S
10000k 0O 3 +9000€ 00O
W€ POLYNOMIAL ROCTS ARE
EEMA. PART
=3 ¢ QUOVE 00
IPAINARY PART
Q.0
GOS0 CUSVNBPENGOPVISTIOGRIOIECSOOS
THE DENDMINATOA 1S GIVEN OY
PIE POLYNOMIAL COEFFICIENTS — IN ASCENDING PQWERS OF 3
173008 22 J.7000C 02 7.8000E 0} 1.0C00E 00
Tr€ PCLYNCHIAL RCCTS ARE
QAL OARY -
=5e2336E=01 =4,3133¢ 00 =—T.2961€ 0}
B0ACINARY PART
0.0 0.0 - 0.0
QOO S CPBICIVETIT VOGNV OLOIOCGOGNSS

WRIN @ 9,$990964€~02 wVAX = ]1,0000000E U2 NOMEG = 100 XNO¥W = 0 NOOOE = 0 NYQST » 1 {Ssié¢ = ]

QEBOLPIDOCIOIC LI LB VVVRVVBT PP CE QORI IGIEINTORIANIS

PADLIAN FREQ, REAL PART IMAGINARY PARY MAGNITUOE PHASE (RAD) PHASE (DEG)
9999994702 2.247838E 01} =2.549512E 00 242R2123E 01 ~1+215203F-01 =8.814283€ 00
1.072287-03 2.201465E 0} =2.720904E 00 242777742 O} =1.197404€-01 -8 .R60619C Q0
tefe23750¢~08 2.2%4219E Q1 ~2.9010635 00 2272820 Q1 =1.280202€-01 «=7.335362€ 00
1.29204L6-08 20285992 0} *«3e0%269,% 00 R.267183E 01 =1.3049291C~01 =7.836730C 00
1.3210407-908 262300655 01 * =3,29230065 00 2.260777€ 0} -j.4061002E-01 «~8.374870E€ 0
1e4174748~31 26270123 OFf *3e5JLLOLYE OU 20253311¢€ 0} «3.560643t~01 -8.9410206L 00
3510631201 2.214224C 0} =3 T21799E 00 2424524%E 01 =1e063292€E~0) ~9.981421C IO
$.6297510=08 24230832 01 «3.949747C 00 24235994C 01 =1s775757C~01 =3.017434¢F 01
37475205018 24195002 O} =4,14%142€ 00 2225520% 01 “«1+892106E~0) ~1.084097¢ Of
10737217208 2e13029%4E Q) -l 8291772 00 242137302 O3 =2.014333€-01 =1l.13413928 O
2600923321 2.15%02%0C O ~4,07Y3A4E 00 2.2005%80L 01 =2+142440C~01 -1.227528€ 01

2:154430E~01 20 12vaant 0} ~849320132 00 2.1050631% 03 =2.2706230L-01 ~1e304387¢ O

-- - e Lewe
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®ROOT LOCUS pRCGRAw
PACHLEN JOENTIFICTATION = RTLOC EXCIT.TYPE 1%

QO0 000000000000 C000A0CIN0RRRIPOIOORORIOISIAGS

IHE NUNZRATOS 13 CLVeN SY

THE POLYNINTAL COTRFICIENTS = IN ASCENDING POWERS OF S
[ 2% 1.3000€ 00

€ POLYSNOWIAL NOCYS Ao%

SEi, PanyY
0.0

IwAG INARY DARY
8.0

G0A8 00 RaPEPNOCOPIOERSPEORPESOY

THE OLNNHINATON 1S GLVen OF

T PCLYNOM]AL CCEFFICIONTS =~ IN ASCENDING PO«ERS OF S
S5.00002 OV 10100 02 320002 02 10000 00

THE POLYAONEAL ROCTS ARS

*ZAL PARY
~1,0003¢ 00 +1.0000E 00 =3,00008 01

1¥aGINAOY paART

0.0 0.0 0«0

0000080400000 8080¢000000000000000000000800000008000000

YOU POKGOT YOUE OPTION CARDs ASSUME NOPTag,

Mix, CAlN o 2007 01 PAXe GAIN w Je00C ©3

STATIC SENSITIVITY & 2,0000010C~02 ¢ GALN

V800000008 0000000000006 000000080000000300000000000000

1 KR ®  2,0008 01 S &  0s800 ~0.3349 “1.883
0.0 0.0

2 ® = 2,357C O} S = 0.471 ~0.5081 ‘T =1.9e8
0.0 Sev

3 R & 2:709F 01 S = 0,9%%4 =0.481) «20102
0.0 0.0

4 X ® 3,201 01 S 0,648 -0.8%46 -2.230

0oV . 040

. © e e

GAIN »

-49e36
0.0

-49,50
0.0

-49,42
0ed

~49.32
0,0

K ® 1,150 ¢ ( X o 54000%-01 ¥

3.0000046L 01}

STATIC SENSITIVITY
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PREQUENCY RESPONSE
PROBLEY IDENTIF ICATION ~ FRESP EXCIT,TYPE (1}

CO0 0000000000000 00000000000000040000000800000808000000

GAIN = 44 000000E 03

THE NUNERATOR IS GIVEN BY
THE POLYNOMIAL COEFFICIENTS =~ IN ASCENDING POWERS OF S
140000E 00  2.90C0€ 00  1.00002 00
THE POLYADUIAL ROCYS ARE
e, DAPY
=1 00008 00 «1.0000¢ 00
IPASINARY PARTY
240 0.0
(I R IR YRS NN RIS RY TR LT Y
THE OENDMINATOR 1S GIVEN EBY
YHE PCLYAOMIAL COEFFICIENTS ~ IN ASCENDING POWEQRS OF S
144700€ 02  4.2340€ 02  4.7236% 02  T.9440F 01 1.00008 00
TRE POLYNOMIAL ROOTS ARE :
PEA. 1ART
~5.38532 00 ~7.30537 01 ~5.0086E-01 .
IPAG INARY PART
0.0 0.0 3.%5041E-01

(XTI TY]

WMIN = 9,99990645-02 wWAX m 1.0000000€ 02 NOMEG = 100 KNOW = 0 NOOOE = O NYQST = 3 1S1G = ]

gees 000 oéoocosss e et 00 sooenboes [
RADIAN FREQ, REAL PART IMAGINARY PART MAGNITUDE PHASE (Ra0} PHASE (DEG?
9.999990£-02 2.711133E 01 =2.430034% 00 24722C02E 01 —8.9393505-02 ~3,1218TIE OO
1.0722067€-01) 24709442E 01 ~2.610830E 00 20721 992€ 01 =9.0606]79€E-02 =%,5040505 00
14149755C-01Y 24707437E 01  =24305742% 00 20721936 01 =14032822€-~01 ~5.916492f 00
30232046603 24705C49F 0Ot =Je015981E 00 207213115 0% -3.21039%59F=~01 ~Ce3610087 00
14321930t =21 2.7022008 01 ~3.242831% 00 24721%90% 01t “1a198277¢=01  =€.343277F 00
1e817472aF =01 2.6587AMT 01 =3.3078064C OC 2.721233° 01 =1.2K52%7E-01 ~7.36367¢C 00
1.519911E=01 2.4%a0800 01 ~3.752472E 00 2.72009%¢ 01 ~1,ME26aAF=01 =7.007T700F 00
146297516 -01 2.689% 08 03 ed3dsant 00 2. 719893E Y1 ~1.450253-01 ~B.%36524C 00
1.7473208C-01 2.6R3777C 0O} -4.3472135 00 2.7108756E Bl  ~1,LUS96=0Y  «©,20:091PF 0O
18733176 =9] 2.67c5615 01 «68I3635 00 2. 7171621 01 “ 1,731 220E=01 “~¥eGLETHSE 00
2.00627€-01 240677576 01  =S.J410U3% QU 2.718906E 01 =1,8673ASL=0f =1.0700&nT Ot
2.1%4435%0] 2.0L7CL9T 01 =S,42537¢S 00 2.711%74E 01 =2.01%422¢-0¢ ~14154887E 0)

23101018 -012 2e48041° OF =%e347403C 00 2. 70766 0} “%,1764C1F=~02 “1.247028F QY



APPENDIX E
A PHYSICAL AND SIMULATION MODEL OF GOVERNOR-TURBINE

FLYBALLS
3 TRANSIENT DROOP

ADJUSTER
c
! NEEOLE ﬁgl
VALVE

[ I N-] )
COMPENSATING &

P4

PILOT SERVO ‘ DASHPOT
< Ky n(‘O"Z
o,
SPEED
ADJUSTER o
PERMANENT DROOP
ADJUSTER
©

GATE SERVOMOTOR

FIGURE E-1
MECHANICAL-HYDRAULIC HYDROGOVERNOR
"In steady state the shaft speed signal,ns,is compared to the
reference-speed setting nr, modified by the permanent speed droop times
gate position 0-z. Sometimes the permanent speed droop is obtained by
using generator power output rather than gate position. An imbalance
between actual speed and the modified reference speed appears as a change

in the input "a" to the pilot servo. When gate position is changing, a

198
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transient droop signal C is developed to oppose fast changes in gate posi-
tion. In mechanical~hydraulic governor illustrated, these signals are
summed and transmitted through a system of floating levers from a mechan-
ical motion to the operation of the pilot valve."(as’ 46)
The mathematical representation for a speed-governmoring hydro
system is shown in figure (E-2). This model shows an initial power Po.
This initial power is combined with the increments power due to the speed

deviation to obtain the total power, PGV’ which is subject to the time

lag, T3, imposed by the servomotor mechanism.

A«»> K(1+sT2)
(1+ST|)(1+S T3)

FIGURE E-2

MATHEMATICAL MODEL OF SPEED~GOVERNING HYDRO SYSTEM

The second speed-governing system for the steam turbine is shown
in figure (E-3) and its mathematical representation is shown in figure
(E-4).

Typically the mechanical hydraulic speed-governing system consists
of a speed governor, a hydraulic servomotor, a speed relay and governor-
controlled valves as seen in figure (E~3). The mathematicél representa-

9

tion of speed-governing for steam turbine is shown in figure (E-4).
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Governor e, — -
c'a;‘peed | s
anger Speed Servo- overnor
Position : Relay ™ Motor [ Controlled ___>\éal\{e.
" 1 Valve osition
Speed
Governor [€—— Speed
FIGURE E-3
SPEED GOVERNING SYSTEM FOR STEAM TURBINES
. Cy open CVmax
SR + 1]+ : /- : /"
145 TsR Tm| | s 7 > Cv
&V close CVmin
Kg je2—
FIGURE E-4

MATHEMATICAL REPRESENTATION OF SPEED-GOVERNING
SYSTEM FOR STEAM TURBINE
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STEAM TURBINE SYSTEM(Q)

All compound steam turbine systems utilize governor-controlled
valves at the high pressure or a very high, high pressure turbine. The
gteam chest and inlet piping to the first turbine cylinder and reheaters
and crossover piping down stream all impose delays between the valve move~
ment and change in the steam flow. The object in modeling the steam sys-
tem for stability studies is to account for these delays. Flows into
and out of any steam vessel are related by a simple time constant. The
steam turbine configuration, as well as the mathematical representation,
is shown in figure (E-5) and (E-6), respectively for only the tandem
compound-double reheater. There are five major models of steam systems:
nonreheat, tandem compound-single reheated, tandem compound-double reheat,
cross compound-single reheat, and cross compound-double reheat. The time
represent delays due to the steam chest and

constants TCH’ and TC

TRH 0

inlet piping, reheaters and crossover piping respectively. The fraction

FVHP’ FHP’

developed in the various cyclinders.

FIP’ and FLP represent portions of the total turbine power

Valve Control

Posiiion’ Valves
Steam

Chest

To Condenser

FIGURE E-5
STEAM SYSTEM CONFIGURATION--TANDEM
COMPOUND-DOUBLE REBEATER
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Tm
:;:Shﬁt
Torque

+ + +
n 2z :<%?}———’—Fbv
+ T +
Fvhp Fup FIp FLP
p
6!4’ ) I | | i o )
S TcH 1+STRuI B3 1+STco
FIGURE E-6
MATHEMATICAL REPRESENTATION OF TANDEM
COMPOUND-DOUBLE REHEATER
Governor-Turbine, PECO Type
Tmo
Tmox
+
> 4. ] ! 1+ST3 1+ST4
Ss“p!d FRJ - +S TC 1+STs +S Ts
Peedl  piLoT O~ SPEED  HI PRESS REHEAT
VALVE RELAY TURBINE TURBINE
— D

FIGURE E-7
GOVERNOR-TURBINE

In figure (E-7) R equals the steady state speed regulation;

F equals the frequéncy; TC is the speed relay and steam bowl time constant;

TS and T3 are the servomotor and reheat time constant; T4 and T. are the re-

heater time constants; Tmo is the.initial steady state torque, zero slip

torque and D is the damping factor.



APPENDIX F
COMPUTER PROGRAM SIMULATION OUTPUT
LISTING OF GOVERNOR-TURBINE SYSTEMS
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sx2«CONT INUOUS SYSTEM MODELING FRCGRAM#RR=ae
see YEQSION 13 wos

TITLE SIMULATICN OF GOVERNOR TURBINE SYSTE¥+TANDEM COMPOUND-TWO REMEAT
FIXZD ISET
FIXZIC 1RWLN
FIXEDL ICNT

INITL AL

PAFAMETER T17a07eT22el125¢T3=0125¢T0=e25:T5=7004T6=80S0a0e
T73.8¢XGE1Se eK1To2DeXK3Te22eKG20TsKT7=e26 +PMIN= =14 PMAX=T10Jdo0ee |
AUXZ2eQ e INITRP=000¢TIMINSUsQeTIMAXT 01 SeT2MAX= 43 «T2YINZe0leaes
TAVAR= e 4TAMINZ U] o TAMAXZ o0+ TSYAX=1540¢TAMINZ 0 0See oo
TOVINSL a0 eTEMAXZ 190 e TUMINT 100 T7UAXT e S9 e T7MINT ol v0ee
KGMARSLSe s KGYUINT 00 e KIMAXZ o5 e XIMINS0 20 eKIMINZ040¢K3IMAXT oaB8oss 00
KHVAXZeBe KSMINZL )1y K7MAXZeBsKTMINZeISse ICNT=1elRUN=1
1SC7=0
TILELT=(TIMAX=TIMINIZA0.0
T22LELT=(TEMAX=T2MIN) /4042
TILELT=(TIVAX=TIMIN} /4040
TAZTLT=S(TAVAX~TA4IN) /4060
TECELT=({TSvAX=T5V]IV)/40.0
TONELT=(THOVAN=TOLMINI /40,0
TICCLT={ TOMAX=TTMINI/8)4)
KGOSLT={RGMAX~KGUIND /4040
KICLLT=(AIVAS-RIMIN) /30,0
PCILT=(1e5~ «3)/2)J.)
KICZUT2(XIVMAX-ALHAIN) /74060
KOSTOLT=(KOMAX=r5MIND) /8040
KTLELT=ARIMAX=KTVUINI /30 60
NCSNRY
IF { (=KG) JLEe PMAX ) GO TO 2
KGLTM=PMaAX
6Qg T0 2

1 IF ( (=xG) +GZe PMIN ) GO TO 2
KGLIV=PU&IN
GC TC 3

2 KGLIM=-KxG

3 CCATINUE
OSS=KGLIVI (K +K 3+XS#+KT?)
PTC=(1+0-SXP(=10))?PSS #,432 .

SORT

DYNAMIC
SPOERR=STEP(D.0)
P1=SPLERR+AUX
P2A=REALPL(0«0+T3.P1)}
P22cLECLAGITLT2,P24A)
P2=kG* 28
P3TINITP=-P2
PAzLINMIT(PMINPMAX,P3)
PEREALPLIV.0eTaPI)
PLEREALPL(Ce0e TS.PS)
OF7=LALPL(IeIeTELPE)
OuzIE LI PLIV0sT7,.PT7)
PSAzRIePS
PHAZR ISP
PeEzPLASPHA
P7AzxSeapP?
NW782P7AR4B
PPAIPReKT
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WOy T

{F { KZEP +NZe 1 ) GO TQ 100
1FLISET-1) 3233.123:30

300 IF (FTC~P) 10042004200

200 TC=TIMZ
187=1

100 CCATINUE .

SOFT

TESMINAL
TIVER DELT=00011s FINTIM2S5.0 LOUTDEL=,.1
METHCD #(KSFX
GD TO (102041010+1020+1030¢1080¢3050+10600107042085+1090)4¢ IRUN
1009 oFITE (3,51) T1,7C
GG TO 10F9
1010 a=1TE (3.51) T2.7C
GC TN 1242
1029 aFITE (3.51) T3,.,7TC
GO TN 1940
133) aRITE (3.51) Ta,TC
- S0 T9 1290
300y WRITE (3.51) TS.TC
20 7O 1030
1050 aRITE(3,21)T0eTC
sC TC 1258
1050 w&ITE(XeS1) T7.TC
GD T 10%0
137) aR1TE (3.,51) PMAX,TC
GC TC 1090
1085 WwRITE (3.5i) KG.TC
GC TC 1030
1090 #OJTE(3.51) x3,TC
1280 1SLT=)
IF(I=UNeS0e10eANDICATGESRL) END FILE 3
IF (1CNT=41) 5U0.510.510
533 ICNT=ICNTe]
GO TG (20v0+,20100202042030+204042050:206042070+,208542060)+1RUN
2000 TI=T1eTR1OELTY
420 YO 2020
2010 T2=T2eTZCLTY
GC TN 202)
2020 T2=T2eT2NELT
GO T2 2040
253) TaxTAaeTalELY
50 TO 20n0
2040 TS=T5¢TSLELT
GC TCQ 2079
20%0 Te=ToLeTeCELT
GO T2 229>
2060 T7=T7e¢TPLLLTY
GO T 20<0
2373 PHALR=PrAL+PCELT
OMINSEWIA-POELT
S0 YO 2040
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GU T0 2¢r0
2385 XKG=XGeKGDELT
G0 TO 2080
Q2050 K3=X3exIDELT
2080 CALL KRETUN
S$10 COATINUE
€1 FCSUAT (2(E2).8))

END
PACAMETER T230e05¢T1204100+ IRUNT2. ICNTaY
€8O
PASAMETER T320405,T220¢125+IRUN=3,ICAT=1
exc
PACAMETER Ta=zueleT320.125¢IRUNZA, JCNTR1
END
PARAMETER TS5a2343+T48=3e35, IRUNSS,ICNT=1
END
. PARAMETER KG=e4¢IFUNZOoICNT=1 ,Té=1.0
£ND
PARAMETER T6248¢T5=10¢0¢ IRUNZ7?,1CNT=1
ENC
PARAMETER KG21e0eT7=e52+ IRUN=S4 ICNT=1
EnC
PASAVETER K33)e1+KGS25.¢ IRUN=9 4 ICNT= '
END
PARAMETER TS5520¢ +K3= +4,IRUNS10,ICNT=]
END
sTCe

CUTPUT VARLAPLE SEQUSNCE
1 $344 TIOCLT T2D05LT TIDCLT TADELT TSOELT TODELT T?CELT KGDELY K3IDELTY

FCELT MICFLY RLUCELT X7CSLTY 220001 KGLIM XGLIX® KGLIM PSS PTC
§eCEsl oy 223338 P2A £Z3335 245236 P28 r2 k3 Pa
220011 PS 20014 P& 220017 P7 229020 P8 PSA P&a
cea P7A p7RA P3A P ZZyo021 vC I1SET 220022 ISFT
1CNT T1 T2 T3 T4 s T6 T7 PMAX PMIN
XG X2

CLTRUTS INPUTS PATAMS INTEGS + MEM HBLKS FORTRAN DATA CDS
€6(500) 121(1400) 4AaS(400) 6¢ 0= o(300) 10s8(€00) 29

ENDICE
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0001

Q0Vo2
0003
2224
0035
o006
92307
9003
PR R4
00to
ol
))2
0012
9o01la

001S
36

0017
2218

Vole
222D
oo21

322
0023
092

06¢2S
do2e
PR had

0024
3229
0030

PR
0032
0033
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DEVENSION T31(a3)eT2(83)eTI(23)TA(43)eTILAI)eKGIAI)eX3ItA2),
1 PMAX(A3)eTCI(A8Y),TC2(A3)4TCI(A3)eTCA(A3)4TCE(A83)TCOE(A3) 0
2 TC7(&3)eTCBLA) T6(A3)T7(83).TCP(A2).TCL0(43)
INTOGER LASL(G)I/Z*SYSTO'EM T o?INME ¢ ,'CONS? P TANT !/
ECall (3.50) (TIC1)eTCL(I)W1=2,41)
REAY (3.450) (T2(I)eTC2(1)0I=144al)
PSAD (34500 (THI)eTCI(I)elx10a1)
READ (3.5)) (Ta(1)sTC3(I)el=1,4a1)
KEAD (3¢50) (TSLIDLTCStIDel=144a1)
. READ (34501 (KGLI)eTCOH(INWI=1,44a12)
READ (3e3)) (RIL1)eTC7(L)ol=144Y)
EEAY (3¢50) (FPMAX(I)TC3(1).1=]1,441)
BEAD (3.59) {TALI)eTCIHI), 11,41}
GELL €3.%0) (TTV(1)eTCIOLL)ol=1ca))
00 10 1-a2.a3 f
12 REAVLSeS51) TUICI)oT2CL)aTI(TINoTACIITS(II-KGCTIIKI(T)PMAXIT)
b TOLI)aT7(Y)
00 20 1=392441
2) CEAD(SeS1) TCL(IIoTC2(LDoTCI(T)eTCALIITCSCL)eTCE(T)TC?(I)
1 TCACI}TCOC(LY . TCLOLD)
wRITE (£.500)
MO FORMAT(®1¢4//7//3IXe*SENSITIVITY ANALYSIS OF TANDEM COMPCUND® .
1 ¢ GUVIENDE AND STULAM SYSTEM? ,/42Xe'AaS TIME CONSTANT T1 1S°.
2 ' VARIED FRIW JeJ% TO J,.1S°,
2 /787X PFUNY e AXG'TLI® s LXe*SYSTEM TIME CONSTANT®)
«RITE (6+52) (1eT1(1)aTC(L),oiE1401)
wEITE(6.583)
S10 FORMAT('1®¢///7/733X+*SENSITIVITY ANALYSIS OF TANDEM CCMPCUND®,
1 ¢ GOVERNNE ANC 3TZAM SYSTIM®,/42Xe*AS TIME CCTNSTANT T2 [S¢,
2 * VARIED FEIV 04,05 TO JDe2',
J 77aTReCEUNT JAXG* T2 35X *SYSTEM TIME CONSTANT®)
ASITE {€eS5C) (17201 TC2(1)s1=1,81)
WRITEC(OW020)
£20 FORVAT(*1*4//7//33X+"SENSITIVITY ANALYSIS CF TANDEM CCMOPTUND®.
1 ¢ GOVERNUG AND STEAM SYSTEM® /42Xe*AS TIME CGNSTANT T2 [S°,.
2 ¢ VARIED FRIM 0,05 TO 2.2,
3 L7807 Xe WUN® sBXe* T3y 53X "SYSTEM TIME CONSTANT®)
WEITL (0e852) (2oT3C1)eTC3(IYsI=1,4a1)
wE1TE(GL520)
S3) FCRMAT(*1°4/7//7334¢*SENSITIVITY ANALYSIS OF TANDEM CCMPCUND®.,
1 ' GOVERNIR AND STZAM SYSTIM® 4 /42Xe'AS TINF CCNSTANT Ta IS°,
2 % VARIED FRCM Ue1 TO J.0°,
3 /787X RUN® o B8Xe' TR eSXe *SYSTEM TIME CONSTANT®)
WRITE (6052) (l,Ta(l).TCA(I)el=1,a1)
wEITE(&+54))
S80 FORMAT( 1% e////33Xe"SENSITIVITY ANALYSIS OF TSNOEM COMPOUND®,
1 * GOVENNOR ANE STCAM SYSTIM® 4 /42Xe"AS TIME CCNSTANT TS 1S,
2 * VARIZD FECZM 3,0 TO 1v.0°,
I /773N PFUNT 43X P THeSX e *SYSTENM TIME CONSTANT®)
wEITL (6eS5S2) (I4TS5C(1)eTC3(I)el=1,01)
WRITE(GS50)
550 FOOMAT('10,//7//733X.*SENSITIVITY ANALYSIS OF TANDEM CCMPOUND®,

3331
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d)3e
0332
0J3¢

0037
00138
3329

0040
PEY S}
dJee2

J0ae3
CJ:4
J0a5

dac
"2 4
0038
0046

0050
3352
0952

3353
00%s
0Vs5%

0056
0057
2358

1 ¢ GOVERMOR ANDC STEAM SYSTEMY , /48X, °AS TIMZ CONSTANT KG 1S°.
2 ' VARIZIO FRCM Q0.5 TO 3.7,
3 /767K OEUNS JBRVIKG 4 5Xe*SYSTENM TIME CONSTANT®)
WEITE (CeSE) (I4RkGUL)eTCE(IDN,1=2,41)
sFITZ(L 500D
S60 FOEVAT(®1*,.///7/733Xs*SZNSITIVITY ANALYSIS CF TANGEW CCvPOUND?Y,
1 ? QUVEESNCSFE ANC STEZAM SYSTEMY o/40Xe*AS TIME CONSTANT K3 IS*,
2 * VASIZD FFCM 0.3 TC 0.7°
I J/LTRG UM (BXGOKI® eDX, *SYSTEM TIME CONSTANT®)
WEITT (€492) (TaksS{1DeTI7IIDE=144L)
wEIYE(A4270) .
€7 FOUISMAT(O1 ,///7/733XK.*SENSTITIVITY ANALYSIS OF TAMDEM CCVMPCUNDS,
1 0 GDVFSNDE AND 3T AM SYSTIMY /20N AS THE LIMIYS OF THE raRD?,
2 ° LIMITER ASE VARIZET FRIM 1.3 TO 2.23°%,
2 /7N T UL TRV PHAARY JAK*SYSTEM TIME CONSTANT)
REITE {6e%2) (1.PMAK(1)TLB(1)1224a))
aZITE(l 277}
S77 FOSMAT(*1*./7//7732x+*SENSITIVITY ANALYSIS OF ATANCEM COMPQOUNDS®,
1 ¢ GOVEFRNOR ARD STo Al SYSTIM® (/&63Xe*AS TIMS CONSTANT T6 1S°,
2 ' VASIED FFOM Q.5 TC 3.7°,
3 /7G50 UNY W BXe ' TL 45X e*SYSTENM TIME CONSTANT®)
@B ITE (Ceu2) (1,TELIDWTCO (E)el=1,4a1)
ARITE (L S573)
O78 FOARMAT(®1,//7//733K,*3SENSITIVITY ANALYSIS OF TANLEM COMPOUNDS®.,
1 ¢ GOUIANDS ENC 3ToAM SYSTIMe ,/LBX,*AS TIMZE CONSTANT T7 1S°,
2 * VAFIED FFRLVY Ued TO 3477,
B //TXRGOAUNT G FAL'T7¢,5X.'SYSTEM TIME CONSTANTS®)
@R ITE L44S2) (1.7701).,7C10{I),123041)
CALL ~RmlOT(T14TCL o830 04302, LAEL)
wWRIYELELLD01)
1001 FORMAT(1X4/1A'SENSITIVITY ANALYSIS OF TANDEM CCMPOUND GCVERINGOR®,
T AN STEAM SYSTcM MLOTTING ThHE SEFFECT ON THE AFPFOXIMATE TluE:e,
2 ¢ CONSTANT® ,/ix,4CF TrE SYSTEM wWHEN TIME CONSTAAY T1 IS VARIEDS®,
3 ¢ FETM Q0,08 YT U,.15°)
TELL wFPLITIT24TC244301.48301,LAEL)
arITE(ee2002)
1C02 FCEMAT(IXe/2Re*SENLITIVITY ANALYSIS CF TANDEM CCMPOUND GCVEANOR'
1 * AMC STEAW SYSTEM PLOTTING ThHE EFFECT CON THE APPROXINMATE TIMES,
2 * CONSTANMT® /1A' OF THS SYSTEM wrHEN TIME CONSTART T2 IS VARIEDS,
3 * FGCM 0.05 T3 vael*)
CALL MRPLNT(T2eTC3,43:1+4303,LAELY
wRITT(G421003
1003 FOSVMAT{1K./1Xe*'SENSITIVITY ANALYSIS OF TANDEM CCMPDOULAND GCOVERNIR®,
1 % AS STLAM SYSTIM PLOTTINS THE ZFFECTY CON THE APSROATIMATE TImSe,
2 v CONLTANT® W /71X .°CF THE SYSTEM WHIN TIME CONSTANY T3 1S VARIEO®.
3 * FRCM D25 TO Jac*)
CALL PRPLIT(TATCG44303e0301,LA8L)
wRITELS,1006)
312)4 FORMAT(IXe/1Xe*S5eNSITIVITY ANALYSIS CF TANDEM CCMPOUND GOVERNOR®,
1 ¢ AND STCAM SYLTEM PLOYTING THE EFFECT ON THE APPFOXIMATE TIMES,
2 ° CCANSTANT? /1Xe*3F THE SYSTEN WHEN TIME CONSTANY T4 IS VARIEO®.
3 * FRCM 0.1 TO 046*)

Vo002
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3059 CALL FRPLOT{TS.TC5.430:1.43¢1LABL)

0050 WEITE(6.100%)

dy61 3205 FOFRMATIIXW/1X*SENSITIVITY ANALYSIS CF TANDEM CCMPQUND GOVEQNnNaee,
1 ¢ AND STFAM SYSTEM PLOTTING THE EFFECT CN THE APPRCXIVATE TIvE'*,
2 ¢ CONSTANT®o/1X,*JF THZ SYSTEM WHEN TIMI CONSTANT TE IS VARIED®,
3 ¢ FSCM R0 TO 19.9%)

0062 CALL PFPLOT(KG +TCO.4341,33,1,LAEL)

sl ASITC (412060

PREYY 2006 FORMAT(IAG/ IR 'SANSITIVITY ANALYSES CF TAaNDEM  CCMPCUND COVERNOR T,
1 * ANDC 3TCAM SYSTIM PLUTTING ThHE EFFSECT CN THI aPPREOXINVATE TIME®,
2 * CONSTANT®./1X+*'3F THE SYSTFM WHEN GAIN KG IS VARIEO*,
3 * FOCM 0% T2 3.77)

0049 CALL PEPALAT (K3 WTC?7+8301442,1.LABL)

POEX wRITE(621007) )

0267 1007 FOLMAT(SX4/1A« 'SINSITIVITY ANALYSIS OF TANDEM CCMPQUAND GOVEGNIRY,
1 * AND LTFAV SYSTEM PLOTTING THE SFFECT ON THE APPROXIMATE TIME®,
2 * CCMSTANT* o/1K¢'CF THE SYSTEM WHEN GAIN K3 IS VARIEC®,
3 ¢ FROCM Ve3 TO vel*}

ocoM CALL PRPLNT(PYAX«TCB»33,1+33,14LASL)

0069 WRITE({O.200H)

X7 1338 FOSMATIIXK/IXs*'SENSITIVITY ANALYSIS OF TANDEM CCMPCUND GCVEINOR®,
1 ' AMND STSAM SYSTEM PLOTTING THE EFFFCT ON THE APPECXIMATE TIMES,
2 ' COMUTART S 4 /71X *OF THS SYSTEM WHEN LIMITS OF ThE MAFD LIMITER®,
3 * AFD VARIET FRASM PLUS CR MINUS le0 TO PLUS OR MINUS 2.0°)

0071 CALL PEPLOT( 0 TCS 40301 +831,LA8L)

ov~2 wWIITE(E1011)

0073 1011 PCRMAT(1XRe/1Xe'SENSITIVITY ANALYSIS CF TANDEM CCVPOUND GOVERNOR Y,
1 ° aNT STFAM SYSTEM PLOTTING THE EFFECT ON THT ACPFOXIMATE TIME",
2 ' CONSTANT® 4/1X+°0F THE SYSTEV wHiN GAIN TE IS VARIEC®.
3 * FRCM Ve3 TD 0e7°)

0074 CALL PRILOTIT7,TC 1044301048301 4LAKL)D

207 wGITE(6,1012)

cd76 1012 FORMATEIANG/TIXW*'STNSITIVITY ANALYSIS OF TANDEM CCMPOUND GCVERNDS',
1 ' AND STEAX SYSTOM PLOTTING THE SFFECT ON THE APPROXINATE TIME®,
2 ¢ CONSTANT® o/1X+'UF THI SYSTEM wHUN TIME CCHNSTART T7 IS VARIED®,
3 * FECY X,0 T2 10.0%)

3577 S FONMAT (2(£23.F))

0073 S1 FOKMAT(10(FSe2))

2079 52 FCTIMAT (1X405Xe134F18:5,5%X4F1046€)

2292 STNO

[V Ene

0003
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»»xxCONT INUOUS SYSTEM MODELING PROGRAMR%xux
*x%x VERSION 1,3 *x%x

TITLE SIMULATUCN OF GOVERNOR AND TURBINE SYSTEM **PECO** MODEL o
FIXZD ISET
FIXED IRUN
FIXED ICNT

INITIAL
PAFAMETER TMO=9¢QsTMAX=56879T1=3eC ¢T2=500:T3=e20¢T4=¢05¢0 00
T S=SesFR=e2BSeICNT=1,TMINS 34 sDAMP =¢S5, TIMAX=15e0s TIMIN=e0S5 000
T2MAXZ154)sT2MINT LIS s T3I3MAX=260 3 TIMIN=Qel s T4MAXT2, 04 T4MINZe0Ses e
TOVMAXZS15e0e TSMINTLGeIRUNSL
ISET=0
TICSLT=(TIMAX=TIMIN)}/40.0
T20EL T=(T2MAX=T2MIN) /4040
T3IDELT=(TIVAX~-TIMIN)I/G8J,.)
T4CELT={TAMAX=TS4MIN) /40,0
TECELT=(TSMAX=TSMIN) /3060
TOELT=(4.0-1.2)/40.
NOSORT

5S5=1e/FR¢eS
1F({-5S).LETMAX) GO TO 1
SSLIM=TMAX
GO TO 3

1 IFI(—5SS).GEe«TMIN) GO TO 2
SSLIM=TMIN
GG 70 2

2 $SLIM==-SS

3 CCANTINUE

: TSS=SSLIM
TTC=(10-FEXP({—=10))*TSS

SCRT

DYNAMIC
SD=STEP(0.0)
P1=SD/FFR
P2=TMC-P}

P3=L. IMIT(TMIN,TMAX,P2)
PA=RFALPL(00T1,P3)
PS=LEDLAG(T3,T2,P4)
TM=LEDLAGI{T4.T5,PS)
PO6=TM=-DAMPXSD
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NOSCRT

33

200

12
SORT

IF | KESP JNS. 1 ) GC TO 100
IFLLISET=1) 300.1v0s300

IFC TM=TTC) 13J+223.2))
TCaTveE

1587=1

CCATINUVE

TERMINAL

1000

1010

1329

2030

1040

1050
1080

233
2C10
2020
2030
42
2050
2089

51

€
>3

TIvaf QELT=04001, FINTIMS6.0,0UTDEL=,]
METHMOD Q<SP X

GC TO (133J.1222343320+51030410804105012,1RUN
dRITE (2eb1) T1.TC

G0 TO 1090

aRITE (3.9%1) T2oTC

G2 T2 turo

waRITE (J.51) T3.7C

SC TC 104

«R1TE (2eD1) T4.TC

GC 73 1™

wWILTY (3451) TS.TC

GO TC 10+

wEITE(2451) TPAXLTC

IGRT=0

1F (ICNT=31) 5)J¢5193.512

ICAT=1ICNT+L

GG T2 (2000+2010+2020¢2030+2080+2350)«1IRUN
Ti=T1eT1OZLT

SC TC 209

T23T2+TIOELT

GO TQ 20%0

TASTIeTICZLT

G T TIM)

TazTusTa T

wC TO 2040

TSITSeTSUELT

GO TO 20z0

TMaxX=TVvaar+ DELT

TAIN=TYIR=-TOELT

CaL AIRUN

COAT INut

FCx 2T (2(C2068))

N

PARAMETER TZ222e3ST1®)e1)¢ IRUN=2, ICNT=1
erNO

DARAMETER T3=0e05eT2=245 «IRUN=3.ICNT=1
NG

PALRAMETES TAT0e1+T3=2608 ¢ IRUN=2+ ICNT=1
N

PLMAMETER TS=3e0eT3=12405 IRUNSS5.ICNT =]
€ND

PATAVETER TS=156)¢ IFUNSOe ICNT=1

e ND

sTep

CuTPUT VARTABLE SEQUENCE

1SEY TIOCLY T2DELT TICELT TADSLT TSDELT TDELT SS Z
SELIY  SSLIvM  TSS TTC SO 1233 p2 P3 Z
220005 F20306 ¥5 ZZ0009 ZZ0010 T™ P& 220013 T

L20014 1ET 1

CUTPUTS
“a{ 5000

PN
75¢(1

ENDJCH

CNT T T2 T3 T4 T$ T

uTS PARAMS INTEGS + MEM 3LXS FCRTRAN
200) 25(40C) S+ 0= 3(300) 691 €00)

20001 SSLIM
ZJ3J3a P4

[ I1SET
MAX TVIN

DATA COS
18
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21

coo02
va03
JOve
) J)2S
ovao
oeuT
)38
20
[
vull
cout2
PR
2214

3NS
2016
2017

oold
Vo1
2222

V021
)iz
VI

J024
ov2s
il

7
0286
0I2I

0230
A8 M
Ja32
033

tv G
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DINMINSION T1(a73)+T2(83)eT3(33)+TA(43)TS{43),THAX(AT)
1 TC6(a2)e TC1(A3)TC20483).TCI(43).7C2(a31,7CS5(43})
INTEGER LAAL(S)/'SYSTe 9CM T, 0IME ¢,°CONS*, *TANT Y/
RFELD (X.T0) (TUL)eTCILIDdWI=eal)
SLAT (3e50) (TRC1).TI2€1)o0=1,410)
SEAa0 (2,93 (TIILTC3C(IDW1=1,00)
LAY (2,00) (Tali)eTCA(I) I=),01)
TCELD (34S9) (TE(I)eTCSLINWI=2042)
SFAC (.59) (TYAk{12.TCHII2eI=10a1)
OC 10 I:402.42
1) SEAY(S5.,51) TI(I)eT2(I)aT3(1)eTA(L1)aTS(L)THMAX(T)
D2 2 I=s22.63
20 RTAVILDTY TCILLDIeTCAT) o TCI(TI)eTCALID)eTCSII)LTCELD)
WEITE (eeSD)

d1/523/711

500 FURMAT(O 1 ,///7/732K¢*SENSITIVITY ANALYS!IS CF A PECCC TYPE OF o,

190GV TR ik AND TUNHINE SYSTTM®' ,/42Xe*AS TIME CONSTANT T1
2 ' VARILDL FEOM =o,ul TC 105
I S/737XTUNY o IK P TI®oSXe*SYSTEN TIMZ CONSTANTY)
waRITE (4e52) (1TIC(L1)eTSI(L)I=1s41)
wRITS (e %10
10 FOSHAT(*1°.///7/733X.*SENSITIVITY ANALYSIS CF & PECO TyeS
1P0PRVIeti~ &NL TUS UMD SYSTEM® (/82X A5 TIMD CONSTANT T2
€ ' VARITID FeIM DL TQ 2.0'.
T U/ET L RUNIY G 8Xp T2 e DA 'IYSTENM TIMT CONSTANT )
ARITE (Ce52) (L1eT211)eTC2(1)a1=1,441)
AR ITI(4,%20)
62) FOSMAT(1 /77735 SENSITIVITY ANALYSIS COF A PECO TYPE
1°GOVLANGH AND TURBINL SYSTEM® ,/42Xe*AS TINE CONSTANT T3
2 ' VARIED FEOM ~1,0 TO 1.0°%,
I 7/78TX0"TUNT 4349 T2y OXe*SYSTEM TIME CONSTANT')
WAEITZ (0eDH3) (1eT3ULT)eTC3(1)el=1,a1)
wnEITS(A,S30)
STV FORMATLI®1® o/ /7733 SENSITIVITY ANZLYSIS OF A PFCO TYPE
PTGAVELENCS AND TumilNg SYSTIM® , /82X 4*AS TIME CONSTANT T4
2 ' VARIEC FRBM =5, TC 156¢, )
I /787X "HUN® dAX.*TA? ,OX*SYSTEN TIME CONSTANT®)
WEITL (~e52) (IeTA(I)eTCA(I)al=104al)
aRITE(E DAV
€40 FORMATC 1 e////330,*SENSITIVITY ANALYSIS OF A PECO TYFE
TOPOCVLEN] Y aND TURIINS SYSTOUMI , /42X, 25 TIMT CONSTANT TS
S ' VARITR FROV Q.0 TC JJe.0°,
I S7eTRGRNUN 0 BA0 ' TS 45X *SYSTENM TIME CONSTANT®)
WERITE (0e52) (1eTS(1)eTCS(I)sI=1441)
wEITZ(06.599)
$5) FCSMAT(*1*,//7/7/733X+*SENSITIVITY ANALYSIS CF A PECO TYPE
L0QOVL & 6 AND TUKRINE SYSTIM® 4 /82X+°AS LIMITER TMIN ANA
2 * VARIED F&CM 0eJ TC 2040,
J 773TKPRUN oBXe ' T3 4SK«*SYSTE¥ TIME CIONSTANT?)
MEITC (6521 (1o TMAX(I)eTCOII ) o1=1441)
CALL PROLIT(T1.TCl,.%201083,1,LAEL)
wEITE(E100L)

1S

CF.'
ISt

CF*.
18°,

CF*.
IS'!

GF* .
IS*,

OF v,
THMAX®,

1001 FOPMAT(1A+/IX*SENSITIVITY ANALYSIS OF A PECO TYPE OF GOVEONOR®,

PAGE 2221



FORTRAN

J03as
[ )
09

337
Qo2e
009

0030
oval
0232

0Je
2J)e0
vQes

PRLY-]
00a?
Jusg

0249
J050
P LR
CI52
[FRVE- |
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Iv 6 LEVEL 21 MAIN DATE = 77309 01/53711

1°AND TURSINE SYSTEM PLOTTING THE SFFECT ON THE APPROXINATE TIME®.
2 * CONSTANT? /I1X,*0F THE SYSTEM WMEN TIME CONSTANT T1 IS VARIED®,
I ¢ FRCV =401 TO L.05°)
CALL PRPLIT(T2.TC2+,03¢1,43.1.LA0L)
wRITC(6.1002)
1002 FOSMATIL1A./1X."SUNSITIVITY ANALYSIS OF A PECC TYPE OF GOVEENIPY,
1YAND TURUINE SYSTON PLOTTING T#C MFFECT ON THI APPROXIMATE TIME®,
2 ' CON3ITANT® /1X*JF THE SYSTEM wrHEN TIE CONSTANT T2 IS VARIED¢.
3 * FRLM 0edV TI 2ev*)
CALL PRPLIT(T2,TC3.43930030200ACL)
WRITEZ(6elvul)
1033 FOSMAT(ING/1X*SENSITIVITY ANALYSIS OF A PECO TYPF NF GAOVERNDOR',
10AND TUSIINE SYSTEM PLOTTING TrE EFFECT ON THME LAOPCOXIVNATE TIwE*,
S Y CONSTANT ¢,/ R *CF Terez SYSTENM wHEN TIME CONSTANT T3 IS VARIED®.
3 ¢ FFCY =23 TC 1ed%
CALL PRRPLOT(TA.TCA43341.,8341sL4A0L)
wClTE(S6.1004) ’
31004 FORYAT(IXe/1Xe*SENLITIVITY ANALYSIS OF A PECO TYPE OF GOVERNOR®,
1*AND TURCENE SYSTLM PLOTTING THE EFFECT ON THE LOPECXIMATE TIMI*,
2 0 CUNGTANT O (/A 'JF THE SYSTEM wiiN TIME CONSTANT Ta IS VARIFD®,
D HECY =L T 1LV
CALL PRVLET(TSeT(%a301083,1.L A3
*EITO L, 009)
1005 FOLMAT{1A/71X oG HSITIVITY ANALYSIS DF A PECDO TYHE CF GOVERNOR'.
1PAN) TURSINE SY>TLM PLOTTING THe SFFECT ON THF APPLOXINATE TIME*,
2 ¢ CONSTANT* 4 /1X+*3F ThE SYSTEM wWHEN TIME CONSTAMNY TS IS VARIED®.
3 P FECM Ved TO 2ue*)
CALL »RPLIOT(TVAX s TCo+83,1443,14LABL)
rGITE(G1V0G)
1035 FOSPLTL1Xe/ING'S.NSITIVITY ANALYSIS OF A PECO TYPE C© GOVESNIRY,
11AND TUuRLINE SYSTCM PLOTTING THE EFFICT ON THC APPROXINMATE TIMI',
S ¢ CORSTINIT® /iR 'UF THI SYSTENM WHIN LIMITER TMIN ANC TMAX®e,
JOVALTRZD FAIN 34) TO 13e%)
SO FCIMAT (2(FE20.%))
S1 FORMAT(E(FS.2))
62 FONMAT (1XeauXel3eFlae5:5X.F1Je€)
3770
ENO
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TEST SYSTEM LINE DATA
in p.u. on 100 MVA Base

RESISTANCE REACTANCE SUSCEPTANCE

+0035%0
« 00569
+00130
»006700
«00830
«00110
W 0GNRO
«000AR9
«00020
s CO0L0
00060
«00070
000000
s 00230
00100
D0NLY
«00040
00090
« 00150
00099
200070
W 00160
« 00050
00030
00070
00130
100080
« 00060
«00229
«00320
«00) 40
000430
00570
0001€0
000160
J0GteN
+00000
«20000
00070
000090
20C00N
00050
200060
« 00000
200040
00070

s04dstn
+ 025060
2031510
000860
N2150
e 013350
01260
01290
200260
« 01120
00055
«0CR20
o 004G
«036230
02500
00450
2000630
«01010
«02170
« 00900
o 00690
«01950
«01350
« 005090
00820
«0§730
01unn
+ 0090
«03500
03230
.01070
e 08740
06250
«01%10
«0Ul%0
J0uisSe
« 02500
« 02390
01420
01800
010830
«02720
.02320
«01510
0045060
01380

—

—

JhSB70
« 75002
025720
«JUbH0D
022140
.23380

w$3620

o3 5520
<034
214760
011300
.13890
.07800
36040
e 20000
07290
07290
J17250
« 36600
«371C0
013L20
« 30400
L2SURD
«05h800
«13190
«32160
W 2EB3Y
o 186560
e 52100
+«51300
«23900
78020
N0
028900
« 00000
W HC000
v
000069
00000
e 000G
,00000
« 00000
«00000
« 00000
«00000
00000

T1AP

000G
«0000
«0000C
<0000
«0000
«0000
«0000
0000
<0060
20000
«0000
0000
«0000
0000
20000
«0G00
.00n0
L0000
«00G0Od
,0000
20600
0000
0000
«£a00
0000
0000
)
0000
«0000
<8000
«00N0
<0609
«0000
JON00
1.0060
1.0060
1.0700
1.,0700
1,0700
1.,0090
1,0250
1,0000
1.0250
1.,0250
1,08590

§10600.

PHASE

«00
+ 00
«C0
00
«CO
N
00
Y
00
60
000
o0
0G0
o0
oCO
000
o060
00
00

o 00 -

00
o0
o0
N
)
60
00
N J)
00
00
«C0
000
000
O
«00
o 00
« 00
«00
00
000
«00
«00
00
«00
«00
000



EXCITATION SYSTEM DATA

Unit | K Xe Kp Ta Tg Te Veax | Vraiv | Se.7sMax | Sevax
1 5.0 | -.0485 | .04 .06 | .25 | 1.0 1.0 -1.0 .08 .26
2 6.2 | -.633 .057 .05 | .405 .5 1.0 -1.0 .66 .88
3 5.0 | -.0198 | .08 .06 | .50 | 1.0 1.0 -1.0 .13 .36
4 5.0 | -.0525 | .08 06| .50 | 1.0 1.0 ~1.0 .08 .314
5 |40.0| 1.0 .03 02| .785 | 1.0 |10.0 -10.0 .67 .91
6 5.0 | -.0419 | .0754 | .02 | .471 | 1.246 | 1.0 -1.0 .064 .251
7 |40.0] 1.0 .03 02 | .73 1.0 6.5 -6.5 .53 .74
8 5.0 | -.047 0845 | .02 | .528 | 1.26 1.0 -1.0 ,072 .282
9 | 40.0| 1.0 .03 02 | 1.4 1.0 | 10.5 -10.5 .62 .85

10% - - - - - - - - - -

*Unit 10 has constant excitation.

g1t
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TURBINE GOVERNOR SYSTEM DATA

Unit I%’ T, T, T T, Tg | T
1 3.5 .2 9.65 | 74.4 | -1.93 .965 | 10.4
2 1.835 .45 0 .1 {13.25 | 54.0 6.46
3 725 | 3.0 0 5.0 0 5.0 7.25
4 1.99 .24 0 .18 | 2.02 | 10.0 6.52
5 2.56 .121 0 154 4.5 9.64 6.00
6 2.18 3.0 0 5.0 0 5.0 6.87
7 1.95 .2 0 .18 | 3.75 7.5 5.8
8 1.79 3.0 0 3.0 0 4.0 5.64
9 2.76 .38 0 1 1.68 6.0 8.65

10% - - - - - - -

*Unit 10 has constant mechanical torque.




SYNCHRONOUS GENERATOR DATA - p.u. on 100 MVA Base

Unit H R Xl Xd X& X; X; X; Td; Tq; SL0 81.2
1 42.0 .00014 .0125 .1 .031 .0155 - .0480 .1020 .1020 .15 425
2 30.3 .00027 .035 «295 .0697 «348 .17 .1190 .0656 .0656 .07 .391
3 35.8 .000386 .0304 « 2495 .0531 .0265 .0876 .0613 .0570 .0570 .08 .283
4 28.6 .000222 .0295 .262 .0436 .0218 .166 .1162 .0590 .0590 .136 .591
5 26.0 .00014 .054 .67 .132 .0660 .166 .1162 . 0540 .0540 147 .6
6. 34.8 .00615 .0224 <254 .05 .0250 .0814 .0569 .0730 .0730 .09 .291
7 26.4 .000268 .0322 «295 049 .0245 .186 .130 .0566 .0566 .139 <529
8 24.3 .000686 .028 .290 .057 .0285 .0911 .0637 .0670 .0670 .083 .268
9 34.5 .0003 .0298 .2106 .057 .0285 .0587 .0411 .0479 .0479 .106 447

10 500.00 { .0001 .003 .02 .006 .0020 .008 .0056 .0700 .0700 .0 .0

0ce



APPENDIX H

REACTANCES OF SYNCHRONOUS MACHINES

The concepts of inductive reactance and of time constant for
static circuits have been discussed by many authors. The following is
a summarization of Kimbark's work (chapter XII) of the synchronous

(3)

machine reactance. The impedances of three-phase machines are classi-
fied base to the symmetrical components, into positive-sequence, negative
sequence, and zero-sequence impedances. To determine one of these, the
rotor circuits are closed but not excited and the rotor is turned forward
at synchronous speed, current of the proper sequence is applied to the
armature windings and the armature terminal voltage of the same phase
sequence as the current is found. Of course the ratio of voltage to the
current is the impedance. '"Any one machine has only one zero-sequence

n(3)

reactance and one negative-sequence reactance but it has several
different positive sequence reactances znd that depends upon the angular
position of the rotor and upon whether the positive-sequence armature

currents are steady or are suddenly applied.

H-1 Direct—=Axis Synchronous Reactance X4

Applying positive-sequence armature currents in a polyphase arma-
ture winding will set up a rotating magnetic field in the air gap. This
field consists of waves of m.m.f. and of flux. The space fundamentals
which rotate forward at synchronous speed with respect to the armature,

are stationary with respect to the field structure. Applying armature

221
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currents produce the same fundamental m.m.f. wave, regardless of the
angular position of the rotor; but the fundamental flux wave varies
greatly with the rotor position. If the rotor is so rotated that the
direct axis stays in line with the crest of the rotating m.m.f. wave,
a path of high permeance is offered (the paths are approximately as

shown in figure H—l)(3’53)

an@ the fundamental flux wave has its greatest
possible magnitude for a given armature current. Therefore, the total
flux linkage of each phase winding of the armature has the greatest
possible value for a given current in the winding, and the armature

inductance and inductive reactance are greater than what they would be

for any other position of the rotor.

STATOR STEADY-
MMF WAVE[ STATE

~e
OIRECY
AXIS

R ‘ I

= - o
5 9o olele o?go @50 G oG
! 1
1

FIGURE H-1
DIRECT AXIS SYNCHRONOUS REACTANCE FLUX PATHS

The flux linkage of an armature phase per ampere of armature
current under these conditions if the direct-axis synchronous inductance
Ld’ hence the direct-axis synchronous reactance is Xqe Other methods to
measure X, are available in the literature such as a slip test. There-

fore, changing X4 physically causes permeance which is presentéd by the
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rotor iron to the stator m.m.f. wave to be changed also. The mathematical

derivation of Xy was found in Appendix A.

B-2 Quadrature-Axis §ynchronousg§q

It was mentioned previously that the magnitude of the space-
fundamental wave of the air gap flux depends on the position of the rotor
with respect to the space fundamental wave of m.m.f. and it is the
greatest when the direct axis of the rotor coincides with the crest of
the m.m.f. wave. On the other hand, the flux wave is smallest when the
quadrature axis of the rotor coincides with the crest of the m.m.f. wave.

2.(3’53) Under

The flux paths for these conditions are shown in figure H-
this condition the armature flux linkage per armature ampere is the

quadrature axis synchronous inductance Lq and the quadrature-axis syn-
chronous reactance is xq. In round rotor machine x4 and xq are equal.

STATOR \STEADY-
MMF WAVE | STATE

QuAD
AXIS

',FLUX‘

NG o E
CX) -é}llé»}@ PICKC) .= STATOR

WINDING

I L

1

s - ——

FIGURE H-2
QUADRATURE AXIS SYNCHRONOUS REACTANCE FLUX PATHS

The procedure for measuring xq suggests it is similar to the first one
used for measuring Xq- By applying positive-sequence currents to armature,

the rotor would be driven forward at synchronous speed with the quadrature
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axis in line with the crest of the rotating m.m.f. wave. At the same
time sustained positive sequence armature voltage would be measured,
obviously, the ratio armature voltage to armature current would be xq.
A more feasible and easy to do measurement of xq would be the slip test
measurement which is explained thoroughly in reference 3. Definition
for the synchronous reactance of both the d-axis and g-axis coils of

the transformed machine have been defined. =x, is the self-inductance of

d

the model's direct axis coil and xq is the self-inductance of the quad-

rature axis coil of the model. One point that needs to be mentioned is

that the effect of the fields or dampers are not represented in Xy OT xq.(SB)

The mathematical derivation of xq were shown in Appendix A.

H-3 Direct Transient ReactanceA§é

"The conditions used in defining direct-axis synchronous reactance
except that the positive-sequence armature currents are suddenly applied
and the positive-sequence armature voltage is measured immediately after
application of the current instead of after the voltage has reached its
steady-state value. In both cases the rotor is rotated forward at
synchronous speed, with its direct axis in line with crest of armature

(3)

m.m.f. wave and with field winding closed but not excited." "By the
theorem of constant flux linkage, at the instant immediately after appli-
cation of the armature currents the field linkage is still zero. There-
fore, the only flux that can be established immediately is that which does
not link the field winding but rather passes through low-permeance linkage

n(3)

paths, largely in air, as shown in figure H-3, "under these conditioms
the flux per ampere is small and is defined as direct-axis transient

inductance L&."(B) The mathematical derivation of xé is in Appendix A.
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STATOR | CHANG-
MMF WAVES ING

é%é:iheqao'@};@ﬂ3c¢%£?snnoa
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FIGURE H-3
DIRECT AXIS TRANSIENT REACTANCE FLUX PATHS

1"

H-4 Direct-Axis Subtransient Reactance X4

It has been assumed in defining xé that there were no rotor
circuits except the main field winding. However, there can be additional
circuits on both axes. Salient pole machines have amortisseur windings as
is shown in figures H-4 and H-5. A few salient-pole machines have field
collars while in round rotor machines the solid steel rotor core furnishes

significant paths for eddy currents.(3)

Again, if positive-sequence
armature currents are suddenly applied in such time phase that the crest
of the rotating m.m.f. wave is in line with the direct axis of the rotor,
transient currents are induced in additional direct-axis rotor circuits
as well as in the main field winding. "These transient currents oppose
the armature m.m.f. and initially they are strong enough to keep the flux
linkage of every rotor circuit constant at zero value. The additional
rotor circuits are situated nearer the air gap than the field winding is.

Consequently, the flux set up by the armature current is initially forced

into leakage paths of small cross-sectional area and lower permeance than
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.- STATOR \CHANG-

 MMF WAVES ING
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FIGURE H-4 FIGURE H-5

n(3)

would be the case if the only rotor circuit were the field winding.
(See figure H-4.) Under these conditions the armature flux linkage per
armature ampere is the direct axis subtransient inductance Lg and direct-
axis subtransient reactance is xg. Mathematical derivation of x" is in

d
Apperndix A.

H-5 Quadrature-Axis Transient Reactance x& and Quadrature-Axis Subtransient
Reactance x"
N

These quantities are defined in the same way as x& and xg except

that the suddenly applied positive-sequence armature current is in such
time phase that the crest of the space-fundamental m.m.f. wave is in line
with the quadrature axis of the rotor instead of the direct axis. The
flux paths of figure H-6 are the same as those for a steady state flux

(3)

(figure B~2). Consequently, for salient-pole machine, xa is equal to x

q

"Because field current is inducted by a changing direct-axis flux though
not by a changing quadrature axis flux xé is less than x&."(B) Amortisseur

windings restrict the quadrature-axis flux initially to low-permeance
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FIGURE H-6

QUADRATURE TRANSIENT REACTANCE FLUX PATHS

paths as shown in figure H-5. Mathematical derivation of xé and xg are

in Appendix A.

-H-6 Direct—-Axis Transient Open-Circuit Time Constant Téo
"If the armature is open-circuited and if there is no amortisseur
winding, the field circuit is not affected by any other circuit. Under
these conditoins the change of field current in response to suddent
application, removal, or change of e.m.f. in the field circuit is governed

by the field open circuit time constant, or direct-axis transient open-

circuited time constant, which is given by an expression similar to that

of any simple R-L circuit"(3)
X
Iﬁo = §;£ Radians
£

B-7 Direct-Axis Subtransient Time Constant Tgo and Tg

"In machine with amortisseurs, there are on the direct axis of

the rotor two coupled circuits at rest with respect to one another but
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both in rotation with respect to the armature. The two coupled cirecuit
have two time constants. The longer one is the transient time constant,
the shorter one, the subtransient time constant. Both time constants

are affected by the impedance of the armature circuit. If the armature

circuit is open, the time constants have their open-circuit value T&o

and Tgo. If the armature is short-circuited, the time constants have

" . ll(3)

their short-circuit values Té and Td

H-8 AQuadrature-Axis Time Constants T' , T', T" ,.and T"
qo q qo

"In a machine with a solid round rotor, thao changing amplitude
cf the quadrature axis component of alternating armature current or vol-
tage can be represented fairly well by the sum of two exponentials. The
time constants of these exponentials are T&o and T;o when the armature
circuit is open, T& and T; when the armature is short-circuited."(3)

Some of the machine's time constants have been already defined in

Appendix A.
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