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The purpose of this thesis is to study transient

stability, to devise a method of solving the swing eguation

that will make full use of the potentials of the IBM 1620

(20K) Digital Computer and to investigate three methods of

improving transient stability, that is, the effects of

exciter response, governor response and rapid reclosing on

=

(=4

two machine system.




This thesis is a computer study of some of the aspects
of transient stability in power systems. Stability became a
problem when machines were first paralleled and today power
systems are more complex and expensive and the results of
stability studies continue to be an important consideration
in power system design.

Although a computer program has been written to
handle up to thirteen machines (30 buses), a two machine
system was used here. The swing edquation is solved by the
Kutta-Runge method which provides an accurate way of solving
a large number of first order differential equations. In
succeeding chapters the effects of exciter response, governoxr
response and rapid reclosing are considered. The £f£inal
chapter takes into account the combined effect on the two

machine system when all improvement methods are used at

I "wish to acknowledge my indebtedﬁess to Proﬁessor
G. W. Swift for his never failing guidance and assistance,
to R. W. Haywood of Manitoba Hydro for reviewing the thesis
and making many suggestions for its improvement, an@ to my

wife for all that she has done.
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The purpose of this thesis is to study transient
stability, to devise a method of solving the swing equation
that will make the maximum use of the potentials of the IBM
1620 (20K) bpigital Computer, and to investigate three méthods
Of improving transient stability.

Transient stability studies are by no means rare, in
fact, the opposite is true. Every power company must in-
vestigate the transient stability characteristics of its
system each time a major generator addition is proposed.

This thesis will not attémpt to carry out a detalled study

of a particular power system but it will however, endeavor

to investigate the general over-all effect of governor
response, exciter response and rapid reclosing on a system.
The point is again made that the:purpose is to observe the
general effectg of these improvement methods in order to gain

insight into the benefits available from using them.

1.1 Background

Stability, when referring to a power system, may be
cdefined as that condition wherein all the machines in that
system remain in synchronism with each other. Conversely
then, instability denotes that condition when one or more

’

machines within the system lose syvnchronism with the others,




ox, in other woxds, f£all out of step.
Instabllity became a problem when machines were

first paralleled. These original machines were operated by

v}

directly coupling the generator to steam engine, which

delivered a pulsating torgue cauvsing hunting of the gener-

n

ator. Hunting, however, was reduced by the introduction o:

H

a damper winding in the generatorxr, which in turn, developed
a damping torgue due to the rate of change of the xotor
position with respect to the armature m.m.£. It is noted
that today most generators are run by coupling them to a
waterwheel or to steam turbines, both of whichvdevelop a
relatively non-pulsating toxdue. 1

Before the advent' of automatic regulating systems,
such as governors and exciters, all systems had to be
designed with a gooa inherent voltage regulaticon, that is,
circuits, machines and transformers that had a low reactance.
This was possible due to the fact thaf the lines between the
load and the power sources were comparatively short and the
voltage comparatively low. Stability, or for that matter,
instability, became a problem when it was necessary to go
farther and farther away to réach sources of power. The
development of automatic voltage regulating devices made it
possible to increase the reactance in order to obtain a more

economical design and to limit shoxrt circuit currents.

: L. see Bibliography, Ref. #l1. Superscrip
henceforth, will refer to numbered references in Bibliog:
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Today, the problem has not vanished. The engineer,
because of economic considerations, cannot arbitrarily apply
chods such as rapid reclosing; it is necessary that he
t ¢of what each method can do for his
specific problem. This thesis intends to show generally

the ramifications of each of the three methods studied--
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for the particular
system studied. The systemn used was a two machine systemn,

i.e. a finite machine connected to an infinite bus. (See

With the era of long lines and rising costs, the
engineer has tried to transmit more and more power through
the line, approaching thé theoretical power limit of that
line. With these increased loadings, transient stability

has thus become the focal point of many investigations.

3.2 Procedure

In order to have a common base on which to compare
the various improﬁement methods, a sample power system was
selected. It was also decided that a three phase fault
lagting a specified time would be applied for each series
of tests. (See Chapter II)

The first problem encountered in transient stability
studies 1is how to solve the swing edquation. Because a small
computer was being used and because governor and exciter

response were to be considered, it was £felt that a method
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cther than the classic step-by-step solution had to be found.
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ills' variation of the Kutta-Runge process was employved
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because of the accuracy an Y it offered in solving

first order differential equa“ionsz.
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hesis is grouped intq five sections. The first
will deal with the solving of the swing equation and its
application to the "raw" or uncompensated system®. The'
second will consider governor response and its abilities to
compensate the "raw' system. The third and fourth sections
will consider exciter response and rapid re closing respect-
ively and their effect on improving stability. The last
section will deal with the combined effects of governor
response, exciter response and reclosing on the systen.

iIn orxder to supply the transient stability progra

with all the ddta needed it was necesgary to prepare
several programs. For each loading condition, the IBM Load

Flow program was used in order to obtain the outout power,
b

& By frawt system it is meant a system based
on the following assumptions:

1. Synchronous-machine transient reactances in
the direct and quadrature axes are assumed toO
be alike

2. Voltages behind transient reactances of the
synchronous machines are assumed to remain
constant.

3. Damping torques are neglected.

4. ”hu infliuence of saturation may be eit her en-

tirely neglected, orxr taken into account in an
approximate manner by modifying the value of
transient reactance.

5. Constant shaft torgques are assuned for all of
the machine groups, and governor-action and

- load-gpeed characteristics are neglected.

See Bibliography, Ref. #19.




the ¢enerator internal buses..

Secondly, it was necessary to obtain the values of the

admittance (self and mutual) between each generator and
every other generator. Two programs were prepared and for

and .
each loading condition.,/a set of admittances was procured®.

The transient stability program was written so as to

E>

data directly from the previous program. The first

1

4

accept
program solved the swing equation by the Kutta-Runge method
and considered only reclosing. This program has the capacity
of handling up to thirteen machines (30 buses)®. The second
program written again solved the swing eguation by the Kutta-
Runge method and considered reclosing. However, this tine
logic for both governor fesponse and exciter response was
added. This program handles five machines (30 buses)d,

The transient stebility programs were then used to
compute the resulting swing curve in the test runs®. The

results of each test will be given in the appropriate chapters.

kel

New England Electric ("Transient Stability"
age) .

0
N

pa
See Appendix I.
.

9 sSee aAppendix II.

€ See Appendix III for typical outputs of
various programs.




CHAPTER IT

RN S o I ST Ll

The purpose of thig chapter is to introcduce the

method used to solve the swingequation and to present the

the faulting and fault clearing of the systen. FuV~herﬂoLc,
the results of a three phase fault applied under various

lecading conditions to the sample system will also be given.

PREFOR oy

%()/z""’ /\;

where: —xhe digplacement angle of the rotor of a synch-

/J/%S‘ — R @ — 2.1

‘ronous machine, with respect to a reference axis
rotating at normal speed in radians. In this
thesis a two machine system was studied, with one
of the machines used as reference.

M =the intertia constant of a machine in per unit
megawatts per radian per‘second squared.

G =+the machine rating in Megavolt-

amperes.
H=rthe stored energy in magawatts.
B =+the svstem base (MVA).

£ =the Ifreduency in cycles per

=

sSecond.
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Pe==the eclectrical power output corrected for elec-

Py

trical losses in per unit magawatts. Note that
the difference between Py and p, is the acceler-
ating power of the machine.

that the

By examining the swing eguation we see

acceleration of the machine, given by the second derivative

O

£ delta, varies directly with the accelerating power and,

inversely with the inertia congstant.

2.2 Clacsical Sciution

The clasesical approach in solving the swing edquation

act, to be

Hi

has been a formal solutién, which proves in
impractible. &s an example, consider a three machine system:
by examining the eguations given below we see that the output
of a machine and therefore its accelerating power, depends
on its angular position and angﬁlar speed with respect to

every other machine in the systemn.
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3
The simplest system of one finite machine connected
inite bus, with damping neg-

through a reactance to an in

lected,

i}

for which the formal method (with input power equal *o

ion involving elliptic in
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Zero) gives a

Another method used to solve the problem of stability

a very simple system is the egual area criterion. A

[t

O

solution of a swing eguation, with the usual assumptions of

Q

nstcant volitage behind the
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without solving the swing equatiocon is called the egual area

criterion of stability. This criterion applies only to a

two machine system, but because exciter and governor response

are to be considered this method proves to be inadegquate for
the purpose of this thesis

| However, the method which is usually used to solve
the swing eguation i1s the step-~by-step solution. In this
solution one or more of the variables are assumed TO be

constant and another is varied according to the assuned

laws over & small interval At. It is usual practice to

assume accelerating power and hence the acceleraticn to be
cnstant over the time intervalgst. The mechanical input

- Q

power is also assumed constant. CGood accuracy can be
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eguation is familiar to most perscns in the £ield of power

systems. The author felt that in view of the fact that
regulators and exciters were to be taken into account in

olution for simple first order
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2.3 Xutta-Runce Method

The Xutta-Runge method has been used recently in
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ial equaticns have cane tial in common with

O
th
O
}..’
i
tn
®
L
[0}
o~
¥

i
*.J
o
®
[}
3]
0]
3

each other; that is, at each step of the integration one

must use values previously calculated in order to proceed.
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Figure 2.1
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the differe are simple and

where-

necded and

to change

middle of a run. Halving

simple but changing by
to be combersome.

ers as opposed to hand cal-
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Lfferent proportions.

It is a serious drawback now to supply the computer with
special methods and instructions to begin the calculation.
A sinmple cperation when solving the swing eqguation by hand,
that of changing the wvariable Yis in order to carry on to
the next interval, can assume sericus proportions in time
and instructions in a digital computer.
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half-way point, this time using the value of the firest
approximation as a weidghted texm; the third approximnation
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terval; the fourth approximat

culates the value of the slope at the end of the interwval

—~ o

using the weighted values of the first, second and thirxd

been derived by Xutta, extended by Runge, and amplified by

Gill. Xutta suggested f£ive special cases or sclutions

solution. Briefly, these weilighted terms allow us to obtain
a high degree of accuracy without any knocwledge of previous

nlication o0f the Kutta-Runge Method

The swing eguation is a second ordexr differential

equation. In oxder tqQ use the Kutta-Runge process the swing
eguation is simplified into the following two first ordex

differential equations.

Oa///—-pbb ‘ | ‘ 2.6

T by

£X§>::=a/ ' _ 2.7
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the memory will allow. It handles each d4if

eparately, thus a concilse subroutine within the computer

1 differential

is to consider exciter and governor response, both of which

eduations, the simplicity of the method becomes apparent.

[k e Kos ——— i
e exacce Lormuiae use

ey reguliation will be dealt
S|

The accuracy of the Xutta-Runge process as compared

O the step-by-step method of sotution has been investi-

.15 - ) ;
gated and shown to be superior . In order to check the

accuracy of the Kutta-Runge process two problems with known

solutions were solved and both times results obtained

2.5 Power Zouation
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where: P =the generatoxr power.
A

E.,8, =the (magnitude onlv)

WL a
behind the transient reactance of the
machines.

¢ € e ¢ e = e N e L T - ER il PRI

.+ O — Chie generator internal voltage angle with
respect to a gynchronously rotating refer—
ence vector (infinite bus).

3, ;=——the imaginary part of the driving point and

L3 '
cransfer admittances between generators.
C‘“""‘I"V" A I ey oy _\d _]v__-_..‘ ~ e e 2T
oimilar o G . ne aquiccecances are cal
i,

culated f£rom bcechind the transient reactance
of the machineg.

Gi , —the real part of the admittance between

v J

generators i, j. Admittance is calculated

f£rom behind the transicnt reactance of one

“. .

machine to behind Nt reactance

S
®
€
I
U
n}
6}
}._!
o

of the other.

Due to the small size of the computers'! 20K memory,

separate programs, along with the 1620 load flow program, had

c0 be used to solve for the mutual and self admittances in

order to obtain all the various parameters needed to do a

% Pox derivation see Appendixn iv.
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were obtained fox

Referring to figure 2.3, the

Single line diagram for the system studied, one sees that the
powexr out f£or the infinite machine is 6.8 p.u. on a 100 MVA,
N

230 XV base-for a load on bus 7 of 8.8 p.u. (unity power
factor). Foxr every loading condition fxrom 7 p.u. to 9.8 p.u.
the power flow out of the infinite bus was kept coanstant at

1 by the load was

supplied by the f£inite machine.

Referring to figure

t

system studied is shown.

2.4,

the circuit diagram of the

very similaxr to

the Grand Raplids-Winnipeg section of the Manitoba Hydro
gystem. The inertia constant (H) of the finite machine was
selected to be 27 on a 100 VA base while the inertia con-
stant for the second machine was infinity. The selection

of H is important but not critical as can be seen by referring

on a system that is similar

is that the output power at
increases by only 4%.

~3

Po.vﬁ/f/e
Cpat)

R o,

2.8

e ——
e e s TS

10 reproduced below as figure 2.5

() by 30%

to the one studied in this thesis

a switching time of .2 seconds
T o0
O“’JO\—% W machernQ
474 ¢/ S——

ety

SN L TEAING

C SECSY

Tiwng

Figure 2.5

S By "20K" it i
in the magnetic core

are 20,000

s meant that there
T in which to

of the computer
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In this chaptex, the system was studied as a “raw"

system. That is, the finite machine was allowed to swin
with no governor action and with air gap flux reﬂainlng

a number oL con-

For the entire study T

he tvpe of fault and the clearing

time of the fault were standardized. A three phase fault

ri

was chosen because it is the most severe type that may be

applied to a power system. The fault clearing time (T,

/

Over 90 per cent of tHe faults on a system are
lightning faults and the arc created is extinguished
relatively guickly. In many power companies, such as
Manitoba Hydro, the circulit breakers are set to clear the

fault in about f£ive cycles or .0833 seconds. & clearing

time of .1 seconds as opposed to .0833 seconds wag selected

KR

]

because of its lending itself to ecase i: ime incrementation.

Throughout the entire thesis a three phase fault was
applied ¢l to bus #2 on line 2--3. Summarizing then, a

three phase fault was applied on line 2--3 and cleared in .1

seconds for every case studied in this thesis.

2.7 Results of a2 Three Phase Fault on the "Raw! Svstem

In order to investicate the reaction 0of the sample
pv] '

system under the various conditions of control, separate




begin, a "raw" oxr simple systenm

in which neither governor nor exciter systems were used was

faulted while supplying various loads. The load bus (37)

demanded loads varying from 7.8 p.u. to 9.8 p.u. incremented
in steps of .2 p.u.

Referring to graph 2.1, which gives the swing curves
for selected loadings, it can be seen that the systenm rémains
cle after a three phase fault ig applied on line 2~-3 and
cleared in .l seconds, for loads of 7.8 p.u. to 8.6 p.u. The

swing curve is plotted out to six seconds and it can be seen

that each successive swing decreases in magnitude, thus

FPor a resistive 1dad of 8.8 p.u. t
increaged noticeably from 8.6 p.u. yet does not go unstable.
it this loading, the system appears to be critically stable.

For a load of 900 MY or 9. p.u. the system is definitely

unstable. As one would expect asg the load is increased up

The foundation of the problem has now been set. The

system ranges from being an inherently stable system to one-

.
~—

that is critically stable (8.8 p.u cscillating in an
undamped curve, to a system that is unstable when the load
is grater than 8.8 p.u.

For this series of tests the voltage behind the

transient reactances and the input power was assumed to be
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The block diagram may be redrwawn as shown in figure

3.2: e
Auw j Ay | w
O LLE D L e
w, -7 Vs [ /7s

Figure 3.2

where: WwW_*—= 0. The reference sgpeed in radians per second.

The reference speed corresponding to the syn-

i

chronous speed 1s sSet ©o zero.

i

he deviation

o

W rom the reference speed in
radians per second. Because the reference speed

is zero, "aw" represents the deviation £rom the

deviation is defined as the

@]

normal speed. Thi

erroxr in ced A

[6]
oS

hat the governor acts Qn.

(9}

s —Laplacian cperator.

the over-all time consgtant of {

T

I

he governing and
hydraulic system in seconds.

X:the temporary droop in per unit. The permanent
droop of the machine is ignored. Conceptually,

temporary droop can be-thought of as that value

Fha

o

droop that ie required by the machine in

guestion to share in proportion to its rating
L - Fiy -

the load demanded when a sudden change of load

*  Tower casge letters refer to the time domain
while the upper case letters for the corresponding variables
refer to the Laplacian domain.
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is placed on the systen.
Pe—a small step load chance in
For the purpecse of this analysis a value of

.05 u (t) was chosen®.

3.2 Development of Governor Response Ecuation

Considering figure 3.2, the transfer function of the

system ig

AN
~ )
(/a

L

also

S W = [am = [E¢s) 3.2
/7 s st [ = R

_ Now solving foxr pp, in equation 3.3, and substituting into

wal

g
G
it
Y
o8
N
N
[\
o
3

N
i
L

W

L

L

equation 3.2, we eliminate Ppyt
/cé)m) + /Tty = —Ls f/({gs} — \L15)
5
p— ""..Sc&,é.i),-- e .,\({\435.)__

thues K‘ 8’73

~fEe =( [T v L o+ L) Nt

Yool
- Y7s e =(, - 75 - X7/ 7 s )W&S)

XL—Z/CS = "‘2{7% . 3.4
/2%(5) | (’/ ~ 75 7‘&f75ﬁ25“)

& .05 u () is a step function, i.e.




)

Considex, for example, a step disturbance of

= .05 u (t) when placed on the svstem. Solving for W(s)

-~

eguation 3.5 is obtained.

sy = —a0s ¥ Ts 3.5
7

The equation is now in a standard form that is, the

Laplace transform for a second order differential equation
1

when a step input is applied. Ignoring the negative sign,

the soclution of this equation in the time domain is given

in the following form:

N
™
&d
l

o
N
N
b
i
@
A}
N
h
Q\/
2
Eé
w
o

g

L‘Eﬁk\‘{c’«’f ‘(Z,
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In order to select values of w, and & that will pro-

vide practical parameters for the governor response eguation,

it is necessary to refer to references 6 and 7 where a fheo-

.

retical optimum response transient for the governor has been

0}
pad
®
5
0
0}
~
0
U}
o]
o3
0]

plotted. The plotted curve (see Figure 4 ref
Py -~ .

rence 7 by setting w,. =.4 and b/-‘- .5.

®

Therefore:

T2 3% .5—2.5 seconds

(€3]

New, referring to equation 3.3, edguation 3.9 1s

e

- X7 f)//‘ = Tl e 3.9

g?f- o/

where: T —an overall time constant, relating the governor

and all the various components such as water.
acceleration and inertia parameters, to the

machine. Generally, this can be called the

- b It is interesting to note the similarity
between the approximation for the governor response equation
developed hexre and the more accurate development done in
reference 6.

Rewrite equation 3 of reference 6 by substituting w
for n, where w ig the p.u. speed o0f the machine in radians
per second and n is the p.u. speed of the machine. .

2. . Ve -

caen — a //{-_O/__?_ —_ 7 C"/ #+ e
a4 &7

where: T the dashpot time cons

o -
P =—the differential d/ac ,
g —the per unit wicket gate opening.




governor gystem time constant, in that it relates

[

the speed of response of the governor to the load

w = the change from base speed in p.u. radians per

“m =the change of the input power with respect to

g Tthe temporary droop.
., mn + 2 : d’/dq____ -.26/']4,2_____ ( - )/I‘"- where 211
BY noTing tinat dw/at=—dad ac o pm ]_e 1, nex all
values are the same as previously defined, one may, by sub-

stituting into 3.9, obtain:

0 = ~/ ‘/D - /7) = L 3.10
=) 7 ‘e o
&E T §7

3.3 Application of Governor Response Eguation

At this time it is necessarv to refer back to the

Xutta-Runge subroutine that was used to solve the swing

)
i

o
th
i)

cgquation and to note the simple means offered for solving

[0}

guation 3.10. Note that dw/dt has already been solved in
the program (see equation 2.6), and that w will also‘be
readily available; Very little extra logic was reduired
to add eguation 3.10 to the program. Examining eguations
3.9 and 3.10 it is seen that the governor is responding to-
a change of speed and also to a rate of change of speed.
Being a theoretical governor, deadband effects have been

ignored, giving the governor instantanecus action.
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As shown in figure 3.4, the total response of the

. .

governor 1s the combined effect of dw/dt and w. A straight

line characteristic pascing through the origin is gquite.

applicable for the purposes of this thesis because now the
governor has optimum response and its effect on gtability

will be indicated more clearly.

Figure 3.4
The governor used in this thesis, besides having no
deadband effects,” has no upper or lower cutofl

-

appreciated’ tha

e o
C ac

s

pr
=
o
i
n
O
jou
0

4
ct
O
6]
I..J-

parameters but it was felt that it is, at this time, more

()

important to gain insight into the effects of governor

response addition, than to maintain a rigid hold onto
reality.
3.4 Results

-

Referring to figure 3.5, one notes the resu7t of
the method used . to obtain the optimum temporary droop. The
system used was the same as. the system described in section

2.5. Again, a three phase fault was applied for .l seconds.

It was noted that for every loading condition above 8.8 p.u.

computer and change -

Ny
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a value for the temporary droop (¥) that just provided
stability was .5 p.u. This value is well within practical

limits. It is noted that in reference 7, the values given

for the temporary droop range from .27 p.u. to .75 p.u.
\ N \
/ \ \ \ \. \\
\\ \ \\.\ A '\\ . !
) \ J . \
Tér/\. [30/.’/{/5}/‘ O ., \\ h AN
Oreap 51 O G OGO
LA ST AL E
i ,
L 'g- - e >
© 6 88 %0 9294 96

Lor~n Cpa fivrd’

Figure 3.5

-

The method used to f£ind the correct value of
temporary droop was: the system was faulted with T set to
2.5 seconds and various values'of droop applied. Referring

2

to graph 3.1, it appeared that as the droop was increased

above .5 p.u. the system became more and more stable, that o

is the curve flattened out. For values below .5 p.u., the

system (no matter the loading) became unstable.

Referring to graph 3.2, note that for this case o

-

Fh

a

loading of 9.2 p.u. on the system, that as the droop was

)

increased, the response (although faster) still levelled

Off at much the same angle.

Furthermore, it is noted again that eguation 3.10

represents a theoretical governor:; one having no time lags

-

-

of any kind and where all the parameters were optimized to .

L) I}

give the fastest response. Althouch this may not sound
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toO practical i1t is reiterated that the purpose here was to

note general effects rather than absolute magnitude of effects.
Further consideration will be given in the final

chapter to the validity of the assumptions made with respect
O governor response because of the resulting over danped

swing curve whenever the governor mathematical model was

used in the system.
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93]

raising the internal voltages thereby increasing the flux
linkages during a transient condition the prospect of a

flux linkages is small, thus the effect of the excitation

systenn is also small. However, even with the use of high-
speed clearing, exclter response remains important because
now the demagnetizing efiect of armature cu;:ent is smaller

. '

and it is possible for the exciter to maintain the flux Jlnk—

ages and perhaps even ilncrease the number of linkages.

scle synchronous machine, for the transient state?.

O REFERENCS o .
7 F
P 5 - - s, ~—

* Throughout this thesis, capital YE's®
represent phasor voltages which vary in magnitude and phace
with respect to time but vary C¢owly with respect to power
frequency (60 cps.).
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Consider figure 4.2; +the block diagram of the exciter

response control system used in this thesis:

/
- P ~
“red e N A é;' .
.\,/ { &S T
~r
|
z + -
e fk* e
v — ./ c\:}/
<r ) :
Colear AV

ooy 2evG s
L A=

Pigure 4.2°

Eyef:

terminal voltage of the machine (pre-vault).

?;%7br54”7

the reference vecltage was taken to be the

For each time

increment, the real and imaginary components of power wsre

calculated. Knowing E.' (the voltage behind the transient

L

‘reactance), Ipt and Igt (the respective components of current),

could then be calculated. Referring to f£igure 4.

o, We See

that the terminal voltage is readily available by applying

Pyvthagoras'! theoren.

re$enence a xS

& FBraren®’
pad TAEE,




-

The terminal voltage can now be calculated at the end

o

i)

. e

of each time increment. 3By subiracting the newly calculate

terminal voltage from the reference voltage, an error voltage

o]
QO
o}
r 1}
n
o]
K
O
[N
o
Q1
®
()]

ct und

0]

which our exciter can

0}

The exciter is assumed to have a straight linc

characteristic as shown in figure 4.4:
_ e} L
d £, ‘ . /,./ !
d zi | ,/'f 17"
i pa =
P
1 e
[
i d a
-~ ‘é/‘tf':( —&n

\

Fiéure 4.4
In other words, as seen in figure 4.2;
7
4122; — Frel — 45% ' 4.6.
P4
g 7
e:

where: Ereﬂ Treference voltage
N

E-

taken to be the voltage at
the output terminals of the generator before
the fault has been applied.

Eh :the calculated terminal voltage at the end of
each time increment.

T _ —the equivalent excitér system constant- (seconds).
T, is of the order of the'open circuit time
constant of an ac“ual_machine, that is, between
onevand 10 seconds.  Much like the governor tine

constant this time constant must incorporate in




an approximate wa
circuit time constant Tdol of the machine and

the time constants of the exciter and its.

K

i
i

and the fact that in solving for the output

€

Powers we allow E', the voltage behind thé
transient reactance, to vary with the field flux
linkages as opposed to & °'.

It is realized that these assumptions are by no means

rigorous, however it 1s pointed out again that the exciter

system developed here does react, though not exactly, to the
Y 'Y 1

Fh

changes in fiux linkages as would a real exciter. It is felt

that for the purposes of this thesis, the accuracy obtained

p

is adequate. The exciter response as given by equation 4.6

ndicates the type of response and effect to be expected from

i.,.' .

an actual systen.

ot

4.3 Solution of Exciter Bguation by Kutta-Runge Process

irst oxdex differential eguation

v}
Fn

Eguation 4.6 is

!

and is therfore easily solved by the Rutta-Runge subroutine.

This ability of the Kutta-Runge process of handling a large
number of first order differential eguations without

requiring a large amount of logic .for each, is especially
beneficial when using a small computer such as the IBM 1620

(20K) .



excilter response considered. At each s

7.8 p.u. to 9.8 p.u.) various time constants (Te> were fixed

and the fault applied and cleared as previously stated.

a4

o

Refer to graphs 4.1, 4. 4.3

[ €3]
RN
v
7
h
[}
B
n
o
}._l
0]
Q
o
0]
Qu
0]
(¥ §
vy
J}
o
re]
}...l
[©)
n
L]

4
Note that in graph 4.1, where the loading on bus 7 is

)

ime constant of

{t

9.0 p.u., the system remains stable for a -

4 geconds. The machine remained unstable For a time constant

of 5 seconds or greater. Reéal“ that for the “raw" system,
the loading of 9.0 p.u. definitely cmused instability when
the fault was applied. Therefore, by applying exciter response
the allowable amount of pbwer that may be transmitté& hag
increased. |

Referringxto Graphs 4.2, 4.3 and 4.4, one can see that

by applving the appropriate time constant it is possible to
i . Sl

Ey

St B

make the system stable after a fault even though the finite

machine was transmitting power at a level that proved
in chapter II, definitely unstable. Refer to figure 4.5 for

a table giving the load drawn (p.u.) and the maximum time

constant (seconds) that stabilized the system. It is to be

7

noted that the lowest value of T, used was one second. It

was felt that one second was the lowest practical time con-

stant that could be used.
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Load Drawn T
{(p.u.) {secs)

OGvibx 0 O

cguivale

b
,3
cr

0]
bt

M

0
l.J
Ini
[0
H
H
®
0
el
O
e
¥

6]
M
(0]
fo
j9})
cr
}..
O
o}
o
(0]
0]
o
d
o]
5
7
f—.,
w
%]
s}
[0}
6]
}_J
0]
*

isg) —~ gl . N
The equation, which is an approximacion, was used for two

reasons. The first is that to consider exciter resoonse
rigorously at this time would defeat e purposes set out
in chapter I fnat is, the advantages and disadvantages of

.

enmploying exciter responge is the objective and not the exact

that the storage requirements demanded by a ricorous treat~

ment far exceeded the capacity of the 1620 but it was shown

able power transmittable was raiged by 60 Megawatts in thié

two-machine problemn.

Vi Foy

, ~— wrm Sz S -~ - - - . . -~
A comparison of exciter response and the other methods

=

used to improve stability will be dealt with in chapter V

o



CHADTER V

1igh speed reclosing circult-

breakers are a definite advantage in maintaining the tran-

eclose and also the minimum time permissible for the de-
ionization of the fault arc.

When a three phase fault occurs on a section of a line

1

and the line is removed by breakers (in this case line 2--3),

the impedance between the generators is increased. This

increase in impedance lowers che amount of available power

that may be transmitted through the system, thus increasing

cf
y—t
¥
[
[o]
*.J
Fn
Fh
i)
H
D
5
Q
®
bl
(0]
[an

tween input power and electrical power
which increacses the accelerating power imposed-on the machine.
The sooner the line can be replaced into the circuit so as to

ain lower the impedance between the generator and the load

the better the chance the system has of remaining stable.

o
m

-

For the purpose of this thesis three phase reclosing breakers

were employed.

e
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For the next series of tests on the sample power

hree phase fault, cleared at .1 seconds, was

.
1

to line 2--3. However, the line was reclosed
at varying intervals for each power level from 8.4 to 9.3 p.u.
Refer to graphs 5.1, 5.2, which give selected typical samples

of tests carried out. It is seen that the system remained

stable for lcads of 8.4 zand 8.8 p.u.
In chepter II, a load of 8.8 p.u. on bus 7 had proved

to be the load wherein the system was critically stable.

-

However, the svstem with rapid reclosing again proved to be

For a loading of 9. p.u., we can see from graph 5.3,
that now the system is stable for all values of reclosing
time up to and including one second. At 1.1 seconds, the
machine fell out of step, and became unstable as it did fox
the “raw" systen.

2Ag the load on the system was increased, the maximum

/

time allowed before reclosing.so that the svetem would remain
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ter to compare these methods with each

o

its gained by employing themnm.
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apter LI, it was shown that a load

he Yraw't gvstem became unstable

lied. Ioreover, by

employing reclosing, the system was stabilized if the line
ke |

reclosing time was one second or less. The system could

also be made stable, as shown in chapter IV, by ap

Now, by referring to graph 6.1, we see €

loading of 9. p.u. and a reclosing time of 1.1 seconds and

an exciter time constant (Tg ; £ de, that the
system is stable. Note that the parameters used had all

previously proven tc be of little use alone in gtabilizing
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viewing the results of covernoxr response, it is
the mathematical model used gives guestionable

results for the first few seconds of the swing. The
immediate effect of the governor on stabilizing the system
ig greatexr than one would expect from an actual governor.
In oxder to explailn, it is necessary to re—-examine the

Consider figure 6.1 which givesg in block diagram
form the mathematical representation used in reference #7
foxr the governor system. . 77 5 07T
A = / Coa | SIS (=] 7

AL _}.\A Srm ST i B/w{: ; g /-7"‘4;_{.5‘
[ { i 2
ST L AN E ] GO\ TV A } LR 7T
~7
’rS
W
u‘\
Figure 6.1
where: T, =Dashpot time constant (secs.)
T,,—Mechanical starting time (secs.)
T  =—Water starting time (secs.)
—Temporary droop {(p.u.)

For the purposes of thisg thesis a similar model was
set up. However, because of storage space considerations,
several approximations were used. Congider figure 6.2 which
gives in block form the mathematical model used to simulate
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tted lines indicate

O
i

=N
i

igure 6.2.

F

portcicn of figure

iy

s
5
jO]
e

5

T ie e

—————— id e ~ Ao .
; ., ——
:,.».ﬁ..___\ e R -V B

i

: T

7 T Overall governor time constant (secs.) (See

In figure 6.2 the overall time constant (T} and the

A

7
temporary droop (¥ ) were selected o coincide with the
Optimum transient response®curve shown in figure #4 of
reference #7. A formula was developed to approximate this

type of
curve; the/curve used is shown in figure 3.3.

fully taken into account by the overall time
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figure 6.2
" ™. s Y
waere: 4 = Temporary droor (p.u.
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In oxder to develop thisg point further, considerx

1

figure 6.3 which ghowg the relative ef

few seconds of the p.u. wicket gate opening (g) and the

-— - et ] LR K 1 ' iy |~ gt - oo - S£=
.0u. head (that is 1.5 x h) after the occurence of a load

d .
SPEES L S

W
N
6}

first second to de-accelerate the machine, thus accounting

for the damped curve when-ever the governor system model was

he machine
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thesis it was shown

system doeg lend

l.
Pt
¥
]
ot
o

covernors during faults is sugcested (see section 6.4).

B Er A~ e en . v oy s S I AN F s} IS e S I v PO - Ll - "
improving transient stability wasg definitely worth considering.

.

It proved capable of

cut that for leondger lines with sgingle phase reclosing, and

for a non-three phase faults (say a line to ground £fault),

power may still be transmitted down the sound phases

lower loads. The accurate congilderation of exciliter response
so as to be cognilzant with the program proved to be too

of exciter regponse was made. Several criteria had to be
satisfied in this case. The first wags that the eguation
used for excilters had only ﬁo be accurate enough to show
ffect of the improvement on the system. The second

was that no matter what approximation was used the logic

needed to solve it had to be small, 6 p“e~pl ably the
equation decided on should be compatible with the Kutta-

in chapter
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time, however,

on the stability when used

OLf the
W

rore power

6.4 Future Studies
This thesis could not hope
ag power systems stablility in one
problems that were out of the sco
T themselves asg possibilities for £

such as exciter

that by emploving

. "

a sScad

le systen.

s were less

used on the
ere noted, the major one

transmitted.

o cover so broad a field

study. At each section,
pe orf this thesis presented
uture studies.




The f£irst suggestion

c. S e oy S ot T ‘. N 3. o PN - o 4 - ela -
separace stuay uging a digital computer be carried ocut on
—~ o~ P 7 d - -y - Eay R .= - - . e - B e

governor behavior during a fault using the accurate model

shown in figure 6.1. The STudy Of governor behavior itselsf

Secondly a separate study dealing with exciter respo:

3
n

e

te study i1s suggested so

o
2
O
o}
;-J
9]
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o
6]
r
0]
Fh
}~
#]
[._J.
8
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s
Q
n
o
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{4

that an exact accurate mathematical model of +he exciter

on a machine during a load change. To consider exciter

Tesponse accurately involves a large amount of logic and storage

space, much more than was allotted to the exciter portion of

the program used in this ‘thesis.
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PROGRAM 17703.....
THIS PROGRAM ADDS
GOVERMNOR RESPONSE
THIS ADRDS TO 17702 A
COV"HNOR RESPONSE.

MAXIMUM OF 5 MACHIN

JUNE 20/63

TO 74704 EXCITATION RESPONSE AND

MORE EXACT METHOD OF CONSIDERING

NES

Z“U”Uﬁ
OO

c
c
c
c
C
C
c TRANS |ENT STABILITY PROGRAM
c G. B. DAVIDSON...UNIVERSITY OF MANITOBA
201FORMAT(F5.3,5H LFO.L.15)
202F0RMAT(13,.F5%.3,F5.3.F5.3)
203FCRMATIFB.5,FB.5)
20LFORMATIFG. L, F6.L,F6 .4, F6. L, F6.L)
205FORMAT( 27HT I ME SWiNG MAC“.RV)
2067 ORMAT [ 10H(SEC) (DEGREES))
207F0RMAT(19HNGEN DT FCT  TURCE)
208F ORMAT { 18HEX-TC GOV—~TC DROCP)
DIMENSION RX(20),RQ(20),Y{20),EREF(5),TE(5)
DIMENSHON HM(5),XD{(5),AR(5,5),AX(5,5) ‘
DIMENSION DRP(5),TC(5}
TYPE 207
100ACCEPT 202,NGEN,DT,FCT, TURC
TYPE 208
DO L9 i=7,NGEN
LS ACCEPT 20L,TE(1),TC(i),DRP(1)
i £ 5
TYPE 206
GEN¥*2
£

)
L PO OOOOO W KK O K K e e Q Q Q OO0
m
T2 IO Y

M
M3 = NGEN*3 .
M -'T'-NGL.K !7'\‘.’_}_
00 L6 1=1,M
6 ACCEPT TAPE 203,Y (1)
DO 45 i= %,NGEN
ACCEPT TAPE 20L,E,PO,Q,HM(I),XD(})
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