
1
;

"' n

, f

"•
~ •

J

DETERMINATION OF TRANSIENT STABILITY
LIMIT OF IKTER-GRID POWER~ TRANSFER

,

BY
MD. YEAKUB HUSSAIN

A THESIS •
" .

SUBMITTED TO THE DEPARTr~ENT OF ELECTRICAL
AND ELECTRONIC ENGINEERING I~ PARTIAL FUL-
FILMENT OF THE REqUIREMENTS FOR THE DEGREE

OF
MASTER OF SCIENCE IN ENGINEERING(ELECTRICAL)

•

•

) ':.

I•

I

DEPARTMENT OF ELECTRICAL AND ELECTRONIC ENGINEERING
BANGLADESH UNIVERSITY OF ENGINEERING AND TECHf..ibLOGY

DHAKA. BANGLADESH (
~- -~---~----

1111111111111111111111111111111111
#58052#

_._-----------_.

r~AY" , 1984"

,,-



>!i'

CERTIFICATE

THIS IS TO CERTIFY THAT THIS '••ORK HAS BEEN.

DONE BY ~IE AND IT HAS NOT BEEN SUBf'HTTED

ELSEWHERE FOR THE AWARD OF ANY DEGREE OR

DIPLOMA OR FOR PUBLICATION.

COUNTERSIGNED

~
(DR. JAMALUDDIN AHMED)

SUPERVISOR

SIGNATURE OF THE CANDIDATE

~~

( MD. YEAKUB HUSSAIN)

r-.
\ \
\,,/



j ii

ACCEPTED AS SATISFACTORY FOR PARTIAL FULFILMENT OF THE
REqUIREME~TS FOR THE DEGREE OF M.SC. ENGINEERING IN

ELECTRICAL ENGINEERING

BOARD OF EXAI1INERS

1. (Dr. JamaluddinAhmed)
" Supervisor,

Assistant Professor
Dept. of Electrical &
Electronic Engineering
BUET, Dhaka. ,

I-,

k.~.~
Chairman

2.

4.

(Dr. A.r'l.Zahoorul Huq)
Professor,
Deptt. of Electrical &
Electronic Engineering,
BUET, Dhaka.

(Dr. Shamsuddin Ahmed)
Professor & Head,
Deptt. of Electrical &
Electronic Engineering,
BU ET, Dhak a.

(Dr. Sayed Fazl-i-Rahman)
Professor,
Deptt. of Electrical &
~lectronic Engineering,
BUET, Dhaka.

4~
_11ember

5. (Dr.N~~~~I\ Islam)
Ch ai riifan;-:-,J
Bangladesh Steel & Engineering
Co rpo ration.

0,
~ rvV'l ~ 'VVl-r

. ~lember
(External)



iv

A C K NOW LED GEM E N T

The author expresses his indebtedness and deep sense of

gratitude to Dr.; Jamaluddin "Ahmed, Assistant Professor

of Electrical & Electronic Engineering Department, SUET,

Dhaka for'his continuous guidance. valuable sug~estions

and constant eocouragement throughout the course of this

work.

The author wishes to express his sincere gratitude and

thanks to Prof. Shamsuddin Ahmed, Head of the Department,

Prof •. A.r'i.Zahoorul Huq, --,Professor S.F." Rahman and Mr.

Hamidul Haque , Assistant Professor of Electrical and Elec-

tronic Engineering Department, SUET, Dhaka for their encou-

ragement and advice during this work.

The author also wishes to thank the staff of the Computer

Centre of SUET for their assistance inlJsing the Computer.

In the end, it must be recorded that thi's work would have

been well nigh impossible without co-operation, help and

inspiration from the authors' wife, Mrs. S.p. Hussain, son,

Master Pyen and daughter Miss Ypa to whom this thesis is

dedicated.



v

ABSTRACT

An algorithm has been developed td compute the transient

stability limitof Inter-grid power transfer as E function

of clearing time. The integrated grid system of Bangladesh

power Development Board(BPDB) has been taken as the model

for this study. The BPDB Power network is divided into two

major zones- The East Zone and The West Zone and the .-two

zones are connected by an overhead 3-phase double circuit

transmission line ~alled the East-West interconnector'.The

interconnector is designed for 230KV and presently ener-

gized at 132KV. A system study for the integrated BPDB

grid system was done by Acres International(Canada) Ltd. in

196B in which they studied the operation of the East-West

Interconnector both at 132KV and 230KV levels. By plotting

swing curve~ they determined the transient stability limit

for inter-grid power transfer at both voltage levels.

In this algorithm developed the inter-grid power transfer

is directly computed as a function of clearing time. In order

to be able to compare the results with that of Acres Interna-

tional the system models used for 132KV and 230KV operation

are exactly same as that used by Ac'res International. The

network for 132KV operation is slightly different from the

present network. The network for 230 KV operation is expected

to exist aroun d 1987.
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The interconnected network has been converted to a two-

machine system. All machines of the Eastern Zone are gro-

uped together to a single equivalent machine and similarly

all mochines of the Western ,Zone are grouped together to

another single equivalent machine. The networks of the

Eastern Zone and the Western Zone are reduced separately

by star-mesh conversion principle. The transient stability

limit for inter-grid power transfer is computed for instan-

taneous clearing, for sustained fault and for various inter-

mediate clearing times.

The swing equation has been converted to a universal swing

equation independent of inertia constant with respect to a

machine time'T. The clearing time h8s been, calculated from

the clearing angle by solving the swing equation by Runge-

Kutta method of fourth order approximation.

Three phase fault at (i) middle point snd (ii) near bus end of

one of the lines of the interconnector have been studied.The

reference bus voltages at the two en'ds of the interconni3ctor-

are equal to the nominal system voltage. Also the actual bus

vol tages at the two ends of the interconnector. h~ve been used

from various load flow studies of Acres International.

A Computer program has been developed to compute and plot

inter-grid power transfer as a function of clearing time and

the SUET Computer ISM-370 has been used for various studies.
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There are five sub-programs used with the main program
;

to solve the boundary conditions, to calculate clearing

angle and corresponding clearing time. c

The result obtained using this algorithm are compared

with those of Acres International in order to prove the

validity of the algorithm.



Symbol'

E

E' E'q'

I

p
m

p
u

Q

X12

Xd,X'd
~.,X' q

Y11'Y12

Y01'Y12

Zr
Zo

viii

NO~l ENCL ATU RE

Generator Vol tage ,

Machine voltage behind transient reactance.

Direct-axis steady state and transient excitation
vol tage.

Line current, Armature current.

Direct-axis and Ciuadrature-axis armature current.

Field current.

Quadrature-axis of field current.

Real power.

Initial Power or Shaft power.

~laximum Electrical Power.

Electrical output power.

Reactive Pqwer.

Ratio of during fault curve to pre-fault curve.

Ratio of post-fault curve to pre-fault curve.

Clearing time, critical clearing time.

Bus Vol tage •

Mutual reactance.

Direct-axis synchronous & Transient reactance.

Quadrature-axis synchronous and transient reactance.

Driving point and Mutual Bus admittance.

Line admittance.

Fault Shunt Impedance.

Zero sequence impedance.



Symbol

G,G"

ix

Negative Sequence Impedance.

Torque angle.

Initial torque angle.

Critical clearing angle.

Maximum torque angle.

Impedanc e angl e •

Angle.

l~odified clearing and critical clearing time.

Modified clearing and critical clearing time.



FIG. NO:

Fig. 2.1

Fig. 2.2

Fig. 4.1

Fig. 4.2

Fig. 4.3

Fig. 4.4

Fig. 4.5

Fig. 6.1

Fig. 6.2

Fig. 6.3

Fig. 7.1

Fig. 7.2

Fig. 7.3

Fig. 7.4

Fig. 7.5A &
Fi g. 7. 5B

x

LIST OF FIGURES

NAME OF FIGURE

One line diagram

Reactance diagram

One line diagram

Reactance diagram

Power-Angle Curve for Instantaneous clearing

Power-angle Curve for sustained fault

Power-angle Curve for intermediate clearing

E:quivalent Generator connection diagram

Reactance and Voltage Vector diagram

Trigonometrical Relation of a triangle

Power-angle Curves Showing the Effect of
Excitation

One line Diagram Showing High Tension Buses

Open circuit voltage and Short-circuit
Current Characteristics Curve

Vector diagram of Salient-Pole Synchronous
Machine

Power-Angle Curves including Saliency
Effect.

.Page No-

8

9

17

18

24

25
27

49

51

52

93
96

98

102

104



xi

CONTENTS

CHAPTER NO-

ACKNOWLEDGEMENT

ABSTRACT

NOMENCLATURE

LIST OF FIGURES

Page No-

iv

\I

viii

x

I

II

III

INTRODUCTION.

1.1 General.
1.2 Definition and Type of Stability Limit.
1.3 Methlid bf Determination of Stability Limit.

1.4 Utility and Objective of Stability Limit.

REPRESENTATION OF DEVICES IN THE NETWORK SYSTEM.

DEVELOPMENT OF NETWORK-REDUCTION PROCESS.

1

:a
13

IV METHODOLOGY OF DETERMINiNG:StABILtTY LIMIT 17

4.1 Development of Power-angle and Swing
Equation for Two-fiachine System,

4.2 Determination of Init-ialOperating Voltage,
Power and Angle •.

4.3 Intermediate clearing angle-and clear-i-ng time .~---

V

VI
VII

VI II

IX
X

ASSUMPTIONS.

SYSTEM STUDY AND RESULTS.

FACTORS AFFECTING TRANSIENT:, STABILITY UfiIT.

CONCLUSION AND SUGGESTION,

REFERENCE.

APPENDIX,

10.1 Appendix-A - :. Flow Chart

31

31

88

10S

111

113

10.:2 Appendix-B: Computer Program

10.3 Appendix-C Network reduction details for equi-
valent machines of East & West grid.



,.

1.2 Definition and Type of Stability:

2

In general, there are three types of stability associated.

with the sys tem.(1)

(a) Steady state stability

(b) Transient stability

(c) Dynamic stability

This work is concerned only with the transient stability

limit of a power system.

Suddenly large disturbance occurs when a large block of

generation or load is lost or a fault occurs on a trans-

mission line. In such Cases the system must be able to

withstand the disturbance. Transient stability is the ability

of the system to. remain in synchronism following a sudden

,system disturbance. This ability depends to a great extent on~

how quickly the fault is isolated from the system and the

time in which the faul t must be cleard in order to main-

tain system stability is called critical clearing time. The

maximum transferable power is a function of this critical

clearing time. for a circuit breaker, the clearing time is the

sum of the relay sensing time and the circuit breaker opera-

ting time. If the fault on the system is cleared within

it's critical clearing time, the system will be stable

otherwise it will go out-of-step and loose synchronism.



The transient stability limit

possible flow of power through

stability when a .sudden large

refers to the maximum

a point without loss of
disturbance occurs(Z,16,17!

This power limit is a function of fault clearing time.The

power limit increases as the fault clearing time decreases.

Since the transient stability limit is a function of fault

clearing time, the purpose of this research is to develop an

algorithm to compute inter-grid transient stability power
limit as a function of fault clearing time.

1. 3f'lethod of Determination:

The curve for power transfer through an inter-grid circui t as

a function of fault clearing time Can be achieved by two diffe-
rent methods:

Method - I:

The power flow through an inter-grid circuit Can be obtained

by the method of load flow study. For each value of power flow

through the grid a number of transient stability analysis are

performed at different clearing times to determine the critical

clearing time for that Particular power flow by using step-by-ste.

method or Runge-Kutta method for solution of swing equation. The

process is repeated for a number of power flow and the inter-grid

power limit is then plotted as a function of clearing time.



Method - II

In this method the multimachine system is converted into a

two-machine system. The group of machines of which the inter-

nal angular swings are similar, are replaced by an equivalen~

machine. The equivalent transient reactance will be the Para-

llel combination of the transient reactances of the individual

machines of the group. The whole network is reduced, by star-

mesh conversion principle, to a two-machine system being co-

~4

nnected by the pOwer line whose power transfer is to be studied.

The inertia constant of the equivalent machines will be the sum

of the inertia conBtants of the individual machine of the group.

Practically instantaneous clearing or zero clearing time is

never possible. But it may be regarded as the limit approached

as the clearing time is reduced. Instantaneous clearing is ob-

tainable only by disconnecting a faulted line when there is no

fault on it. The initial power transfer through this line will

be called the maximum power flow at zero clearing time if the

system remains stable. The infinite clearing time(2,5) may be

regarded as the time when the faulted line will not be cleared

at all and the power flow for this condition will be the maximum

power at sustained fault or at infinite clearing time if the
system remains stable.

The i~itial voltage behind transient reactances of the two

machines and their initial operating angles are found out at
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sustained fault, at instantaneous clearing and at a number

of intermediate load values, Sinbois plotted as a function
of 1'1 and 1'2'

X'2(before fault )
vlhere 1', = X'2 (during fault)

X12(before fault)
1'2 =and, X12(after fault cleared)

The initial maximum amplitude of power,
E,E2Pm = -~~
X'2

and mechanical input pOwer,
Pi = Pm sin bo are calculated and tabulated as

function of sin boo

where, E, = Voltage behind transient reactance of
equivalent machine-7.

E2 = Voltage behind transient reactance of
equiValent machine-2.

X12= mutual reactance between machine-' & machine-2.

and bo = relative rotor angle between the two machines.

For instantaneous clearing, sin~o is determined from the graph ..,

for r2 then from the value of sinb" the value of Pi is calculated

by trialling with various current values. Then this Pi will be

the maximum possible POwer flow at zero clearing. For intermediate

pointsfor different values of sinbds the corresponding values of

Pi are found from the earlier calculated table. The critical
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clearing angle for corresponding value of Pi is calculated

from the values of ~o, 6max, r1 and rZ using equal area

criterion. The critical clearing time corresponding to the

critical clearing angle is then computed by solving swing

equation using Runge-Kutta method.

For sustained fault condition, "Sinbo is determined from the

graph for r1 then from the value of sinbo the value of Pi

is calculated by trialling with various current values. Then

this Pi will be the maximum possible power flow at infinite

clearing time or while there is no clearing. Then inter-grid

power transfer limit is plotted as a f~nction of clearing time.

This second method is adapted in this research undertaken here.

1.4 Utility and Objectives:

For stable oPeration of a power system, the ma~imum power' flow

through any grid should be pre-determined so that proper breaker

arrangement Can be made available. The Western zone and Eastern

zone of BPDB network system have been connected by an intereonnec-

tor over Jamuna river. The power cris+s of Western zone is

met by supplying gas-fired cheap power from tr.e Eastern zone

through this inter-connector. Therefore a study is essential to

find out the maximum power flow of the line so that the integra-

t6d system can function smoothly and remain stable eveo if theta
is a fault on the interconnector.

".
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Ear~ier, this stability limit waS studied with the help of

equal-area-criterion method in conjunction with a set of pre-

calculated swing curves and the curves for determining cri-

tical clearing tim~~'~{th the knowledge of this research,

it is possible to calculate the maximum power transfer through

the interconnector after any change in the layout of the system.

For future expansion of the system this study will help to

select proper cir6uit breaker and relay arrangement required

for the maximum expected power flow.



CHAPTER - II

REPRESENTATION OF O~VICES IN THE NET WORK SYSTEM

A power system with generators, transformers, static and/or

syncheonous condensers and loads, Can be represented by one-line

diagram showing all the machines and elements as shown in",FiJg.2-1

11KVh32KV 132KV 132KV/33KV 33KVh1KV .

1.-1 8 i 16
~f G Gen.-3
. . 2020
9 1210

~i G Synch.:.1.-2 8 1 16
.20 Motor.

20 11KV/132KV 132KV/33KV 33KV/11KV

Fig. 2.1

One line diagram

One line impedence or reactance diagram can be drawn from

Fig. 2-1 with proper reactance values on a system base voltage

and baseMVA~The one line reactance diagram for the circuit in

Fig.2-1 is shown in Figr2-2.
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j.08 j.10 j.16 j.09 j.12 j.10
.-1 Gen.-3

j.12 j.10 j.16 j.09 j .12 J.15•-2 Q-------Jihm Synch •
Motor

fig. 2.2

Heactance

In stability limit. study, various Cki. elements are represen-
ted as folIo ws:

1. The generators or other synchronous motors are represented

by its direct axis transiant reactance in series with a

constant voltage source.Armature resistances are normally
neglected.

2. Transformers:

Two winding transformers are re~resented by series impedence

Z equivalent to short-Ckt. impedences and the exciting impe-

dences are neglected. Also the resistance Part is neglected
for large transformers.

Three-winding transformers are represented by Y -circui ts.
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'such that the sum of the reactances of each pair of branches

equals the short-ci~cuit reactance between the corresponding

Pair of windings with the remaining winding open.

3. Transmission lines l'lnd-cables.

These are represented by their nominal or equivalent '7\

ci rcui ts.

4. Loads:

The loads on a power system v~ry with time of day and

from one year ,to another year. For example annual peak

load and the minimum load may be taken for the stu dy.

Loads are assumed to be lumped on the buses of major stations

and substations. They should be expressed as vector power

PtjQ, whereP represents the active pow~rand Q represents

the reactive power. Each load is then represented by a

shunt admittance
•
the load.

y = p - jQ
1 (112

where V is the voltage across,

5. Representation of faults:

A three-phase short circuit is represented by connecting

the point of fault to the neutral bus • Other faults are

represented by connecting the point of fault to the neutral

bus through a fault-shunt combining negative and/or zero

sequence impedence depending on the type of fault.



The type of faults and the fault shunts are given below:

1 1

Type of fault

a. Line to ground

b. Line to line

c. Two-line to ground

s. Three phase

6. Miscelleneous equipment:

Impedence of Fault shunt

ZF
Z, + Zo z

Zz
ZOZZ/(Zb+ZZ)
o

Closed C.B. and switches, current transformers and buses have

negligible impedence on high voltage systems and, therefore,

are disregarded. Similarly_potential transformers, lighting

aires tors and coupling capacitors have impedences so high

that they are considered as open circuits.

7. Representation of the remote portion of the system:

In studies of Part of a large .interconnected system it is

neither neCessary nor feasible to represent all the stations

and lines of the entire system. The out-lying portions can be

represented by equivalent circuits.

A remote part co~nected at only one point of system being

studied can be replaced by its equivalent Thdveni~'~' circuit

consisting of an i~pedence in series with a constant voltage

source. The impedence is found by network reduction or by a
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knowledge of the short-circuit'kilo-volt amperes level at

the point of connection. A remote part of the network connec-

ted to the system at two points can be represented by a power

source and a Y- circuit.

The inertia constant assigned to the generator of each of

these equivalent circuits should be equal to the sum of the

intertia constants of all,the machines therein and, in the

absence of more definite ~nformation, may be calculated from

an average
.t (2)paCl. y.

value of H and the known aggregate generating ca-

If the total inertia is large compared to that

of the portion of the ,n~twork being

considered infinite with little error.

studied, it may be



CHAPTER - III

DEVELOPMENT OF NETWORK REDUCTION PROCESS

A network system may have several nodes and terminal points.

For .system stability study, only the terminal sdlf- and mutual.

admittances are required. Therefore, the extra nodes in the

network may be eliminated by a process known as network reduc-

tion.

Let us take a network consisting of five nodes, of which one

node is to be eliminated. The nodal equations are written as:

11 = 'Y11E1+Y12E2+ Y13E3+ Y14E4 )
)

12 = Y
21
E
1
+ Y

22
E
2
+ Y23E3+Y 24E4

)
3.1)

)

13 = Y31 E1 + Y32E2 + Y33E3+Y 34E4
)
)
)

I = Y41E1+ Y42E2
+ Y43E3

+ Y44E4 ~4 .

Suppose, node 4 is to be eliminated. It can be eliminated only

if it has no external connectiDn, i.e. the terminal 4 is consi-

dered to be open circuited.

Henc e,

Solving for E4 and substituting the expression in place of

E4 give,



y Y
11=(Y1.1- 14 41 )E +(VV44 1 12

14

which may be written in standard form;

11 = Y'11E1 + Y'1;E2+ Y'13E3

Similarly, 12 = Y;1E1 + Y~2E2 + Y;2E3 etc. (3.3)

In which yrJs are the new terminal admittances
Ithe old one by Y11 = Y11 -Y14Y14

Y44

Y'12=, Y12- Y14 Y42
Y44

and

)
)
)
)

~

~
)

related to

So in general form this may be written as:
YS4Y4t:Y 'where-j=1,2,3

44

.-
.Assume that ..bothold and new neUuork',-,are of standard type

having one and only one element between each Pair of terminals

and having no coupling with each other.

The' relations between ~lements of old and new networks can be

derived as follows~

Y01 + Y12 + Y13 + Y14 )Y11 = )

Y04 Y14+. Y24 + Y34 etc._ ) (3.6)
Y44 = + )
Y12 ='Y12 = Y21 ),

=-Y34 = 'i 43
)

Y34 etc. )

'{
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Similarly,

y' 12 = y.' 21 orY •1:.!

y. 23 = y. 32 = - Y • 23

Substituting equations 3.7 and 3.6 into equation 3.4,
we get,

Y14 Y24
Y04 +y 14 + Y24 +y 34

Y04 Y 14
Y04 +y 14+Y24 +Y34"

)
)
)
)
) )
)
)

~

. ~

In general form these maybe written as;
Y.j,4Yk4
4-1 .

2=: Yi4
i =:0'

)
)
)
)

(3.9)

i.e. every element of the new or reduced network is the result
of paralleling the corresponding element of the old network with
an element arising from star-mesh conversion.
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The network reduction process is summarised as below:

(1) Series and/or parallel combinations of impedence elements

.are made where necessary.

(2+ The impedences are converted to admittances.

(3) Nodes are eliminated by star-mesh conversion, giving

.preference to node having lea'st number of elements.

(4) The new elements resulting from the conversion are made

parallel with old elements.

(5) The process (3) and (4) are repeated until all

desired nodes are eliminated.

(6) The te~minal admittances are computed from the element

admittanc~ for stability study.

If the star contains n: points, similar formula holds, but

the expressionk-Y. should have n. terms. (vehave Y - 4

conversion only. if n = 3. If n. =2 we have a simple series

combination.

In general, the conversion from mesh to star for n> 3 is

not possible.



CHAPTER - IV

METHODOLOGY OF DETERMINATION OF STABILITY LIMIT

4~~ Development of Power-angle equation and Swing Equation:

2

Fio. 4.1
One Line Diagram

Consider a power system network shown in Figure 4.1.

The stability limit for power transfer between bus (,) and
bus(2) is to be determined. The network of the whole power-
system reduced to a series circuit in series with bus(')
and bus (2) • The machines in each side which swing together
are grouped in a single equivalent marihine and are replaced
by a voltage behind the transient reactance in series with an
.equivalent transient reactance shown in Fig. 4.2
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m

Reactance diagram

2
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r =2

Thus -a-multimachi-ne -sys-tem--Can- be replaced by a two machine

system. From -thetransfeFimpedances between the machine

terminals, the ratio, r1 for _faulted condition can be found

out as r1 = x12 (Prefault) ~ -)
-- - 4.1- - and the ratio - -r:z forx12 (during _fault - - _

post fault condition can _be found out as

x12 (p refault)

x12 (Post-fault)

r1 may be zero or a fraction depending on the location of the

fault. If the fault occurs near the bus point 1 or 2 the trans-

fer reactance at faulted condition becomes infinitely large

and the ratio r1 will be zero.
,-
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Again, a system having two finite machines may be replaced by

an equivalent system having one machine and an infinite bus

so that the swing equations and swing curves of angular dis-

placement between the two machines are same for both the

systems. The equivalent ineEtia constant, equivalent input

.and equivalent output are calculated for equivalent finite

machine. The equivalent inertia constant is a function of the

inertia constants of the two equivalent machines and theequi-

valent input and output are functions of the inputs and outputs

of the two equivalent machines.

The swing equation of the two finite machines are;

d2 b Pa P. p
. ,1 = _1_ = ~1 u1

.' :'.t.~2 M1 M.0 •..... '. ;.1

'"'- P. P
d26 Pa2 ~2 u2

2 == ~12 .~-:. M2dt2

The relative angle is ~ =

Therefore, the swing equation of the equivalent machine is;

=

Multiplying each side of the

M1M2/(M1+M2), gives,



M1~2 d2b Mi - M1P a2= a1
M~M2 dt2 M1+M2

Mi. - M Pi M P -Mlu2= ~1 1 2 2 u1~11 + M2 M1+M2
(4.7),

The equation (4.7) may be written as

2.0

M = P = P .•••p
a ~ U

where

P. =~ and P
u

M.p -MP
2 u1 1 u2
M1+M2

which

are called the equivalent inertia constant and weighted

average of the inputs and outputs of the two finite machines.

The law of combination of the inertia constant is similar to

that for the parallel combination of impedances. Since the

inertia constant is the accelerating power divided by the aCce-

leration, this law will appear quite reasonable in Case of two

machine system because the acceleiating ~ower of the generator

is nearly equal (except:.in sign) to that of the motor while the

relative acceleration is the sum of the acceleration of the

generator and the retardation of the motor, This is in contrast

to the equivalent inertia constant of a machine equivalent to

a group of machines that swing together. There, the accelerating
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power of the group is the sum of the accelerating pOwer of the

individual machines and the accelerations of all machines are

equal. In that Case, the inertia constants combine like im-

pedences in series.

The power-angle equations of a two-machine system are-

=-,~~ Y11 C?sG11+E1E2Y 12Cos(G12--b1+~2)'

-E2E1Y21Cos(G21-:b2+b1)+ E~ Y22 CosQ
22

. (4.S)

substituting these values of PU1 and PU2 and the relative

angle 6 = ~\- ~2 into the expression of equivalent output gives, ~

~12E/Y 11CosQ11 •.. M1E22y 22Cos~22 + E1E2Y12[M2Cos(6-Q12)-M1Cos(6t~~

Pu = M1+M.2 ~11+f~2'

where

= Pc + Pm Cos(6- ~" .) = Pc+Pm sin(b-~)

Pc = M2E~ Y11Cos(El-11) - M1E~ Y2Z:Cos Q22
M1 -It'12

and,

. and,

and

II

.. Q =

Then the swing equation becomes

M d
2b = Pi -Pc'- Pm sin(b~'l ) a pi-Pm sinD'
dt2



,
where, Pi = Pi-Pc. &
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The equation (4-11) is dependent on equivalent maximum pOwer,

Pm and equivalent inertia constant of the machine. This equa-

tion Can be maeie dimentionless by dividing it by Pm and intro-

ducing a new quanti ty"(, defined by

<'(= 7r
180

Pm
M

Then the swing 'equation becomes ;

7\
180

,
= ~. - Sin~1 =

where, 6' is in electrical degrees.

or, = P-sin b'

(I . I Iwhere 0 1S in e ectricaradians.

For faulted condition prefault power Pm is replaced by during

fault pOwer r1 Pm •

If the resistance Part of 1!he networ,k is neglected then the

impedence angle ~11 = 922 = - 900 and B12 = 900•

•• • Pc II= Ci and M

becomes 67 the relative t-o:r;que angJ.-e between 'the,machines •.Then the

equation 4-11 for during fault condition. b~comes
d26

M 2 = Pi-r Pm sin ~dt 1
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Dividing by r1Pm and introducing~ the equation 4.16A becomes

d2~ = P-sin ~
d"z

as in equation 4.14. Where ~ is in electrical radian.

4.168
The equation 4.13;'4.14and/are the differential equationswhich

are independent of the inertia constant of the machine and of

the constants of the network. The solution of the equations depend

on the ratio of input to the amplitude of the power angle curve

and on the initial angle bel and initial angular s'peed to) •••

•The amount of power that Can be transmitted from one machine to

the other in a two-machine system without loss of synchronism,

when the system is subjected to afauls, depends on the duration

of the fault. The power limit can be determined as a function

of clearing angle by equal area criterion, and the relation

between clearing angle and clearing time Can be found by solving

the differential equation(4.13) or (4.14) ,of the above.
4.2 Determination of initial operating voltage, power and anglel

a) Power at instantaneous clearing of the faultl

Practically, instantaneous clearing is never possible. Theoretically

the zero or'instantaneous clearing time, Can be assumed by switching

out the faulted line from the existing system when there is no

fault 'on that lin,,,,FrorJ thg prof",ult an'.! post-f3u1t PO',J8I' 8[191(',

curves as in Fig. I!. 3.

, \

\ :/
\"
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Pm

P

u 1in p.u. Pi input

?1Pd""-----~ •.- S in red

Power-Angle Curve for Instantaneous clearing

CuI'vc:-3

pre-fault curve,.Pm sin!',
Post fault cUL'vest'2P sinbm

applying the

of rectangle

equal area ceiterion method in

= Pl(~ -~) = Pm(b -b ) Sinbomom 0

Fig. 4.3 area

Area under the pOb~r angle curve for post fault condition

= rlm..{ sin ~ d 6 = rzPm (Cos ~ 0 -cos ~ m) (4.116 )

.Equating the two aL'eaS. we get.,
cos ~m)

where

= r2(cos 60-
-sin'( sin~o)

rZ
From the relation of rZ andbo as in equation

the value of bocan be achieved by iiberative method whiChO
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determines the initial power flow a~ pre-fault condition as

in Pi = Pm sinbo •

(b) Power-flow at sustained fault condition:

If a fault occu.rs..on ..a power system and is never cleared

at all then it will be called sustained fault condition and

it is assumed that the fault is cleared after infinite time.

As there is no clearing of the fault, there is no clearing

angle. From the pre-fault and during fault power-angle equa-

tionswe can dra~ the pre-fault and during fault power angle

curves as in fig. 4.4.

I

l2.
J

-----J1-~ inFio. 4.4
~cower-Angle Curve for Sustained Fault.

Curve - 1 Prefault curve, Pm Sin b
Curve - 2 Fault curve, i.i1Pm sin 6

in
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Then applying the equal area criterion method in Fig. 4.4

the area of the rectangle ••Pi(~ -b ) • Pm(J -b J Sinb_ (4-1:9A)mOm 0 v

the area unde
3m

the power angle curve

= r1Pm Jho sinbJ-~ = r1Pm( cos

for faulted condition

method which determines

where,

(4.20 )

(4.20) the valu e

(b -6m 0

6m =

Equating the two areas, we get,

)sin~o =r1(cosbo-cosbm)

7\ -sin-1 (sin bo)
r1

From the relation of r1 and boas in equation

of 60 Can be determined by iterative

the initial power flow between the two mschines.This power will

be the maximum powerflow between the machines for sustained fault
condition.

If P1 = 0, for the adverse location of fault, the transfer

impedence between the two machines will be such that there is no

connection between them and virtually no power will be trans-

ferred from one machine to another.

4.3 Intermediate clearing angle and clearing time:

It is aPParant that if the internal voltages E1 & E2 should

vary, the amplitudes of all three power angle~urves would

change proportionately, but the ratios r1 and r2 would not be

affected. The three power-angle curves and the input line Pi are

drawn in Fig. 4.5. Then applying the equal-area criterion method.

the rectangular area under the input line,

= Pi (~ -b) = Pm (6_ -~) Sin ~om 0 •.•,
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Pu 2Pm
in p.u.

() d" ~ £rm ;;(

•.£ in rad

F" 4.5_J..g,

Power-Angle Curv e for I nterm edi ate Clearing

Curve - 1 Pre-faul t curve, Pm sin 6
Curve - 2 Fault-curve, r1Pm sin ~

Curve - 3 Post- faul t curve, rZPm.Sin 2:,

under the~~aul t power-angle curve from angle

= 1'1 Pmj. sin ~J-b =-r Pm(cbs~ - cos bo)60 1. c

The area under the post-fault pOliJer-angle cm:.ve from. angle be.
to bm= r2P (O;inbcl~=.-r2P (cosb~-~~s~c-) (4.228)

m)!> .. m
Equating the eqGations 4.21 with 4.22A and 4.228 , we get,
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which yields, cosbc (b-"ffi_-_b_o_)_s_i_n_b_o_-_r_1_c_Q_S_&_O_+_r_2_c_o_s_9.m

where, b =lI-sinm

This angle, b c, will be the clearing angle for which the system

will be stable for its output power equal to the input power Pi.

The corresponding clearing time Can be obtained by putting the

value Of~c in equation (4.14) and by solving it by Range-kutta

method with several i~erations. Then the clearing time in seconds

can be achieved by putting the Value of'lc' obtained from Rahge-

kutta method. in equation 4-12;

System frequency

Inertia constant

maximum amplitude of prefault power angle curve.

= 'r \L__GH__
7rfr1Pm

rating of the machine

t

where, G =

H =

f =

Pm=

Again, by setting a new value of ini tial angle 60 in the power"-

angle curve, we Can set a new value of input power Pi and e new

value of clearing angle bc can be .obtained. Similarly, for

this new power Pi, the new value Qf clearing time can be obtained

for this new clearing angle, 6~. Thus a set of input power and

the corresponding clearing time can beobt2ined by the method as

stated abo ve~
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If the fault location is near any bus point 1 or 2 , the

transfer reactance during fault is infinity and the ratio

r1 becomes zero, i.e. the power transfer between the machines

during fault period will be zero. In that case, the clearing

time calculation ,as stated earlier will fail. For r1Pm= 0,.

r(c will be zero for any value of tc' In this case a new

.medified tim~~is introduced and related to the actual

time by the equation;

This modified time ~is differing from earlier modified time

'Ic, in equation 4.24, in that Pm, the amptitude of pre-fault

power:~angle curve, is used instead of r1Pm, the amplitude of

during fault power-angle curve. Since r1 is zero, the negative

Part of the right hand side of 'equation 4.16/\ is zero. We

may rewrite the equation 4.168 as,

~l d2J {
d't2' = Pm Sin 00

Now dividing the equation 4-26 by Pm and introducing f as in

equation 4.25, the equation 4-26 becomes,

d
2b -- (sin 00
diZ

where ~ is in electrical radians.
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.Solving equation 4-27 , we get I

=V2(O -So)
sinOo

Ie h is equal to bc clearing angle, then P will be fc and

and tc the clearing time, will be calculated by substituting

the value of f~in equation 4.25. Thus a set of input power

and its corresponding clearing time Can be calculated for

various values of sinbo's



CHAPTER _ V

ASSUMPTIONS AND APPROXIMATIONS

Throughout this research, a number of assumptions and appro-
ximations have been made as follows:

b. Damping Torque Neglected:

In Transient ..stability study the damping torque has the
secondary influence on it during first and subsequent swing
which occurs within one second. But in dynamic stability,
the damping torques due to primermover, generator, and
system do exist and have a significant influence. So, the
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damping torque is totally neglected in this study.

c. Constant Input aower During Swing:

The mechanical input is initially equal to the electrical

output.When disturbance occurs, the output power is

decreased suddenly but the input power remains unchanged.

The input to a generating unit is controlled by the gQuernor

of its primemover. The governor will not act until the

speed change)exceeds a certain amount(usually 1% of normal
(2,8,17

speed) '.- depending on the adjustment of the governor

and even then there is a time lag before the governor

changes the input. During swings of the snchronous machines

the percentage change in speed is very small until after

synchronism is actually lost. Therefore, the governor action

as' well as effect of voltage regulator are neglected during

transient condition and fhe input power is kept constant

during the entire period of the swing curve.

d. Resistance Neglected:

Since the resistances are very small in comparison with

the reactances, its effect are of secondary nature in

transient stability study.

So, the resistanc es are n egl ected to simpli fy the

calculations.
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e. Saturation Approximated:

Because of saturation during transient condition, the

equivalent transient reactance of a synchronous machine

tance representing a machine under a transient disturbance

has a value of approximately 90 percent of that at rated
(4,9,18 )

current value ,,', '. However, this small variation

in transient reactance has a minor effect on transient

stability limits and use of rated current value gives a

slightly conservative result.

tenerator saturation also increases the steady-state pull-

out power over that which would exist if there were no

saturation. An eCJll'ivalentsynchronous reactance equal to

the reciprocal of short-circuit ratio has been assumed

to approximate saturation effect under steady-state condi-

tion.In the over excited region:' 'this gives very conserva-

tive results. However, this has no significance, since tran-

sient stamility is'limiting in the overexcited region.

f. Power Trnasfer During Fault Neglect'ed:

For most fault there will be some power transfer during
fault.For all faults there will be resistance losses which is
supplied,by the,generator. 80th po~er transfer and losses
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will have the effect of providing some decelerating

power during the fault. So. the machine will not swing

ahead quite as far as the calculations indicate. The

result of losses and power transfer during fault will be

to make the machine more stable than calculated.

g. Simultaneous Operation of Circuit Breaker:

All the circuit breakers, which. may open at different

locations to interrupt the short circuit current due

to any fault at any location ,are assumed to operate si-

multaneously to clear the fault. Auto reclosure is not

included here.

•
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CHAPTER - VI

SYSTEM STUDY AND RESULTS

Bangladesh nat,ional grid system for operation at 132KV and

230KV levels has been considered as the model of this study.

The ~ast -West Interconnector is presently energized at 132KV

and is expected to operate at 230KV level by 1987. Therefore

this study has considered both the voltage levels to determine

the transient stabi.lity limi.te In existing network system,

there are twelve number of different power stations delivering

the load at the time of peak load period. In the expansion

scheme, some new power stations are added with the old ones.

For example, power stations at Halishahar, Ghorasal 230KV,

Siddirganj 230KV, Bogra and Goalpara are added in the new

scheme. The system configurations are given in drawing E~1
•

and drawing E-2 according to Acres International(Canada) Ltd.

The line datas are given in resistance, inductive reactance and

..

j

distributed capacitive susceptance in the drawings E-1 and

E-2 • The generator rating in MW and in MVA ,engine type,

direct axis transient reactance and inertia constant are
.. & 6.4

given in Table 6.1/. The transformer rating in MVA, voltage

ratios and impedance in per unit are given in.Table No. 6-2. &: 6.5.

The tap positions of all the transformers are assumed to be

unity. The data, for the planned generators and transformers,

which are not available, are assumed standard Nalues.

\ , , '



TABLE No- 6.,1

Generator data for 132KV System
Name 0 f the Total No.of .Generator Rated Rated Engine Direct axis Inertia
Power Station Generators No. MI, M vA Type transient Constant

reactance in (~1)on
% oIt r~/c. Mlc base
base

Kaptai 3 G1,G2 40 50.0 Hydro 30.0 3.861
G3 50 62.5 Hy dro 30.0 4.00
-

Halishahar 1 G1 10 12.5 G.T. 20.0 7.00

Ashugonj 5 G1 64 - 90.0 S.T. 20,0 4.90
G--G 20 25.0 G.T. 24.0 6.002 5

Gho rasal 4 G1,G2 55 68.7 S. T. 20.2 4.425
G3 250 312.5 S.T. 20.2 2.25
G4 72 90.0 S.T. 21.5 5.10

•Si ddirgonj 4 G1 50 62.5 S. T. 29.0 4.60
Gi- G4 . 8 11.6 S.T. 22.0 4.40

Shaji bazar 10 G, ;"G3 9 18.5 G.T. 18.0 6.50
G G 9 20.0 G.T. 16.5 6.504 - 6
G7 ' G8 10 12.5 G.T. '8.0 6.50
G9, G10 50 62.5 29.0 4.60

0 d

~-
contd----p -
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Table No. G. 1 (eontd)

Name 0 f the Total Noo.of Generator Rated Rated Engin e Direct axis Inertia
Power station Generators No. ~l~J 1'1liA Type transient Constant

reae tanee (~1) on
in % on ~1/e. base
M/e. base

Goalpara 5 G1 60 75.0 S.T. 21.9 5.5

.G2,G3 28 35.0 8MGT 22.0 5.0

G5,G6 10 15.9 G.T. 23.5 5.5

Bheramara 3 G1-G3 20 25 G.T. 21.5 4.5

Bo gra 1 G1 5 B.9 RMGT 20.6 .7.0

Saidpur 3 G17G3 3.5 4.7 Diesel 30.55 .3.85

Thakurgaon 1 G1 10.0 12.5 Diesel 20.2 6.5

Serajgonj 1 G1 4.3 5.4 Diesel 22.4 B.O

Rajshahi 1 G1 4.2 5.25 Diesel 22.4 8.0

Contd----P

•



Table
Condensor data

6.1 (contd)
for 132 KV System

40

Location

~1adan hat

Ishurdi

Goalpara

Saidpur

No. of
conden-
ser

1

1

1

1

Rated
~1VA

50.0

70.0

50.0

50.0

Direct axis
transient
reactance
• of
10 /0

15.7

15.5

15.7

15.7

Inertia
constant
(H)

5.0

6.5

5.0

.5.0





Inertia Constant,HLocation
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Table No.6':L

Transient. .,' re'lc:~an}~e and.Inertia const!!lnt of-
Generatci;s& Condensors' on Systeill base.c - ~ . .

For 132 KV System

Transient reactance
including transformer

Kap tai

Halishahar

Ashugonj

Ghorasal

Si ddirgonj

Shahjibazar

Goalp ara

8heram ara

80gra

S"idpu r

Thakurgaon

Si raj gonj

Rajshahi

1.1adgnhat

I shurdi

Goalper"

Saidpur

jO.27243

jO.77026 I" ~\ '>
jO.19745

jO.05976

jO.34788

jO.11928

j0.19044

jO.42667

j2.59656

j2.84336

j1.89d44

j5.16700

j5.26700

Condensers

jO.5700

jO.3643

j0.5700

jO.5700

6.361

0.875

9.920

4.410

14.883

9.692

3.380

0.623

0.543

0.813

0.430

0.420

2.500

4.550

2.500

2.500
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Table No. 6.4

Generator data for 230KV System

Name of the Total no.of Generator Rated Rated Engine Oi rec taxis Inertia constantPower Station Generators Number ~lW MVA Type Transient (H)
Reactance on Machine base
in % on m/c
base

,Kaptai S G1,G2 40 SO.O Hydro 30.0 3.861
G3-GS SO 62.S Hydro 30.0 4.000

oHalishahar 1 G1 10 12.S G. T. 20.0 7.000
Ashugorrj S G . 64. 9.0. 5. T. 20.0 4.9001

G2-GS 20 2S. O. G. T. 24.0 6.000
'Ghoras al-132K V .3 G1' G2 SS 68.7 5. T. 20.20 4.42S

G3 2S0 312.S 5. T. 20.2 2.2S0
~horasal-230KV 1 G1 2S0 312.S 5. T. 20.2 2.2S0
Jhahjibazar 8 G1-G~ 9 18.S G. T. 18.0 6.S00

G4-G6,) 9 20.0 G. T. 16.S 6.S00

G7-G8 10 12. SO lb. T. 18.0 6.S00
ii ddi rgonj -132K V 4 G1 SO 62.S0 5. T. 29.0 4.600

G2-G4 8 11.60 5. T. 22.0 4.400
iiddirgonj-230KV 1 G1 2S0 312.S 5. T. 20.2 2.2S0

::::<~-> Contd---P~~
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Table No. 6.4(Contd)

Name of the Total No.of .Generator Rated Rated Engine Direct axis Inertia const2,'~
Power station Generatore Number MW MVA Type Transient (H)

Reac tanc e on Machine bac:-.
• <Jf /l.n /0 on m c
base

Goalpara 6 . G1 60 75.0 S. T. '21.9 5.500

G2,G3 28 35.0 8MGT 22.0 5.000

G4, G5 10 15.9 G. T. 23.5 6.500

G6 110 137.5 S. T. 20.2 5.000

Bheramara 3 G1-G3 20 32.0 S. T. 21.50 4.500

Bogra 2 G1 , 5 8.9 R~1GT 20.60 7.000

G2 100 125.0 S. T. 20.20 4.500

Saidpur 3 G1-G3 3.5 4.7 Diesel 30.55 3.850

Thaku rgaon 1 G1 10.0 12.5 Diesel 20.20 6.500

Si raj gonj 1 G1 4.3 5.375 Diesel 22.40 8.000

Rajshahi 1 G1 4.2 5.45 Di es el 22.40 8.000



Table No. 6.4 (conte)
Condenser data fer. 230KV System
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Location

Ishu rdi

Saidpur

No. of
condenser

1

1

1

1

Rated
~1VAR

50.00

200.00

100.00

70.00

Direct axis
transi ent
reactance
. d~n ;0

15.7

10.0

14.5
15.5

Inertia cons-
tant (H)

5.00

2.22

4.50
6.50
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Tabl e r~o. 6..!..5.

Transformer data for 230K V system

Loc"tion Tr"nsfor- No. n VA Vol tage Impedance Vol-
mer No. Rating' Rating tage in ' I

'.) /"

Kaptai T16 2 43.2/57.6 11KV/132KV 9.6

Kaptai T17 3 62.5 11KV/132KV 11.6

Halishah3r T15 1 25/33.3/41.7 11KV/132KV 7.1

Ashu gonj T12 2 80 11KV/132KV 12.0

ShajibazQr T10 2 45/60 11KV/132KV 11.9

Shahjibz33r T11 1 15 11KV/132KV 10.5

Ghoras31-132KV T18 2 69 11KV/1 32KV 12.0

Gho ras21-132K V T25 2 156.5 11KV/132KV 12.5

Ghorasal-230KV T26 4 156.5 11KV/230KV 12.5

Siddirgonj-132KV T13 2 25/33.3 11KV/132KV 9.2

Siddirgonj-132KV T14 1 36/48/60 11KV/132KV 11.5

Siddirgonj-230KV T27 2 156.5 11KV/250KV 12.5

Goalpara T1 1 72.0 11KV/132KV 10.5

Goalp2ra T2 4 15.0 10.5

Goalpara T8 2 37.5 11KV/132KV 10.5

GoalpaI'a T9 1 125 11KV/132KV 8.0

Bheramara T7 2 37.5 11KV/132KV 10.5

I shu rdi 132KV 13 2 12.5/16.7 66KV/132KV 10.6

Bogr6 T4 2 10/1303 7.5
1 125.0 11KV/132KV 9.0

Bogr~, T28 1 10 10.0

S"i dpur T5 1 10/13.3 9.0

Thakurgoon T6 2 10/13.3 11KV/132KV 7.3

3aipurhQt T29 1 10 10.0 (-".'1



Table No. 6._5 (contd)
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Lo'cation Transformer - No.
Number

ViVA Vol tage
Rating Rating

Impedance
Vol t2ge in /~

Siddirgonj

Ghorasal

I shurdi

T24

T23

Tn

T21

2

1

1

3

100

100

100

250

132KV/230KV

132Y:V/230KV

132KV/230KV

132K V/230K V

10.0

10.0

10.0

10.0



Table No- 6.6

Transient reactance and inertia constant of
generators and condensers on system base.

for 230KV System.

location Transient reactance Inertia constant
inclu din 9 transformer on system base
on system base

in p.u.

1. Kaptai jO.14810 11.36100
2. Halishahar j1.62481 n,~ 0.87500
3. Ashugonj jo.18205 9.92000
4. Ghorasal-132KV jO.07227 13.02188
5. Ghorasal-230K V JO.09502 6.9375P
6. Siddirgonj-132KV ]0.34785 4.41000
7•. Siddi rgonj-230K V jO.10458 6.93750
8. Shahji bazar jO.21020 8.28625
9. Goalpara jO.09450 15.69200

10. Bheramara jO.42667 3.38000
11. Bogra j O.20007 5.62300
12. Saidpur j2.84336 0.54285
13. Thakurgaon ji.82444 0.81250
14. Sirajgonj j5.16700 0.43000
15. Raj shahi j5.26700 0.42000

Condensers:

1. Nadanhat jO.57000 2.50000
2. Ishurdi-132KV j O. 09000 4.44000
3. Goalpara jO.28500 4.50000
4. Saidpur jO.36450 4.55000

48
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The generators opera~ing in a power station are combined

to~ether and replaced by a single equivalent unit and re-

presented by the voltage behind transient reactance in series

with an equivalent transient reactance, X'd' which is the

parallel combination of all the individual trans1ent reactnaces

of the machine and the reactances of its connecting transformer

in a power station, shown in Table No-6.3 &" 6.6.

For example in Ghorasal 132KV power station ther€ are two

generators and two transformers connecting the generators with
the system network as in figure 6.1.

j.10458 j. 23387

2 1

Bus

Fig. 6.1

Equivalent Generator connection diagram

/



The reactance on the system base MVA is obtained
XI ( b) c X'd machine base Xformula d system ase mlc rating in MVA

5a

by the

System base ~lVA

In Fig. 6.1 reactances of generators and transformers are

X'd c
1

\-

.202 X 100 + .!-llXlOO __ . 233872x68.75 2x69 J. p.u.

and Xld2 = •202x. 8
1x250 X 100 + _._12_5__

2x156.5 x100 = j.10458 p.u.

Then the equivalent reactance will be the parallel combina-

tion of the two and equal to j.07227 ..P.u.

The inertia constants of each of the generators in a power

station are combined to a single equivalent inertia constant

on the same system base MVA. For example, in Ghorasal 132KV
t t" H _4.425 x 68.75 2+ 2.22x250 13.02188. Thes a J. 0 n , e - 100 x 10Ox •8 =

equivalent inertia constant of the machine in a group is the

summation of inertia constants of all the individual machines
in the group.

Since resistance and distributed capacitance of transmission

lines have little effect on transient stability studies,these

two quantities have been omitted for simplification of cal cuI a-
tions.

At normal operation, the torque angle between two machines

and the voltages behind their transient reactances depend on the

load flow between them. At different load conditions ,;the

torque angle between the machines and the voltages behind

transient reactnace are obtained from the reference voltage



at bus 1 and bus 2 of ttle ,int~rid system with the

help of trigonometrical relations as in Fig. 6.2. The

reference voltage at the two ends are taken either,

nominal voltages or from actUal load flow studies.

,_ "'l, ,

X1
'1'00004

IX

Bus-1 \
xI>----~bar: ., :ao D.

BUS-2

~

Fig, 6,2
Reactance and Voltage Vector Diagram

From the relation of trigonometry, the angle,. fl and 0(

are calculated as in equation;



calculated as in equation

and the machine voltages behind

transient reactance E1 & E2 are

Whereas a, b & c are known values

52

according to Fig. 6.3 , where, b, c and A are

'Jig. 6.3
Trigonometrical Rela-
tion of a Triangle
known values.

The boundary value (i.e. the value at the two extreme ,,'m':;:ment

at instantenous clearing and sustained fault condition) of the

internal angular differences are calculated by ~£te~ati~~ method

and the corresponding voltages behind transient reactance and

power transfer are calculated as in equations 6.1, 6.2,'--~'4.15 and

'4.16 • The system is simulated with a three phase fault at the

middle point and near bus point 1 or 2 on the East-West inter-

connector. For both of the fault conditions the system is studied

for different clearing time from instantaneous clearing condition

to sustained fault condition.

equation for each of the fault condition from initialThe swinQ

angle, bo to the clearing angle,
(22, 23)

fourth order approximation '

sloved by Runge-Kutta

A computer programm has been developed to solve all the

equations required for obtaining the maximum power trsnsfer

for different clearing time of the breaker and plot power transfer

\\



as a function of clearing time. There are five subroutine

programs for solving the boundary values of initial angular

difference between machines, for calculating the value of

clearing angle,bc and for calculating clearing time etc.

The input datas given to .the program are (i) various load

values(2) reference voltages of the two buses (3) inertia

constants of the machines and (5) the transfer reactances

of the machines.

The final results obtained from the computer are the curves of

input maximum power Pi, .Vs. clearing time t~along with the

values of Pi in p.u. and tc in seconds.

The results obtained from the output curves are tabulated in

Table No. 6.2 and Table No. 6.S".

In the power system study done by Acres international~they

found the safe limit of power transfer to be 180 MW at 132KV

level operation and 500MW at 230KV level operation. Results

obtained by this algorithm are in agreement and this proves

the accuracy of thi algorithm.
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4-.8CflO,) o. 7g .;s<; 0.(:.9012 0. 0';<b22 4.7621"'-
, .6 CO,}\) 0.82113 (;.U;:b~~ c. 115<;'5 4.56(,1;;9

4.4CO,)0 0.86;::47 Q .S63~4 C.l'::'W3 4.370ES
Ij .2(00,) C• <;0 17c;; 1.U97""5 ".15474 4.17,4(.6

4.'1 coo.) O.<;4~87 1.'<::3374 0.17446 J.97810

3.1COOI) 1. a I l: 12 1.44:':>'..:>b C.2l~oe J.6 eZl:11

J. 4- co ':)) J.09~g5 1 .t.64-~~ 0.2':'756 :1.38655

3.1000') 1018108 1 .~ 0'<:';"4 0.27204 J.OI;SE2

2.8(00.) 1.;:: 70\48 2.1 tJ3e.. 2. 0.31127 2.7<;~~4'l

2.5C0:J.J SUST "0 1NF I r-,1 1.01,", f J\.r C .0
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,-

AI El E2. DEL r.1, 3IN(D:::lfA) PI P.
5.a 10'J"! 1.•00<;520 1.;<:1.2>ll7 41.731,.16 O.b(:5~)a 5.El741'J 8.73\059

5.JOCO,1 1.00.cE9? 1.197c,bO 3e.2):;J22 ~.6Ie4,J\ 5 .•;:9fi 113 8.5E31r:;

5.2(001 1.001430 1.1~5(,iL5 37 •••. Y€<!.1t.> 0.6(1'11')':; 5.1934<;8 a.53ISg11

,- 5.0(00) o .<;q 896'1 1.189467 36.C6€:J17 O.58.j15c 4.<;137671 8.41l54~

4.SCOlJ1 Q.9<J€S8R 1.1641'42 ,3.4.62E9<;U :::;.•5 6,j;:6 J 4.7HIC07 8.413411

4.6COOJ O.99113QS 1.17e9;::' .J~. 17606(, 0 •.341';:22 4.':.7:::4e3 a.3~7637

4.4COOJ 0.99'<:113 1.174(42 21.11l:.il£ O.52'5e~:; 4.3G5043 8.3 C~19E

4.2COO.) O.9Q0014 l.l<.>9~~O 3C.2.J3.!.OC O.503':.l..J 4.1555<;6 3.2:;3(':87

4.0(00) O.98EOOQ 1.1(.0474 .•.. 2E.74116t. O• .\'30fj,; 3.<;45079 a.2C43JC

,- 3.ltOO'.) aoogOSI?? I.15b::',,~ 26.476181 0.445E2.5 :::.E270f:\ O.13S61c

3.4C001 0.<;82559 1.1~23:;'7 24.1'75.~7t. O.'l.0.~!:12 3.3051J2~ 1;I.072H~3

J.\COO) 0.<;80156 I. 14 t.>b4.8 ~ I. 3J4jJ3 O.:HI~2:7 2. <;80051 8.(,14Cl;'!4

2.3CO':l0 0.<;77970 1.141b42 1 <;. 444-J9.<:. G.J32S02 2.e503~" -'.9 ~I :;c::;

2.5GOO:) C.<;7l:002 1.1:>73<:(; G. ::; 0.0 0.0 7.91386=

A I CLEM.IN( ANGLE ~,ull.l Q..E.6.iH ;-.1(. T I ME ,.JC~ER I l\PUT

5. i! 1092 0.12<;22 0.0 o. Q S.flt742

5.3(1000 0.77<;45 O.t.OC~4 0.OIJ051::1 5.2<;611

5.2(0)') 0.79';.77 'J.t>741~ Q. ascI 8 5.1 93~"l

5.0 C000 o.e2261 a.tI{,S!>( 0.1('871 4.9I:J7f7

4.8000-) c.e5t55 O.942{,7 G. lZ 01:1<; 4.7elC'1

4.6(00) c.e9438 l.l.735!:. G. 14~Q,E 4.573'18

4.4(00,) O.<;3!:94 1.c:Cr.:-3 J.lc~~ 4.305C4-

4.2(00J 0.gal08 1.34,.)(, G. 1B.<:!:> 0 4-.155fO

4.0C)Q) 1.0297\ 1 .4ti<:.L J G. 20 d = 3.","'5(;B

3.70(0) 1. 10<;0a 1.7U"1.4 0.23335 J.627(',6

3.4:00) t.19t25 1.y44!:>9 C. 2674 0, 3.3C5E2

3.1000') I. ,,9 If:2 <::.21i:..7t: O.3G~..J8 2.<08C't.=5

2.80:)0) 1 • .;9t':09 .::.!:>lSlJC: 0.34808 2.(,5'}.;3

2.5(8')0 SUSTNO IN/- INl [(>iF I Nf 0.0
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A I El t:c: eEL T A SlN{DELTAJ PI r=i~
r

5.:::0771 1.15t154 C. <)2 U:,.;;; l;.. 41.781<+64 0.66S;:11 5.(55(,04 l.S e7€84
5.3C01)1 1.15~802 (i. SIt 2(;"'6 4C.075)27 (,.64J1)C 4.E32<;4C' 7.507Cte
5.2000) 1.15~701 C.908E7~ .30:;. 24Z(I04 0.6325::-;7 4.124ge9 7.4~9195
s.ceDO,) 1015C558 O.'iGl~bl ~7.551dlS. 0.609478 4.e:073e3 7.3 <;S47c;
4.dCOOJ 1.1.-\E497 C.U94~17 .::~.~~1'154 u.~8:i1ij.t 4.ai7299 7.J243ee

,-. 4..6GOO,1 1.14 f5 1(j C.tlU7t:.t;." 34.001::26'>1 0.56)151 4.C611422 7.25594('
4.4';JOOJ 1.144616 c. 08 11 U 1 3~.204.j.J3 C.533Eir) . 3. e3 eJ22 7.190IS<;
4.2(00;) 1.142797 C.ti747t.(, 30.41EJ5C 0.51)5:::1 :) 3'.€08508 7.127(77
4.0(:00\) 1 ••14 1.:'61 C. 13b8t>7 I .2E.521.~S4 O.47"l4/je ;J.2742(7 7.C66712
3.7tOO') 1 ••13 Et;0 <J C. U60V,.;1 2~.S:;)4)5c O.,j,J152C 3.012571 6.981~1(
3.4QOOJ la13t;345 C.o~19t.b 2i2.4J5H4 O.3911!:~O 2aE311i2r~ 6.9.:'21 ell

3al(OOJ 1a 13tl2e:9 C.64-4~,d;. lS.067J5b O.J2.rJ<':e e 2.231(\79 6.8294((
2a8C'JO,1 1.13238:> t.b~7717 1~.J2012.{, 0.264212 la7"36874 6.763045
2.:5(00<) 1 • 13 C(;eo C.8,jl:;,~1 C. 0 o • ,) O.C 6a7rJIStl

AI CLEAR [N( ANGLE R Lt ••.• (Lt=ARIN(, r [MI:;; " C WEQ ["pl.r

". 5.5(779 0.72<;22 0.0 0.0 5.0~5tC'
5a3QO.J() Oa7/4<;49 o. ~Y4;;' <:: ;).05b23 4.832.<;4

5.2COO) 0.1618<; o a4-9.):' 5 0.07053 '-4.7 2'~sq
5.QCOJJ O.7Q169 O.lJt81~ '3.0<;;<:'08 4.5C7:l0

r 4.8COO) 0.fJ2E04 O.b.:)C:;:,Y C.12(13 4 • .2eI30
4.6(00') 0.e7080 C..99~11 0.14404 4.06442
4.4(OJ.) 0.SIS87 I • 1 tit..0 ':. G.lbt44 3.83832
'" • 2 :<1 'J ) O.C;7~2t 1.3:':'4b7 0.19Jb9 3.60851

4.0C000 I .03712 L. ~O~OO C.22t.UY 3.314e7
J.7(-')'),') lal4e86 1.7<;-(..!i~ O.2eb70 J.OI2~7

3.4COOO 1.26f!l7 2.141<:' 1 C• .Jlt42 2ab3422
3.1(I)'J) 1.4 I ::,2f: 2.571:;G 0.3545 J 2a231CB
2.8COO-) 1.~9~2('1 .:>.17t.,)~ Oatl76e::B 1.7e0e.,

2.5:')1) SU ST "0 J Nt'- H,I l~~F1NT oJ .0
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t> •.••• f-'.i f\. •.••

2JO .<"1 ~ 'tSTEM
t.:EI-. \/'..JI...TS:. IN P.lJ. 1.0,:': ~ C.952 75

P""tj~~ It>u='uT IN F.l.
1.:" 2.i) ~.5

PI
::.05560

4.d~2S4
4.724<;0;
4.5C711:
'+.Ze7JO4.uf4112
"::.3~1:i32
.,;.aCE;l
l.J1421
2.012::7

0.0Te
o • J

0.0;52.
O.Jl0'5.
0.0.,60.
0.1,01.
C.144J.
O.1~e4 •

0.1<;3,].
D.icOd.

O.2eS7.

0.5 1. 0
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x
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" E I 1:::2 CELTA SlN{O:::lrlJl FI F"
r'

5.62279 1.14=975 l.)~ 0(.93 41.7r~u05 O.66j l'ilO 5.759029 8.644744

5.3':.'" .,., I. 14;: 12<:1 I. (i 4 <'>S L (; ::'<;.40.33'i7 0.63'+-11(: 5.4L1230 (J.5246~1

5.2C00) 1.141017 I.043c53 .j€.t:iB3JlS O.623C1S 5 • .::n62<:;7 H.489f;7::;

5.'JOO::» 1.13€S52 1.(J313Lb 37.<!::l';;16, C.:jOjUj.6 5.095841 8.42224';:

4. i3::if'') J 1.1306<; "\).>1114 35.7062:35 0.:;8447'0 4. E845c6 ~.~571<:7

e 4.6e001 1.134768 1. u<:.e<.:~7 34.~o:.i....i3'-' O. ;;-53':: t 4 4.t72437 9.2 <;454e

4.H"Ol lol32A4~ 1.01l:1~~S' .3 c;o 71j~OJ<:: O.j41:'~ 1 4.4'3<,;3153 B.23o\4S1

4.2COOJ 1.1310 lI''1 I.014Cb4 31 • .c77J,]B 0.51'117t: 4 • .<45292 8.17698'*

4.JC:;Ol 1.12"25~ l.ooue:n 2S. NElti71 0.4<;;619<; 4.C3015C H.12<!C47

~ 3.700.1.) L.12e71<) 1.JC:13~b 27.42475<;- ,J"-'6J!(J:: 3.705152 B.Q 4<\. tl 8:::

J.4CCOJ I ol2.1i 4<;;1 C.So944S,l 2l::. :;5,,",.<;14 O.4<?:J!5:l9 J. ::Jf:9~7 7.972773

3.lteQ,) 1.12 :<3<;;2 C.91;11;11<..4 2::.647r2c. o .jgJ J) <l 3.C44678 7.906942

2.8(00 } 1.12(482 c. ';t/;lZ:':O<; 2C.181041 O.34lo;'J7 2.707210 7.8l1.7C5C

2.')GOO) 1.11!;7f:5 c. <J77lLL G.O O. ) 0.0 7.7Q3119

" CLEAR ING ANGLE 1-,u'" L CLEARLN<...o T [ME :~C' •. ER [ f'PUT
5.6":279 0.72<;0<;; v.e c.o 5.75<:;(3

5.3CO.).J 0.75<;;36 ) .47:;'11 0;0(,.357 5.41 t ,3
, 5.2GGOl C.77106 U.5~4(.rO O• .J74ze 5.30f,20

5.()COJ,1 1'.797<:;<; O.b~~u4 0.00:.42 t 5.0<;;5e4

4.8CQQ) O.~2<;<l4 O.b~7!.~ C.II225 4.8e.t~7

4.6(C)) O.€6!519 0.973;:'<:. o. I~;<;OJ 4.07244

r 4.4CO:,)} 0.<:;O!50i5 l.ll'oLl. C. 150'J:3 4.45926
4.2COOO C.<;4EHB 1.245,7 1.:. 17(<::J 4. .2.45:<9

4 .,)COO.} 0.99t54 1 .:;. t.;7L: e.. C. lo;Ol .3 4.02015

3.70001 I.07~04 1.1.>0<:;<::0 0.22167 J.7('515

3.4C'~OJ 1.lf>l99 1 • t1lj-S7 !.> C.2559'1 .J.376<;4

3.ICO)) 1.':5172 .2. IIt.4f:, J.2c,,4l6 3.044tB

2.8Cao) 1.36~C9 2.4..::.l11;, 0 • .33762 2.7C7,,1

2.500)) SUSTf'D [NI- Ihl I:-lt= I ",r 0,0

7
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AI El to:: DEL r A SIN(Dc£LTA) PI F.
~

5.417LJ 1.034979 1.VSC,t..~1 41.1U3JSI :J.66'j~1 I 5.26;:718 13.S 4~36€

,- 5.2COO.) 1. G3;:4 If) 1. Ob711Y 40.946J6S C.:i~:J2j2 5.249010 8.0C9454

5 •. 2':).') '}") t •.0:; 2 1 e 1 I. vf;)3'ib7 4C.229233 J.643E47 5. 15134~ 7.97687<;

5.0 e000 1.02<;788 1.077libO 3 E. 786j6C O.62G4.!1 4.~:;7207 7.9IJ54t;
4.9GOOJ 1.02748.3 I.U7197L J7.':U2657 ').6.:;54' .•.I 4.76212f3 7.8525SE

4.6e,).:)I)' 1.025269 I.Obc.<::b7 3~. 8t')lJtl9 0.383 ~1e 4.e'6t:689 7.7<;4C7E

4.HC':)) 1.022144 I.ObG5t9 34.29'< .•.87 G.")(.4 €S E 4 •. 3"rr:. 8 !::2 7.727C;fJ~

4.2CCOJ 1.021L09 1••O55~4<; 32.'iOt:1S,q ().-'j4J,-'~ 4.1746f.1 7.6 P.427E

4.0CO'J,) 1.01 c; 164 I. (J5V~'-l b .31.410:.l2b C •.:) 2 I I" 1 :; •. <;7 E I ,,2 7.6:;J~12

J07C:)OJ I.CH.:4l') I.04.3':::"'l:it ~<;.14cJI;jt. G.487C'31 3.6:12675 7.5t0111

3.~C(0) 1.01"::882 1. ~3&7~u 2C:.dt>{iJII:;' (..• '~5 1 '; ) e J.::8eS46 7.~<;3or;2::

3. 101J0') I.Oll~So. I.03Gt.:i3 24.~6':;35b C.~1.-j1)7 3. C89'321 7.0.22691

2.3:lC.1J 1.00<;436 I. O<::':;'V l.>O 2':.243164 O.J73~jE 2.792479 7.377('"1;::

I.S<;;!H3 1.00 ::084- 1•.;06'-24- I,.nt.Jtlld J.22LtH7 1.!:~f":.979 7.?: 1:t27 I

A I CLcl1~ INC ANGLE r U\l:" CLEAR I NG Ilr.\l:: ":>C\IIIER r "'PlJT
5.4171<3 O.72S25 0.0 C. t; 5.36212

5.3:C)) C075 ;::Sf":. J.21.<:.b( o. 05~ 5 5.24 ';( 1

5.2COOJ l).77~a5 0.291;,1:.17 (.J7762 5.151 e4

5.CCJOJ 0.E2;:85 U.42CJ.2 \). II i:.3 5 4.957'<1

4.B(0,)) C.87521 0.b411t2 0.14246 4.76214-

4. E CCO) O. <;] ~S 3 {I.65C:l0 0.17193 4.S66t:9

4-.4(00) 0.<;9111 0.7531~ o. 19 S;~2 4.370e5

4.2 DO')J I. r:6~55 (;.L~"'::'7 J.22892 4.174t6

4.')000) I. 13 <';3t O.9bb75 C.~5l:192 3.';7810

3.7(00) 1.25f54 1. 14-Ct..C:. G. JC w 2 3.682t;13
3,,1(000 1.':8113 1.J~blc.. O.JSt:.c:5 J .J8l55

3.1CJOJ 1• !:2 17 e 1.~4(;'L7 c. 41 89 e: 3.0E".:E2

2.I::lCOOJ 1.67~66 l.e(j~;'c G.4<; 1•••2 2.7'124B

1.5ge .•J SUSTNO 1NI- 11\i l,~F 1 1\1 1 .Sg(, <;0

78
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~,

A I E 1 cO:: CELrA SINlDElTAI F I "~
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Table No, 6,8

Interconnector energized .with 230KV

Faul t location Reference Bus voltages Clearing time Maximum Power
in p.u. in cycles transfer inEH1 tHz MW

3 523
1,0 1,0 5 502

8 471
Middle. point

3 5S6of one line. 1,092 1.059 5 535

8 499

3 490
1.065 0.952 5 474

8 439

3 550
1.081 1.024 5 537,5

8 494

3 508
1.0' ,. 1,0 5 472

8 411

3 540
1,0'!i:2 4,059 5 508Near the Bus-1

or Bus-2 of 8 439one line.
-3 480

1,065 0.952 5 447

8 390

3 543
1.081 1.024 5 503

8 435



CHAPTER - VII

FACTORi"AFFECTING TRANSIENT STABILITY LIMIT

.From the knowledge of the methods of analyzing the transient

stability of a syste~, we Can draw a number of general conclu-

sions regarding the effect on stability limit of certain features

of aPParatus design, system layout and operation. The effect of

each feature must be considered under all three conditions viz.

before fault, during fault and after fault is cleared. Some fea-

~ures of layout or design promote stability during all conditions,

whereas other are beneficial during one condition but detrimental

during another. The factors which generally affect transient sta-

bility limit are listed below and described elaborately.

1) Inertia constant of synchronous machine.

2) Mutual reactance.

3) No. of parallel transmission lines and location of fault.

4) System voltage and effect of excitation.

5). Clearing time.

6) Number of intermediate high tension buses.

7) Breaking resistor.

8) Short circuit ratio ( SCR) •

9) Saturation.

10) Saliency.

,"
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1. Inertia Constant:

The power angle curves for each of lhe three conditions are

used in,equal-area-criterion method of stability study. The

relative sizes ofths areas Al&
on (1) the clering angle be,

A2 (Fig. 4.5) are dependent

(2) the amplitudes of the

three power angle curves Pm, r1Pm and r2 Pm and (3) the input

power Pi. Stability may be improved by decreasing the area A1 anql

or by increasing the area A2• For a giben input power Pi, this

may be accomplished chiefly by decreasing the clearing angle

and increasing the amptitudes of the during fault and post-

fault power-angle curVes r1 Pm and r2 Pm. The critical clea:ring

time t required to clear the fault depends on the clearingc -.
angle. Higher the critical clearing angle, ~c, larger will be the

time tc required to clear the system. Now for a particular

clearing angle be, the modified clearing time 'Ie is constant

irrespective of the inertia constant. But the actual clearing

time,1,in second is dependent on inertia constant and it will

be higher if the inertia constant is higher as in equation

t = ,.., / GH7 • So , for higher inertia constant ofc 'c I~r Pm_ 1
the machine, a system requires more time to 'reach critical

clearing angle. \.,ecan explain it iOn another way that for a

particular accelerating power the angular displacement will

be lower for higher value of inertia constant and vice-versa.



2) ~iutual reactance:

.The critical clearing angle ~c may be increased (1) if the

amptitude of the output power-angle curve for fault condition

increases, or (ii) if the amptitudes of the output

power-angle curves for during fault r
1
Pm and post-fault

r2 Pm incre'ase simultaneously or (iii) if the amplitudes of

prefault, during fault and post-fault power angle curves inc-

rease iimultaneously. But due to increase of amplitude of only

prefault and post-fault power angle curves the initial angle

~o decreases and the maximum angle bmax increases. So for

a particular initial power Pi, an increase in amplitudes of

pr~ault and post-fault power angle curves, the critical clea-

ring angle ~c mayor may not increase. But still the effect will

be beneficial to the system because of the increased difference

between bc and bo due to a lower v.alue of b~ and the system

will take a larger time to change its torque angle from bo to~c.

The amplutide of all the power-angle curVes may be increased

90

by decreasing the mutual reactance. Thismut~al reactance

consists principally of the reactances of the synchronous

machines, transformer reactances, and line reactances. The

large part of it is in the machines. The transient reactance of

each class of large synchronous machines has a characteristics

value and does not vary much in normal design •. A lower value

of reactance may be obtained by building a larger machine and

(
'"
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under-rating it. The reactances of transformers also have,

for a given size and voltage; normal values. Only the reactance
\of an overhead transmission line may slightly be varied by chan-

ging the spacing and size of the conductors. Also the reactance

of the transmission line can be reduced by reduci~g the system

frequency. A frequency of 25 cps. is preferable to 50 or 60 cps.

from the stand point of stability. Nevertheless, because of other

advantages, 50 or 60 cps. has become the standard power system

frequ ency.

The most important means of reducing the line reactnace are

(a) to increase the trans~issionvoltage and (b) to co~nect

more lines in parallel. Higher transmission line voltage reduced

the line current and the flux is reduced proportionately. Since

the reactance is the effect of flux-linkage of the line, reactance

of the line reduced by increasing toe transmission voltage.

3) No. of parallel transmission lines and location of fault:

The ratio, r1 of the ampl.itude of the during fault power-angle

Curve to the amplitude of the pre-fault power-angle curve}depends

upon the type and location of the fault and number of parallel

lines. Here the effect of the location of fault and the number

parallel lines will be discussed. A fault on a bus or on a line

close to a bus is more sev8r~ than a fault of the same type

near the middle of the line. Most severe of all is a three phase

short circuit on a bus, where it entirely blocks the power trans-

fer between the points: i.e. in that Case r1= 0 and r2=0 •
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Although the fault on a line close to the bus and on the

middle of a line are equally probable, the more severe Case is

usually assumed in stability studies for conservative results.

The ratio, r2 of the amplutude of the post-fault power-angle

curve to the amplitude of the pre-fault power angle curve also

depends on the number and location of the lines which are opened

to clear the fault, i.e. it depends upon the fault location and

the relaying scheme. hs the number of lines will be more the

value of r2 will approach 1. In practice, the value of r2 may

be 1 only if a fault occurs on an unloaded radial feeder and

is cleared by disconnection of that feeder. It may also be

attained with quick-reclosing schemes which restores the

faulted line in service. Again the value of r2 may be zero

if a fault occurs on a bus.Although a fault on a bus is

electrically equivalent, before clearing, to a fault on a line

adjacent to a bus, it is more severe in its effect after clearing

as because more lines are to be opened to clear the fault.

A large number of lines, having same equivalent reactance, are

preferable to a small number of lines from the stand-point of

stability. To clear the fault requires the opening of one line

in either case, but one line is a small fraction of the entire

number of lines when this total number will be a large and

r2 will be large.

4) System voltage and effect of exCitationr

Thepower~angle curves can also be increased if the system

voltage is increased. In Case of twO-machine system,the
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amplmtude of the power-angle curve is Pm = E1E2/X12• An

increase in E1 & E2 do not increase the initial power flow.

The initial power flow rather is -determined by the,factor sin~~

the initial torque angle between the two 'machines.

p

I

------; ••.d in hal
Fig. 7.1

Power Angle Curves Showing the
Effect of Excitation.

Curve
Curve
Curve
Curve

1
2
3
4

Pre-fault power angle curve
Fault power angle curve

•Post-fault, power-angle curve without excitation
"Post~fault power angle curve with excitation.
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tor a synchronous generator has an automatic voltage regulator

and excitation control system with very short time delay, the

generator voltage behind transient reactance increases, thus,

stabili ty limit 'i:s-'improved as expl"8ined --len Fig. 7.1, where the

pre-fault~during fault and two post-fault curves are drawn. Con-

sid~i ~ two-machine-system with automatic voltage regulator and

excitation control system. The area A1 is equal to area A2 for

cri tical' clearing angle ~ c when the generators are without AVRand

excitatio'n control system. In this Case,' the power, Pi1 ; can be

c __ transferred if the clearing '<lng'le lies wi thin bc • Since the AVR

and excitation control gives higher generator voltage behind-.tr-an- _

sient' reactance, the post-fault power-angle curve will be-higher,

than that without excitation and the area A2will be larger. Then

for same clearing angle bc the' power ,transfer Can be increased to

the stabilitylimiLcan,.be,impro,ved with the, help of

ao higher value ,Pi2 '~o' make the area-A1 'equal to area A-. Thus'2 ,,','

AVRand

excitation' control provided:, theUm.e-CIelay of AVRand exc.itation __

systems are short.

In 1950, C. Concordia (1~) has shown that the exciter response'

required ,to give the same stability limit as that ob,tained, with

constant flux-linkage is not constant but increases with increa-

sing switching time. In other words, the required exciter time

constant decrea'ses with, the increase of switching time. A

calculated for a 200-mile transmission system is listed

result

beloi 1:).



95

Table No, 7,1

Swi tching time
( in sec,)

Exciter time constant
( in sec, )

0,02 2,7
0,06 0,7

0,10 0,3

This results indicate that the effect of fault-clearing time

is even more important than is indicated by the usual tran-

sient stability studies in which constant .flux linkages are

assumed,

5) Clearing tim~ tc I

In the equal area crit'erion method of stability study, it is

made larger thanobserved that the compared area A2 can be

.area A1 by reducing the clearing angle~, This clearing angle

~ depends on the clearing time of the relaying scheme and cir-

cuit-breaker arrangement of the faulted line~ The clearing time

includes the relay

breaker operating

sensing and operating time plus circuit
(7) .~. .

time. ~o the stability limit is increased

as the clearing-time is reduced i,e. if for a 5 cxcle breaker,

the power transfrer limit is say, 0,8 p.u, then for a 3-cycle-

breaker the power transfer limit will be higher than that.
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6. Number of intermediate high tension buses.

Low High High LOlli
tension Tension 16 Tension 12 Tension

bus 12 bus bus bus
%0 10 Ii=DCH=4.0

12 16
12

Fig. 7.2

One line Diagram Showing High Tension Buses

When two or more Parallel high tension lines are used, the

number of intermediate bus affects the stability limit.S~me

time it may be beneficial or detrimental t~ stability. In

Fig. 7.2 , if the high voltage bus and circuit breakers are

provided, a line fault Can be cleared by switching out one

line leaving all the transformers in service, whereas ,without

high voltage buses, the transformers would be switched out with

the line. Thus the high voltage buses increase the value of r2•.



On the other hand. during the fault the value of r1 is.

decreased. Therefore, the high tension buses help system

.stability after clearing the fault but as detrimental

during the fault period i.e. we may conclude that system

stability can be improved by increasing the number of

buses provided fast acting circuit breakers are used.

7. Braking: resister:

Another method of improving the stability is to connect a

resistive load, called breaking resistor at or near the
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gen~rating bus. This

or in shunt with ~he

breaking resistor may be in series

bus(7.16). It . 11. ~s connected genera y

in line after fault occurs and switched off at some definite

time in its back swing so that a severe oscillation will not

result. The use of braking resistors increase the synchrnous

machine' output-power and thus the' acceleration 'o'fthe maC-

hine becomes lower and makes the sy'stem more stable for

even. a delayed clearing. In theotherhand, we may conciude

that the system may be stable for an increased power flow

and the stability limit increases. Present-day quick opera-

ting circuit breakers .and relays leave little gain to be

realized by braking resistors.

B. Short circuit ratio (SeR):

The short "circuit ratio of a synchronous machine may be

defined as the ratio of the field current,I~1 required to



generate rated voltage at no-load and at rated speed to the
field current, If2 required to produce rated armature current
under a sustained three phase short circuit at the terminal.
i.e. SCR = If,/ 1'2 as in Fig. 7.3 shown beiowl
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I
I
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I
I

'5 lj\ 1 If:,.1'5
--~. field Current If

••

Fig. 7.3

1
t-
Z
W
a:

1.5 a:
.=:>
u

1.0 ~.
u

.5 5:
0
I
If)

2

Open Circuit Voltage and
Current Characteristics

Sho rt-Ci rcui t
Cu rve.

The direct axis synchronous-reactance (xd) as well as
direct-axis transient reactance (x'd) are inversely pro-
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portional to SCR if there is no saturation in the

synch~onous machine~Higher the SCR , lower is the
tr'ansient ,',reactanc'e. It is also seen from the Fig.? 3.

that the SCR will be high~r, for a machine running with
saturated :"'fieldcUrrent'.,'Il there is no saturation ,the
SCR is lower and a Qreater change in field current is
required to maintain a constant terminal voltage for a
given load cha~ge. So a machine wi~h lower SCR requires
an exciter. cont,rol .system with quick response and provi-
ding large changes in field current. Tbe SCR of a machine
is also, directly,proJlqr~~Rn,.aJ,to the machine cost and
weight. Higher the SCR, higher,the cost and weight of
the machine. A too bulky,machine.is also restricted for

,.~h!gh.JU:...sp e!3d,.Hence••:.as"--:a7-:J::es!-,1t-.0 f' im.pr,ovemen ts' in- 'tfie~,~ _
excitation system, .there-hasc.been a trend. towards the

" .
-USI;! of,

cost.
generators oJ, lOUler~:);CHand'cO:O.seqeutnly

"; ~-:" .:.-:!"";-=-;":=. '.

.'

of lower-

The range of short-circuit'ratio for steam-turbine-
driven generators are 0.5 to 1.1. Most modern generators
of this type have ratio. in the range of 0.8 to 1.0, but
it a~pears likely that C.? will become more generally
used. Water-wheel-driven generators us~ally have higher
SCR upto 2.0 whereas synchronous condensers may have SCR
as 10 w as 0.4',

lower excitation the reactance will be higher. The rated



,00

9. Saturation:
The effect of saturation has an important role in the

analysis of steady-state stability. Though the saturation

has a little effect on transient stability, still it is

necessary to include saturation for more accurate result

during transient disturbance. During any fault or tran-

sient 'disturbance, the current flowing through the arma-

ture is much more higher than the normal rated value.

This current, during disturbance increases the saturation

in the leakage Paths as~well as in the main flux paths. The

increased saturation in the leakage paths decreases the

effective leakage reactance while the increased saturation.

in the main flux paths increases the effective f~ctitioos

reactance. The net ~ffectis a lower value of tran~ient

reactance than would occur if there is no saturation. Usually

two values of transient reactances are available in machine-

specification: namely (,) reactance at rated current value

and (2) reactance at rated voltage value. The reactance at

rated current value is offered by the machine at reduced

excitation and with rated short~circuit armature current.

The reactance ~t rated ~oltage value is offered by the

machine during short-circuit with an excitation required

to produce rated no-load voltage. The difference in the

two reactances results from the differences in excitation.

For higher excitation the reactance will be lower and for

lower excitation the reactance will be higher. The rated



voltage value of transient reactnce of a salient pole

synchronous machine is 85 to 90% of that of rated current

value. Nevertheless, this difference is little for the

range 0 f ,currents'-~ncountered -during_normal operation _an_d

usually the rated current value of transien_t--reactance is

used in stability study.

10. Saliency:

The inclusion of the effect of synchronous machine saliency

increases the complexity in stability analysis, but it is

nedessary to ~nclude it for obtaining more accurate result

when excitation response and saturation-are considered.

In ~;;salient-pole machine the field winding- in each piille

ii:concentrate~ at the throat of,the_~Oleand it has no
:,.

quadrature axis field circuit. i.e. _the field current in

the quadrature axis, Ig is-zero -and the exciting »oltage __

in direct axis, Ed =0. So_the only direct_Bxis field

current producing the excitation voltage E = jEq always

lies on the quadrature axis in the transient state as

well as in steady state as does Eqd, the voltage behind

xq as shown in Fig. 7.4 • Furthermore
the voltage behind

direct axis transient reactance, .

E' = jE'q) lies on the quadrature axis.
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I~
I '
I'o

Id I

I
I

. I
YDirect

axis

E' =E'q.
Eqd

,. .

-- - - ...•..
Quad~<;-
tur~
axis.

Vector .Diagram of Salient-Pole Synchronous Machine

The electric power output ofa sali~nt pole synchronous
machine at steady-state may be expressed interms of the
terminal ~oltage v, the excitation

~ between the
E9 V

p = xd:

two voltages and

sin~+ v2(Xd-xil,)
2x cl Xq

Xd

sin

.voltage Eq, the ang.le.
an d x as ( 9 , 18 ).q

26 (7.1)

a combination of fundamental frequency and its 2nd harmonic,
where xd is direct axis synchronous reactance & x. isq

i
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quadrature axis synchronous reactance. The power equation

at transient condition can be achieved from that of the

steady-state condition by simply replacing E'q for E-q,
X'd for xd and X'q .. for xq and.b is same for both the

condition i.e. at transient condition the power equation

becomes;

p = E' v sinbq.
x' d

+ v2 (x'd- - x I g )
2x'd x'9 ~

sin 2~

But since at transient condition x'd<-1<.'q-, the equation

may be wri tten,
Eg.' v

p = x'd

as

( v2(x'q._.-X'd)sin 0 - --~.~. -~-~ sin2 ~

where, p1 =
E' g v
x'd sinh and 2 (x' -x I )v qd

2x I x I
q d

sin2 ~

•

From the power-angle curves shown in fig. 7.5a and

fig. ~.5b it is observed that the smooth sine wave is

deviated due to its 2nd harmonic term and attains a peak

value before the angle ~ reaches 900 ear steady-state

condition but attains a peak val~e after the angle ~

exceeds 900 for transient condition •
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J

Fig. 7.5a.8.
For stea~y-state condition

-.Pbmer-Angle Cdrves "i~dludi~~

Fig. 7.5b. b.
For Tr~nsieent Condition
'Salienby' Effect •

.It is rather very much difficult to carry out the analytical. .
calculations where a number of salient-pole machines exist.

Therefore for the simplicity of c~lculation the 2nd harmonic

term in power equation is omitted due to its very small amP-
I

litude and the power equation becomes p = E~ v sin b, which
x d

is equivalent to the power equation computed for in case of

non-salienet pole machine.



CHAPTER - VIII

CONCtUSIDN'"SUGGESTInN ~OR IMPROVING SYSTEM STABILITY
AND" SUGGESTION FOR FURTHER WORK

8.1 Conclusion:

The study of stability limit is essential for any grid for

the selection of proper circuit breaker arrangement on it.

The method has been applied here ~or determination of Tran-

sient stability limit of the East-West Interconnector~

This method of ,stability limit study is fast and efficient.,

Fo~~ny fault location, when the system becomes unstable, the

multimachine system can be split in to two groups of machines

which go out of synchronism with each ether, while ihe machine
2. 5)

within each group stay in synchronism • This grouping may

differ with the faul t loc alion. But still , for a given faul t

location the behabiour of the multi-machine system, is similar

to that of a two-machine system. It could be analyzed as a

two-machine system except that the machines within a group

may swing so far with respect to each other, without going

out of step, as to have a marked effect on the relations be-
tween the two groups.

Mt normal operating condition the two machine voltages

behind transient reactance and their relative rotor angle

depend ,"on the load transfer between the machines. The

relative rotor angle between the machines and their voltages

are found out by trigonometrical relations for different loading
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Conditions, keeping the two inter-grid bus voltages as the
constant reference valuee related to the system base value.

Earlier, th~ transient stability limit was studied with ~he
help of (i) equal area-criterion method in conjunction with
(2) Pre-calculated swing curve and(3) the curve-determining
critical clearing time and an analog computer was used as the
computing device(2, 3). In this study all equations, required
for determination of stability limit, have been solved by digi-

tal computer IBM-370. The ma'in p,rogram alongwith five sub-
programs are used to solve all the equations without any manual
intervention.

The mul timachine system is reduced to a,two-machine system by
stat-mesh conversion principle. The equivalent trans far reaC-
tance of the two machines for pre-fault condition is used as
the input d~tain the analysis. Therefrom, th~ transfer reaC-
tances for during-fault and post-fault conditions are calculated
by the Computer Program. The time taken for all calculations by

the'Computer for one complete run is about 200 seconds.

Two types of fault locations are assumed one at the
middle point and another near the bus terminal of une of
the double circuit line of the interconnector. For two types
of fault locations 'one computer run is sufficient. i.e. with
one Computer run we Can have two number of stability limit curves.
The results obtained for the two different fault locations are
different. It is found that the fault near' the bus is more res-

•
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trictive and the transient stability limit is lower than that

for the fault at the middle of the .intercbnnector. For the

East-West interconnector, the safe limit of power .transfer,

from the view point of transisnt stability limit, is 180 f~W at

132 KV operation and about 500 MW at 230 KV opsration. This

result agrees with the results of 'ACRES' study of the inter-

conn ector.

8.2 Suggestions for improving system stability:

The transient stability limit is the maximum allowable power

flow through any point.under transiently stable condition of

a power system while it undergoes large ci"istu.r,bancsor any. fault.

This stability limit is a function of(1) clearing time(2) f'iachine,

transformer • line reactances; (3) governor ,and AVR and

excitation control system of the machine and (4) Damper winding

of the machine.

(1) The power limit Can be made larger if the clearing time of

the relay and circuit breaker are reduced i.e. if a 3-cycle

bBeaker is used in place ofa 5-cycle breaker, the power limit

will increase. Further improvement of power limit may be possible

by using circuit breaker. with auto-reclosing 'arrangement.

(2) The power flow of the m~chinss will be higher if the

prefault and post-fault swing curves become larger. The ampti-

tudes of the pre-fault and post-fault swing curves;

(Pm = E1E2/X12(pre-fault) &r2Pm= E1E2/X12(Post fault)
depend on the reactances of prefault and post-fault conditions.
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The pre-fault reactance comprises of the direct axis transient

reactance of synchronous machines, transformer reactance and

~ine reactance. The machine reactance can be reduced by using

larger machines and under-rating it. The transformer reactance

can be reduced by using larger autotransformer. The line reaC-

tance can be reduced by either energfzing with higher voltage

or by paralleling it or by changing the system frequency. A
system frequency of is.c.psJ,.spreferabl:e t050cps 'or .6..0,cps :l-n ..

stability point of view. But SO cps or 60 cps are suitable

considering other aspects. If the lines are Parallel, the pre-

fault reactance as well as post fault reactance becomes lowerX .
for any fault on a line at any location. The ratio, tz 1zfprefault)=X1Zpost fault)

will be higher.
The power transfer will be higher if initial operatiog angle ~o

be higher. This initial operating angle ~o also depends on. the

ratio rZ' Higher the ratio, rZ' higher will"be the operating

angle at instantaneous clearing and larger will be the amplitude of

post-fault power angle curve. If the .,lntlirconnector could be

paralleled by another double-circuit line or one sub-station could

be arranged in between Tongi and Ishurdi, the .i'atior....lDould beL.

increased resulting in a higher power transfer,

3) Usually tUrbines are provided with governor and generators

are provided with AVR and field excitation control system. In

this study, governor action of the turbine and AVR and field
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are neglecte~ as theirexcitation of generator
.' ~

ac.tionin"the first one second is negligible
corrective

because of their slow re-
.spons'~.'If the governor has a quick- response both of acceleration

and retardation of the machine will be slower which makes the

machine more stable. Similarly the excitation control system and

AVR,if included in calculation of power-angle equation, Can help

to make a further improvement in stability limit.

4) Damper windings are used on each of the generator poles. This

damper winding produces some stabilizing torque at the time of

acceleration and/or retardation of the machine and makes it to

run ~n synchronous speed in a short time. The effectiveness of

the damper winding depends on its winding resistance which may

be reduced to make the machine more stable.

8.3 Suggestion for further work:

Further research in this field Can be done with ths following
topics included:

1) The line resistance can.be included in the calculation of

transfer impedances. The necessary changes are to be made to

solve the complex quantities.
o

2) The governor action and excitation control system can be

incorporated in future study. The input power calculation and

electrical output power calculation can be done by two more

separate subroutine programs.



3) Equation for damping effect Can be added in the swing

equation for further work.

4) The calculation of network reduction can be done by

adding one more sub-routine program.

110
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10.1 FLOW_CHARI

READ AI,ER1,ER2X1,X2,Xm H1,H2& N

ON

YES

COMPUTE R1

NO

COMPU TE R3
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COMPUTE m~~ FOR INSTANTANEOUS
CONDITION &~. FOR SUSTAN.COND •um~n

SET ITERATION COUNT
K = 0

K = K+1

5 4 C6f~PUTE h ,E & E
o 1 2

6

3 1



5 4

FLOW CHART(Contd)

6 3
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2

AI"'AI+ 4AI AI"'AI- flAI

NO

AI"'AI-~ AI

o

AI=AI+L:I AI

+

COMPUTE P ,P.
,m ~ COMPUTE P ,P.m ~ COr1fJUTE P , P.m ~

N I y" COf~PUTE I. &t't - I FHJ ,T. " 0
C ._...,J., C c.

PLOT Pi vs. i;c

1
• J

NO

YES

STOP
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.c* ~ *** **~:.4':" *:lP* *:110" "' •• **4- ~"* .•.*~,~X<..;.~**}~",,,' .,:'-:.':, .,~*+* **.'* *:::< ** .•.* -* •. -* '* lC*' *' »-

.ll;* '4 *'* * .~ ~:{.* .•'* '* ** q. * *"'"'* ~ ~* * * ~*' '** '* *' :: -, ::;.7 ..,. ~ *' 1).; ~ '* t -* .~ * li',:IV * .•;If}QI: ,. Jt lit * .•* ~:*Xt '*
4.:.,~~**** 0cl.Ef ..d-4INAll ...h Jf" 11<A.NSl~.\1 S'lA31LIT'V L[~ll *;lJ~***:t-t*~*.¥* ~F INTLk-~.-~U ?~~Lk T~~N~fl_R.FQR ~3aKV SYETEM *4*~**.
~*.t**.•.• (\1'4 " .• 5L. cl'~Ll"-=:Ef-.<ING 11-12:"15. '* ~It~*-*::CL
~*::4.***" ~.~l.JGk4.M,..1L~< M1J. ,,(~A;...UL HtJSS4.1:-.j *--'.liCJ***
~*4***.. :'1.5<". cN..it.. Sl..JDE.I\T • ~UlL f\L. el 13C3{F) '. *.,.t :10***
.c**:t*** ASSlSTANl f..-'~[jf-c:::;5Gh:uF ELEC 1. ENGG. DEPtT. ***:C***
U •. ****.---i<AJSHAHI tch(,1 ""EP ING CJLLEGE. RAJ ~HAHI. ...* •.•.**
~*•.•.*** i\PI':IL. 19b4 •••••••••**
~*".Cl.~***~.J\-***¥********.*~** ~J!~** *****~*'* ** **:1* .•*~***~***_* ~*::11**,.
_1=CURRE~l (~ P.U.

c.EI= VCLIAGE .OF .k/(' 1._.11', P.-li •.
E2= VJLl AGE LF I~/C 2 I" P. L.
ERI= REf£RANCE VULTA"L JF EUS-I
ER2= REt.foRA"CE VGL 1A('£ JF 8US-2
C I MEN'> IUN A I{ 2 e/ • E H ~!o) i E,,12 51 ,P 1t 25 j ,PM 12 ~ I .0 EL 1A (25) ,5 C ( 25) • AS I;:

+.!:.) .ALf-JHA( 2.5.). THEr A (Lt.d • r Ut\ CCZ5'. Ie.. (2:5 •• DEL (( 25) ,FP to't 25 -•• f:G\\C (25 j ,
.... _. +_llI,AY{ 1HH ••LI25J

CATA JASb'/'-'/.DDT/ •• './.ChCSS/ 'X''/.BLANK/' • I
(OI'N[;N PIE.ff;EQ
~EAU{l,ll) N,MF.rkEu.LL~EL
~N=N-l

801 l'EAD{I.IC3.EI\D=9;.19/ IhLF
~EAD( l.lO. END=9-}9) (Allll. 1= I. 1\1
l'EAD{I.12.END=999J YI.Y2.YM.hl.H2

101 (0 TU(I.2.3.4)oIkLF
4 l'EALJ11.H2,EI.D=999J LI-d.EH2

(0 1U 7
3 .E AU{ 1,1 ('2, £"0=999) E.R I. Ek"

(0 TU 7
2 ~EAD(1~lC2.LNO=999) Lhl,E~2

(0 10.7
I l'EAO( I ,1(2. £"U=999J LI':I, Eh"
7 (0 H': 1100. 2G01.Mf-

10) SUMYIM= Yl+YM/2.+YM
'11'1,= ( 'I 1*'1,'.1/ 2. J /;,UMY HI
Y~O=IYN*YM/2.//SUHYlM
'I2MD-= YM+YM(.
501'1,'112= YIM+YZMO+Y2
IF=IYIM*V2)/SJMY12
(0 Ti; 9

200 IF= 0.0
9 ~AF=( 1./YIJ +(2./YMJ+II./Y<.1

YAF= 1./Xi..F
~RITE(~.1l5)
~RnE(.:.I"'J
IoRIT£(3.14J lAHIJ.I=I.U
'RITE(.:,15}
.RITEI.:~lb. ERI.~h2

. ~R ITEI:: .r 7 t
.RIT£IJ,13J YI.Y2.Yh.Y~.YAF,Hl.H2
H E= 3.14159
f= 180.J/PIe
~=..,l*H2/ (Hl+b21
)T=( I ./Y l' + ( 1.• /" 2) +11./" J4 J
Fl=XT.YF
l'2=XT*YAF
~O 1= -.).0
{ALL':>IND (RI,5lH.SLMIN.ITEkl
oR IT E ( ::. be; I PI. SiJM IN. 1 T b<
(ALL SINO (R2. SLJ1.SU1AX, ITER J
.RITE:~.BIJh2.SLMAX.11EK
.RITE1~.821 h
ER IS= ER l** 2
El~25= Efi.2.:;r::* 2
CD 2(; 1=1 ••.•
HEh=()
[A 1= 0.C 5

50 ITER= Iltoh+ I
IF(IlEIi.Gl.99J GL 1l. t>S

63 _M=(Al{ll/YNI
IL= ( A I (1 ) / Y 11
IR=(AI (l )/ •• 2)
1\15= AM**2
_LS= AL"*Z
~RS= AR"'*2
E= O.3*IErt2S+AMS-Eh1;,1/IAM*ER21
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25~-_0

58
55

6 1
56
57

64

70

62
:"59

Ie>g

65

1",4
165
170

5;)0

ISO

175

20

c= C,.5*{E.nlS .•AMS-Lk~~./ •.A"i*Ekl ~
JF(8."':';1.1.0) tJ,O "fL..1 bL
IFlt<.LT.-!.C) GLJ Iv ~L

1:8= ~_~':'(T(l-c*Ll)
(C= 5 J:liII j -C*C,
tLPHAl ll= ,1.1AN(tllubl
IHE1A( 11= <\lPNI(,(,/CI
IF{AL"hAI I J' 46.47 ••• 7
#LPHA(!J= ALPHAlIJ+I'JL
E5= C']SU-I",-ALPHAll))
JFlTHETA( iJ J 2=.2{";",L
lHETAI It= IHEIAlII+PIE
(5= C)SlPI -THETA.( 1"-
£15= ~H1S+ALS-2*c~1*AL~C5
El{ 1I=5C"T (EIS)
f.2S=ER.c~ +A~ s- 2 *Lh:~*Ah' .6j
E2 { I };=:;O h r U 25 •
t 5 ( 1)= •XT •• 1\ 11 I)) ••* 2
[-= C05lULLJ __-c~"' •.
[= 0.5*lLIS+E25-A5(lJ}/lEI<lI-*Edll))
CD= S ),,1 II-O"'D'
eEL= \JA"'lQO/Ol
~oI U =51"'. DEL I
JF{I-l.J 5~.~.o.5B
IF (I-N -, ~). 7(;. 70
IF(ABS(501I'-SOMAX'.LL.J.O(DI'GO TO 55
(0 T':; 61
)F(5L:l~-SuMAX) 56.5S.57
t I ( l) = 41 ( 1 I +{)A I
(0 TO 60
IF ( IT cR. L ,). I ) _GO 1 LJ L4
t I ( 1 1=';' 1 ( I )-DA I
[AI=DI\I*0.5
t I ( I) -= AI ( ( I +DA I
«] TO 60
(A 1=0. Jt>
tI II I=A1I I I-OAl
(0 1U 63
lFISU~IN.~Q.C.OI GO iL 65
IF(Ab-5IS0( Il-SOMIJ'O.LE.3.0COIIGO It:: 59
CO H, C"
JF1SU(IJ-SJMIN' "Sb»5S.57
eEL TA I H=':>EL*F
1F II. EQ. II GLfU I 6~
IF 1l.EG.Nj GO 10 169
lFI50(\l."r.S0'1AX) GL 1..• geo
IF(SOIIl.LI ,.~OMINJ GL 10 9<:1
I'M {1J =El I I J '*1:211 J/Xl
fPMIll=£111l*E21Ij-*'tr
I' I ( I I = PM' I 1* SD 11 )
CO TG 164
sot Il= 0.(
[EL=O.C
(G Ie 59
1f-1I-II1"O.160,165
IFI1-Nj 170.175,175
C4LL CLEhR (1.4I.50.~LL.R2.RI.DELL)F4CT=SGhT(PIE*FRI:U/Hl
JF(Rl.E~.O.OJ Gl1 10 t,OD
(ALL CTl"r,E (l.Al.f-PM.Ucl-.DELC.l' PI ,"l(;wca
FPMR=5GF,l I FP~;( Il J
TC(I)=rL~C.II/(FA('l"'hPMRIco Hi 20
C4LL ':llf,ccJ I I.AI.SL.L,I:~.DELC.RG"C I
I'M1'=:., JRl (?,4 (I I I
IC (l) =RC"CI 11/ IFAL 1*>'1'11-./
CO IL, 2(
101llel 11=( .0
FO"CII)= J.(
lCD)= L.O
[ElCl I j=DEL
(OIL 2C
TOWCI I 1= li'll-.INT
I'O ••Clll= li.FINT
TeLl)= lNF1Nl
(OI\T INiJE
oR ITEI:::. "OJ J
IIRITEI3.211
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loR Iliol 3.'LZI (AI (I I.LI{ II. c~ (I ". DeLTA( II. SCI II .P'l (I' .PfoII Il .1=1.1\ I
JFl •••.l • .E<..'.J.O) Gi..J lL 12:.3
'oR lliol ..:,.<'31
oR n L { J. ;:", (A II I J • [j =- L Ll I J • ILl "C 1 I J • T C ( I I •P I ( I I • I = I .1\ 1'-J
(0 TLo 1<:4

123 IRITc('::.,L2;J)
"R .ITEL .J. L,4 J (A 1{ , J • L :..L L t 1. ) • h..L 1NC { 1 ) • 1"C { ( ~ .? I ( 1 J ,J ~ 1 "f\ h )

124 1=1\
v i{ IT E ( ~. "',) 1 lid ( I J • f'l { 11 J

( ~LOIIING OF GHA~H
(0 12J 1<.=1.120
tRPAYI ;<J~LJASI,

120 CO"]' I N;J1o
~CALE= 18.0
oR 11"13.121 J,
'~ITLi].7G~1 LEVEL
.RITEI3.7J6J ERI.EHL
-IF (Ed .EO,.3.C1 Gu TL 70D
vR ITEi'3. 7) 1)
(0 lu 7(;,3

7JO -'Rll£I~.7021
703 IF(LEVEL.El.l.132J GG lU 1.31

loR I'TEI~. 1<:21
710 'RI1ElJ.22.JI ARRAY

(0 TO 71 I
131 ~RITEI~.132)

~C~L1C= 5(.J
CO lU 71<"

7 I 1 '[0 125 K= 1 • 120
",RAY (KJ=BLANK

125 (01\11"~LJL
til PAY ('II=DOT
J=O
[0 13J 1= 1.t-
IFlI.Eu.td TC(I)=I.t>
U IJ=II\T{TC{II*~0.OHJ.51.= I N7 { PIlI I *SC AL" +(..5 J

126 IF (.I-i.. II) j 1'<:8.1<:7.1:'0
127 IF'(M •. ~E.u .A.N[.,.j'~.L£".j~(;) AkhA'r"{ MI"=c..f.,u 5S

'oAITL(J.IJoJ~IIIJ.TCII).APRA'
IFIM.GC.~.A~O.M.LIo.l~~)~R~_YIMt=aLANK
J=J+ 1
(0 TL 1::(

128 iF (M.GE.l: .A.t\:O.M.LE.Jc.:( J .•.REAY{M t-=BLANK
~RITEI~.75l ARRAY
J= J+ 1
(0 T(; 1<:6

130 (ONTI"JE
(0 l'lJ 611L

900 .RpEI..3.9021 AHll
(0 TO 600

9JliRITEI.3.!iC:n A'HI)
600 lR EF= lR EF-_I

IF (IR:::f.f:. ...l.C) GO 10 404
(0 Tu 1l' 1

404 ~F= 1,\F-I
IF (MF • i:(,;.;) l GO TO 9!.cS
(0 TO 8t I

10 fGRNAT114f5.31
II FORI-IAT(,L:I. 1'5. 2.141
12 FORMAlISfIC.C)
13 FORMAT(/4~H CU~REI\~ 11\ P.U./J
14 fOF;~AT( !lA' 14F~.3/)
15 fORMATI/4~H R=F=RA~CE \OLT~GE/l
16 fOR~AT(2{3~X.FIO.5//)J
17 fORMAT(Btd Yl Y2 Y~ Y,l

+ Y,':'F til 1-'.2/1
,Ia FORMAfl/~DX.7FID.~'/1
21 FfJFt-1ATL/15X •• AI •• Sx •• Ll •• lOX •• EL •• bX •• OELTA. ,5X,'SIN{DELl"A.' .6)(,

+ • F I" • sX if • P.M. / / ~
22 FORMAT .(J L'X .f 10.5. 2X. r 1L:. b , ~X• F 1:J• t. .2 X.•Fie. f. 1X .F 10 .6 " 1)( • FIr::... 6 :::::1,X,'~,,

+ FI0.'>/l
23 FORMA T' / / / / / 15 X, • AI' • 4 X •• CLEAR 1 NG AN GLE"" • 4 )t, IT C.~iC.' .5 X 11 we LE ~R 11';•.;.3 ",or.

+ fwC:'. 4X II ;;'uiM~~ INPuT- / J
24 Fa RMAT t J.(: " • f- 10 .5. 1X. F- 1(;. 5 .•~x ,F 1.J. 5 .5 X • FLO, • .:: .• ~ X .•F 10 .•5/ )
29 FOPMA r ( 1 ex. FI0.:J .• 4 X~ • ~U;j TN [; 'I • 7 x •• I ",F IN T' • q )l •• I P\F IN 11 II6 X • FIe. 5/ /)
75 FORMATlJ"J. 120AII
80 FORMATIIHI.""
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+ ..":.~o,( •• R 1:= •• f- 1 (. • (..• 5 X .' SUM1N= •.• FlO. f, •• ( 1 E J; = •.• 14/ )

3 1 FORMl~T 1/3:JX .•• k 2=' • F 1L .•c. 5X,•• SUM~ )1"=" • FlO '. 6 .•• I 'I E~= •• 14// )
82 FD RMA r l/ I' 31J X" " H=' • F 1Ci"LI' / / / / / / / / / / I

1;)2 FDRMAT Li-f .>.31
IJ3 FOf'MATll.:o1
115 fOJ<MAlIII.11
121 FOJ<MATLlhl,///I'/1
122 Fuf:MAf(ltG .•• I-uWC:h. Ih.Plil ih. P.U. ----------'/119,'O.O'.T2E.'O.S',

.•. T37 •• 1. C•.• 1 1.0(, ,.' 1 .5' .•1 55 .•• 2,. C' .164 ,. 2.5' :i 1 7.J .' 3.0' ..•T e 2 I' :: • ~'. T9 1

.•.. • 4. 0' .1 100 .•• 4 .5, •.• TIL '::r • • ~.O.,. T 1 1b ,I 5 • 5' • T 1'2:7. '6.0') .
1.32 FJF1MArtl~O."J-L~Eh. 1f'll~uJ ll"l: P.LJ.---------'/llS,,'O.O' .•"l44.'O.S',T6g

oJ- '1.0 •• l~4 •• 1.5•• l11~:J 'L.C'.T12.;1.'£.2.~
135 FO~MAr(FIJ.5.F-l0-.5.1,C.l2c.All
201 FOf'MAT(lr'l)
2,2,3 F GRMAT '1" 5 •• f' I • _.T 15 11 • 1 L •.• T 2 C ,-12 JA 1 J
225 FORMAf{lt,X •• I\I •• 4X •• ~LI:..4.Rlt-.G' ANI.iLL •• 4X.II~O~C •• ,5X,.CLEAJ;I-"G TIME' •

• 4X,'PG1'IL;i If\.PUl_!/~
701 fom"ATIl4:J."F~AUi...T Al MlcJDLE P01NT LN ONE LINE'/l
702 fOf<MAT(T4U. "fALLT r.LA~ ;JUS I ~"ON~~'D~E LINE"/).
704 fOFl..MAT(T5J. -GH4PH I\IL.• --.,I/T5(.I'+:,-' .K\I SYST;:~'J
705 FORMAT(l40 •• ~EF. \il"j,L1S. If\; P.u."'LX,F5 .• 3.1).,'G •• IX.F~.3/a
902 FOf='f'vIAT1.3C;<',-lht \lALUf:..' .FS • .2,.iS G~.E:.ATt:R IH!i\l t-1AX. ll"'l"T VALUE"}
933 FORMATI30X,"lHE \iALL",-'.r=::;.2"'IS~S~IALLER lHPN 1'.IN. LllVll VALUE" I
999 ~TCP

END
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10.3 APPENDIX - C

The~etwork reduction of .8PDB Power System for formation \ of

equivalent generator is d.tailed hereunder.

WESTERNGRID

Interconnector energized .ith_230 KV.
, "

Thak. j/;''t9' 'Thakurj'Or48 SaidPu~h.s2

.> 2'lr434

s,era:j ;"'94

)1'433 )"U
Slraj

Bogra ;J"/I,5S- Ishorei
132Kil1

Raj:
.) if){:;:

)'/1

.J '0')41:' Gqal':hg-S-:4 !3hera j ',C>II,



Western Grid (conti~Jed)

•• "Q •• I'c 5ai d
)~,/.r/

80 g. •
) 'II!»~

Ishurdi
112 'KV.

Siraj £"

)'11

era

Q
•

j"92

80g j "II s-S'

c j .I,

Ishurdi .
132K V

•
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(Continued)Grid _\~estern

. .

In, adDi,it tanc e

-) ? "43

Form

•

Ishurdi
132 K V

- j "I5'~ -) l'cg?

-)'I'1l.

-; 1(,' 5"4

-}'2..95' .-jS'{s/

Ishu'rdi.
132 K V

, ...
'.IshurdJ. KV

\ . 132

-j /7-'/
'YYY'

Ishurdi, KVII I . Ishurdi' ,230
.'-/ . ~~~

~. I 1", .. !
Ishurdi'I~,.KV => ~shurdi

!". . I
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Eastern grid (contd)

.Siddir
. 230KV j~fO

•Ghorashal
230K V, 9"-. )'0 ~'YW'~--'~8

) '10

Ghora
. '~'1-32KlI ' '0392-

J~
. "':',' 'JSiddir

)' V213132K V ) :3'1"13

.;: 252.t

j '/37

']'/04b .

. ~

In admittance form

,Madan
1 32K V

Siddil' •.
230K 1/->/0' 0

Ghorashal
.23 OK V)O' 5'U

-:)7'3
I)
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(continued)Eastern Grid

Ghore. . .

"132!$.w.>.~ Siddir-;~('7!>
m,~ '. Q 132K V ."'"' '" (,.tc>] .

'7"'

Ghorash.al .
130K \/\ f" '>2-{,

-)

112.'7,;:::.4 -8

Ghora .
.2 30K V_J10Tz.€

Irr' 8 Ghore, .
132KV~2.~~

E)

-)7';;,__ -_-:-. -:-.-;.:-:,-:-l8 .
Sidd1r . . .
. 1230KV,~~

~.

Ghorasal
. 230K V

"'}33~'klit 8"'" ~ryyn........,.-- =/
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. ~.-
, ~,' 'EQUIVALENT TWO MACHINE SYSTEM OF SPOS NETWORK , ,

Interconnector energized with 230KV ( f.'

Ghorashal Ishurdi
230KV. 230KV

E, 8...~ ~.t::!_o I", )~~2 '1 j~~:_e _
X x

M
' - X

z
8£"]..

H,-:'{,I'tt1t I H2=:3J'33

........ '". ".'.,

""."

.. '.-

..;..•.;.. '"
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<0133 ..
'-"- .. ' -

, ... "

."~<;:.
•iESTERN GRID'

"InterconnecVJr energized with 132 kv.
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R';lL ~""

fV\ iY,'t:J
Goalpara. ~'e.~....j)•...:i~tj:.... I~)IR'~ ra . /:,0/1
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~--~ -..J"'" - _,

. .'
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.
'-'.:

.. ' >'.4ut- ..

- ...
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~estern G~id (continued)
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" j -Sln: Ishurdi"

/"

Ishurdi

£2 8-" -~:L-O_I-~I
H].:=' 19"71S '
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Interbonnector-energized ~ith 132 KV..~.,"~.r'i.~~~'":'. f"-, •.,\ .• ,.....(
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4nlilresal' ): ~1:J-:>: '.' Ghora

•• , _ ..• _ ••• __ ~ ,'."r

Ilshu .., .,

,...

. '.'. :.

:' .

Sfddi:r.-. ,
')"'2!>,3

Kaptai Kapta~
....)~ ...•. :

.--'-,"-'V'

Siddir
; '()'31

'"
Hali Hali'

1-. _5;!_!3_' -8
"

Gh6'rasal .,- ,
j'OY:'3

Ghora---

~shu.\' i '0'3 .
",

..
;"3~

Siddir

j'0't!. ,

,J I L
.~

'. A'



~astern 'Grid' (continued)
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Ghorasal ) 'o,:p.5

. j "'41

Ghora
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I
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.GhTasal j~fr-I>
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'Interconnector energized with 132KV.

'. EQUIVALENT4W~';'MACHINE SYSTEM OF BPDB NETWDRK .. ' ,
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