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ABSTRACT

A power system simulator is aksimhlation package
for electrical generation, transmission and distri -
bution systems. The software provides an environment
for the development and testing of omrline analysis
and control algoritﬁms, and also has potential for
application in operator training. Dynamic and alge -
braic models of power syStem elements are described.,
Numerical techniques are used which helps Ln obtai -
ning solutions with acceptable accuracy for medium

sized networks using micro computer hardware,

The - - - stability of the sfstem under emergency

condl tions are observed and recorded. A power system

example taken comprising of 93 buses has been consi -

dered for this purpose. The software has been written

in the FORTRAN language.
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CHAPTER - 1

INTRODUC TION

The study of power system dynamics forms one of_the
oldest and most important applications'of simulation,
Power systems cannot be designed or opéréted without the
heip of some kind of simulation and the simulation problem
itself is challenging. The power system components are too
expensive to allow any experimentation on the system which
could conceivably cause damage, Any experiment which
causes a generator or a transmission line to be taken out
of service even tempererily can be very expensive, Since
it is not feasible to experiment on the system, the most
practical alternative is to simulate, even though the system
is nonlinear and involves differential equation of higher
order, |

Initially hand calculations were performed to obtain
the numerical solutions of the power system dynamic equa =
tions, later an elaborate form of Analog computer called a
network analyzer was developed, But all these proved to be
tedious and difficult to maintain and handle., Then with the
advent of digital computer, simulation of power systems were
‘ conducted‘on it, This proved to be very helpful and ﬁas
highly successful,

A real time power gystem simulation can be used to
provide a test bed for energy management software, and to
provide a realistic operator training environment., If '

sufficient computational resources are available a simulation

!
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- may also be initiated as part of an online security
assessment facility, Interest in on line simulation has
increased in recent years and has attempted to conslder
fhe complete power system rather than individual elements,
Two fundamental approaches to the préblem have been

adopted.,

(a) Using a low flow technique to solve the network
equations and to evaluate the nodal voltages which in

turn are used in solving the -network dynamic equations,

(b) Solving the network dynamic equations simultaneously
and in conjunction with the network algebraic

equatipns.

The former method can be faster, but it is less

accurate especially for the allocation of power demands to
generators. It also 1ntroauces problems if network Islanding

is to be considered because the load flow‘algorithm is not
independent of the network reference node, The latter method
is numerically more stable, robust and inherently capable of
handling islanding and fault analysis, The simulation technicue
incorporated in the thesis is based on the second approach

for a number of reasons,

(i) the simulator is numerically more stable and eacCcurate,
(11) there is a tight time coupling between the network
‘algebraic and dynamic equations,
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The thesis presents the detailed mathematical
modelling of the system components together with a
suitable numerical technique for the solution of the

equations,

1.1 OVERVIEW OF POWSR SYSTEM DYNAMLCS

A power system néver operates at a point of
true steady state and thus is always characterized
by dynamic behaviour. Whenever a disturbing event
occurs on a power system, there is rnearly instantaneous
change in the state of the electric and magnetic fields
of the system followed in seconds and minutes by the
longer term electromechanical response of the rotating
elements of the generator source and loads, But here

short term responses are the subject of interests,

1.2 CLASSES OF POWER SYSTEM SIMUIATION

There are three primary types of power system
simulationsy long term simulation, medium - tefm and
short term simulations, These types of simulations are
distinguished by the time frames of interest. For example,
the models used for short term simulation are assembled

‘using the following assumptions,

(1) Any variable which does not noticeably respond to
simulation within 10C seconds is considered to be

ccnstant,
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(1) The duration of the simulation is limited to
about 100 secs or less, Short term simulaters are
used to Study high speed transients, and 1long
term simulators are used to study siower Phenomena,
The cost of operation of a simulation program imposes
some practical limits on the complexity of the
system which can be simulated. Fig., [1] exhibits
the limitations of complexity and duration of the
simulation which are imposed on these three types of
simulations by limiting the computer cost to abodt
} 500 per run. The complexity is measured in terms

of the number of buses (nodes) in the network,

There are of course, many other factors which
influence complexity su¢h as the number of generators,'the

level of detail used in modelling of subsystem etc.

Long term power system simulations are used to
study the slowest phenomena of power systems, Thé devices
which contribute éignificantly to the dynamic response of
the system during this long time frame are the‘automatic
control of the generation system, the boilers and the boiler
controls, During the long-term simulafions the oscillations
of the rotor are not included in detail. Consequently the
step by step integration of the differential equations of
the rotors is not used to determine the level of electric

pover delivered at any time instant, The power %gygl for

\



each generator is established by the governor set
point and the state of the boiler. This allows the
time step between network solutions to be as long as one

second,

Short term power system simulations are the
most highly developed and the most frequently used class of
of power system simulations, The boiler or other prime
energy source for the generators is assumed to_have
enough stored energy available so that long time cons~
tants (such-as thermal time constants of steam boilers)
do not have time to play a role in the dynamics, The
dominant dynamic phenomena being simulated iﬁvolve the
mechanical dynamics of the combined generator and turbine
rotor and the dynamics of the field or excitation control
system of the generator., The rotor dynamics include the
effect of the governor and the dynamics of the turbine,
The. excitation controls are designed for hlgh speed
regulation of voltage magnitude, but they frequently have
auxilliary inputs (such as rotor velocity) which are used

to produce variations that will damper rotor oscillations,

1,3 SCOPE OF WORK

In this thesis out of the three classes of Power
System Simulation, short term power system simulation has

been developed, The designed power svstem simulator consists



of the models of theipbwer svstem components like
generating units, loads, lines, transfirmers and
'protective relays. The generating unit consists of

the generator, exciter and turbine governor system,
Three types of generator models has been considered;
Analog computer representation has been used to write
suitable programs of the generator models, exciter
models and governor turbine models, All these models
along with their block diagrams has been described in
the later chapters., Five classes of exciter models and
three types of turbine governor system has been consi =~
dered, All these model types can be brought into use in
the program whenever required, An effective mumerical
technique for the solution of the various ‘algebraic and

differential eaquations has been used,

A distance, 19ss of excitation,under voltage
protective relay schemes hés been incorporated, A
detailed relay representation has been given in the next
chapter., The effect of the various faults, loss of exci-
tation and loss of generation on the system is studied

by the help of this simulator,



1,6 1T TERATURE REVIZW

In ISEE committee report [1], the nomenclature
and control system representation of thé various exci -
tation systems now available have been described. It
.has defined input data requirements for computer pro-
grams and provides a consistent format in which mana-

facturers can respond to recuests for excitation system

data to be used for system studies,

In IZEE comittee report [2] the basic models
for Speed governing systems and turbines in power
system stability studies have been described. Here the
steam turbine and the hydro turbine models have been
described in great detail keeping in view of their impor-
tance in power system simulation for stability studies.

D.D.Celopulos and G,Iddings's paper [3] on the
majdr simulation errors of on line simulations emphasizes
the importance of interface erTors in power system simu-
latiqns. These tend tc dominate the other solution errors.
They do not recommend the deletion of many sub-systems
for omline simulation, They triedto find out the areas
where the computational task may be reduced without
sacrificing accuracy of power system simulation. In one
of their other paper [4] they describedthe several types of
simulations used in power system., The mathematical recuire-

ments for carrying out simplified short term power system
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simulation are described in detzil, The paper aiso suggests
several techniques far improving the efficienpy of digital
programs for this kind of simulation, Some pf the techniques
fer the improvement of computztional efficiemncy of simulation
programs described in this paper are network reduction and

parallel processing,

M.Rafian's treatise [5] on real time power system
simul ation describes the theoretical basis and application
5? a simulation package for electric generation, transmission
and distribution systems. The result obtzined by him shows
that the simulator can be used to provide a test bed for

energy management software, The simulator is also useful for

operator training,

G.Z.Ben Yaacov in his paper [6] describes the data
base approach to power system analysis studies. The practical
use of a central data base management system, together with a
library of application programs and an interactive computing
environment contributed significantly to the power system
planning process in which individual engineers can work

effeciently and interact among themselves using common data

and analysis tools.

R,D.Dunlop and D, N,Ewart in their paper [7] describes
the uses of a digital computer program developed to simulate
the long term dynamicgof bulk power systems. The paper

describes the simulation of an evolving disturbance of a
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hypothetical power system using both a conventional short -

term simul ation and new long term simulation program.

A Keyhani's paper [8] describes a poyer system
similetor based on modular structure, The simulator modules
are defined as mathematical operators which permit it to
perform computation much like a calculatdr does, Applice-
tions of the simdator in identification of low frequency

rotor oscillations and solution of fast decoupled load f1ow

problems are presented.

R.Podmore and J.P,Britton's paper [9)] describes a
dispatcher training simulator which providés a realistic
environment for system dispatchers to practice operating
tasks and experience emergency operating conditions, Normal
operating activities such as load following, voltage control
and transmission dispatch can be practised easily. Apart from
all this the simulator allows the operator to practice and

observe procedures for abnormal conditions,

D.L.Elder in his paper [10] describes a method capable
of simulating, interactively and in real time the dynamic ‘
behavidur of power system uﬁder emergency conditions, The
modell ing approach adopted is characterized by an interfacing
scheme in which each unit ié connected to the tfansmission
network via an explicit generator model, with its own rotar
angle and speed. Execution time has been minimised by simpli-

fying the model in ways which are expected to be acceptable

in the content of interactive training.
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D.Celopulos and G.Idding's paper (18] discusses
‘a novel point of view from which a qualitative comparative
analysis of integration algorithms may be performed. In
additioh to comparing the effectiveness of'integration
algorithms, the menner in which the structure of the simu
lafed system is deformed by the various integration procedures
is also discussed. This has two advantages, one advantage is
that improved integration procedures may be synthesized
and tailored for specific systems‘by the evaluation of counter-
feit systems., A second advantage is that errors due to the
integration algorithm are exhibited in the form of modified
parameters which facilitates a éomparison of the algorithm

errors with the uncertainity concerning model parameter values,



CHAPTER ~ 2

MATHEMATICAL _MODELLING



12

For modelling purpose a control system block

diagram 1s considered. IThis block diagram representation

is converted into anal og computer represqntation for

developing mathematical model to be used in the simula-

tion,

There are several advamtages of this model over

the mathematical approach such as the state space one,

They are as follows -

(1)

(11)

(1i1)

(iv)

(v)

(vi)

The analog computer formulation requires a minimal
amount of manipulation on the original model,

Solution is obtained as a function of variables

with a physical meaning,

The model variables are easily available for

operations such as saturations, and data output.

Changes are isolated in an analog computer model hence
this can be very easily incorporated in the program,
Complex operations such as non linear function
generation, time delays and variable differentiation

can be easily included,

The program development becomes very easy due to
the simplicity of the approach,

On the analog model of machine and controller units,

the integrator outputs correspond to the state variables and

the inputs are the time derivatives of the state variables,
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The time derivative of the state variables are calculated

from the known values of the state variables, The proce -

dure for modelling is described below -

(1)
(11)

(311)

(iv)

An analog model is drawn,

The variables at integrator outputs are named. The
variables should be named systematically so that the
relationship between the variables are obvious,
Expression for the inttial values of the integrator
outputs are obtained by tabing the integrator inputs
zeroe during the steady state,

The subroutine for thé machine and contrdller models
consists of two sections, One calculates the initial
conditions of the state variables and controller set
points prior to the simulation and the other calcula-
tes the time derivatives of the st-ate variables at -
each integration step.. The statements for calculating
the time derivatives of the state variables are
generated to execute the following steps.‘

I. Definition of variables at integrator
outputs, |

II. Calculation of variables at intermediate
points in anal og diagram,

I1I. Calculation of net integrator inputs,
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2,1 ELEMENTS OF SYSTEM DYNAMIC BEHAVIOUR

The power system which relate to systeﬁ dynamic
performance are illustrated in the functional block dia-
gram of Fig, ( & ). The generation control area may
be ei‘chef a single system or a pool consisting of several
power systems operating under mitually beneficial contrac-
‘tual arrangements. The control area consists of geographi-
cal area with boundaries usually along corporate lines
within which generation is contimuously controlled to
méet loads plus or minus any scheduled net interchange
across the boundaries, The major elements of the power
system are the generation sources, the loads, and the
transmission network which interconnects them.

The generation sources consists of few large syn -
chronous generators, aredriven by hydro, gas, or steam
prime movergand are closely coupled electrically through
the transmission network,

The total system load is made up of elements of
varying size and widely dispersed throughout the network,
The individual loads are not under the direct cdatrol of
the service utility, but follow seasonal, weekly and daily
cycles as ipfluenced by weather and other factors, The
manner in which loads respond to changes in system voltage

and frequency is important in gaining an understanding of
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power system dynamic behaviour, The influence of the

1 0ads on system dynamic performance is very dependent
on the nature and location of the disturbance, In many
cases the behaviour of the apparant composite load as
supplied by the high voltage network is the most im -
portant'consideration in viewing power system dynamics.

In providing the connection between the generating
sources and the loads the transmission system determines
the character of system dynamic performance. Simce all
generating sources are électricélly couffled together
through the common transmission network, dynamic interaction
between 1ndividﬁa1 generators and between the generators
and the loads 1is very dependent on the nature of the trans-
mission network andyits éontrol.

Since most power system loads are composed of equip~
ment which is designed to utilize the energy at a given
voltage and frequency, the power system is designed to
supply the energy subject to constraints on the variation
of voltage and frequency. Feedback control is important in
meeting this objective, The effestivaness of the various
control system in bringing about the desired performance is
subject to such factors as limits on the maximum change or
rate of change which the controlled units can tolerate and
the inherent dynamic characteristics of the controlled

" units,
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The feedback control function can be divided into
primary and secondary conﬁrol. Primary controls are feed-
baék control loops which initiate action at the 1local
generating unit based on local measurements, The most
important of these in system dynamic consideration are the
voltage control, the speed control and the boiler control,

System voltage control at the generator sources, at
the loads is achieved through power factor correction, and
at the intermediate points in the supply system by means
such as fixed and switched capacitors, synchronous conden -
sers, shunt reactors and transformers with variable voltage
ratio (tap changing) under load, The coupling of synchronous
machines through the transmi ssion network creates many
lightly damped resonant modes whose frequency ranges from
about 0,2 Hz to 3 Hz. The ability of a generator to ride
through network disturbance, such as short circuits and
line switching is dependent to a degree on voltage regulator

and exciter response characteristics.

The speed control system adjusts flow into the
turbine in response to changes is shuft speed. Since opera-
tion on a large interconnected network maintains all gene -
rating units at the same average electrical speed, the
individual speed control systems do not actually control

spead, but rather the pdwer with which turbine generator
contributes to the network, This control is of importance
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for large system disturbances but is too slow to have a
significant effect for short lasting network disturbances
such as short circuits, Considerable interest exists how-
ever for speed controls to initiate fast closures and
reopening of intercept valvwes on large st;am turbines
following short circuits near the unit to aid in main -
taining synchronism.,

In response to changeé in demand fér steam energy,
boiler controls and auxiliaries maintain the flow of
fuel, air and water into the boiler, These elements should
not be limiting factors in overall plant response during

normal or emergency conditions,

Secondary control on the other hand act to initiate
control at a local level based on remote measurements, The
automatic éeneration control and economic dispatch function
is important for successful operation of interconnscted
systems, Automatic generation control acts to regulate
the power output of the electric generators within the

control areas in response to changes in system frequency etc.

2,2  ABNORMAL OPZRATIONS

There are two classes of disturbances identified for
convenience, One will result in loss of transmission system
elements and/or significant loads or load areas and those
very unlikely events which leadsto islanding of a portion
of the system where significant load generation unbalances
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may exist within the island, The first will be referred
to here as network disturbances and the latter as load/

generation unbalance or islanding, : /

Network disturbances ~ Network disturbantes are commonly

caused by short circuits on the transmission system, The
magnitude and duration of the resultant dynamic response

of the system i8 dependent on the type and location of the
fault, on the time required for normal protactive apparatus
to respond and isolate the faulty element, and on the manner
in which the system and its controls respond to the initial

disturbance and its subsequent removal,

Short circuits or faults which occur on the trans -
mission system close to the generator bus have the most
gevere effect on the performance of the generator, Three
phase faults, although much less likely to occur, have a -
far greater impact than the more common occurrence of a
single line to ground fault, The fault is genarally removed
within 0.1 secs, However, during this time system voltage
on the faulted phases is very low in the general vicinity
of the fault, and voltage measured at the terminals of
nearby generators is also affected significantly, After the
vfault is cleared, system voltage returns to near normal
levels, If automatic reclosing is employed, then reclosing
into a permanent fault further perturbs the system, |
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The electromechanical response of generators in
the vicinity of the fault is characterized by a rotor angle
transient, The angle is oscillatory about the normal unit
speed corresponding to the vnor'mal system frequency (50Hz).
Usually this deviation does not exceed a value of £27
unless the disturbance is severe, In this case the affected
generators could become ungtable (lose synchronism with the

rest of the generators).

The impact of network disturbances may be summarized

as follows -

1. The duration of the resulting transients are of the
order of 10 secs or less and are characterized by
oscillations in the rotor angle and speed about the
normal operating point, |

2. The mechanical torque developed by the prime mover
does not change appreciably because the speed dewia -
tionsare oscillatoryin nature and occur too rapidly

for the speed control system to follow,

3. The abrupt transient torques. may be magnified by the
torsional response‘ of the turbine - generator shaft
and must be taken into accoint in the design of rotor
shaft and turbines,

4, The voltage regulator be applied in a way so as
not to cause negative damp\ing of the rotor oscillaﬁons.
Ivn fact, it is possible to utilize dynamic variables
in addition to voltage error to cause positive damping
of the rotor angle oscillations and thereby improve
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stability of the generating wnit and system,

5.. The rather large temporary voltage dip which occurs
during such disturbances must be taken into account
in the design of the auxiliary supply so that criti-
cal motqrs and support systems are not tripped

during the transient and thus lead to unit shutdown,

Since network disturbances cause only a temporary
ubalance between total prime mover input and total electrical
load on all generators in the system, the system automatic
generation control is not affected., If however, the distur-
bance leads to the loss of a generator or of a large load
or a load area the automatic generation control and the gene-
tors on control are affected, Here, only network disturbances
has been incorporated in the svstem condition so the second
kind of abnormality i.,e. major load/generation mbalance.
(1slanding)is not discussed,

2.3 SYNCHRONOUS GZNERATOR MODELS

Three types of synchronous generator models has been
considered here, These models have been described in great

detail in this section, They are as follows

’ .
(1) The two-axis model =neglecting )\d and )\q for a
cylindrical rotor machine

In the two axis model the transient effects are
accounted for, while the substransient effects are
neglected., The transient effects are dominated by the
rotor circuits, which are the field circuit in the



21

d-axis ang an equivalent»circuit in the g-axis

formeqd by the solig rotor,

The nachipe will thus have two stator circuitsg

and two rotopr Circuits,

'differential equations

reduced by two since A

the stator voltage equatio

equations are now algebrai

described

these

However, the mumber of

circuits are

and )\q are neglected ip
ns (the stator voltage

C egns)

[

The.stator transient flux linkages are defineq

by

) ‘
and vq = -riq + wp ld id + e
!

or e

fo3
[l

e x vq + Piq - X

(2.3)

(2.4)
(2.%)

(2.6)

Since the tepp (xé- xé) iq 1s usually Small, we cap

write approximately

[
ed % Vd + rid + X

’

a 1q

(2 7
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The voltage e:; and ed' are the q and d components of

a voltage e' behind transient reactance, The above two
equation indicate that during the transient the machine
can be represented by the circuit diag shown in the

Figure [ 2] It is interesting to note that since
!
q

represent /3 times the equivalent stator rms voltages,

ec; and e, are d and qQ axis stator voltages. They

It can be verified that ec; =\/TE;. The voltage e is
not a constant it will change with change in flux
linkage in the d and g~axis rotor circuits, The
differential equation for the voltages ad'. and e:l are
written below, The d-axis flux linkage equations for

this model are

| 2 8
Py mlgig + Lpip ™ ()

and Ap = L,p i, +Ig 1p PU (2 9)

From the above equation, if iz is eliminated than

the following equation can be derived

1
Ay TRy = Ly 1y P (2-10)
Similarly, for the g-axis
)‘q’lq 1q + Lpq 4q pu (21
A

eliminating :l.Q we compute

/\q “(Lpq / Ly) A qa(lq;LiQ /1) iq P (> i3)

(Z212)

by defining
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| A U_-ll«)
Lyslg= Lyg/ Ly pu
We also define
5)
35, = e, = L2
\/BEq € Lpip mu
. ' (,7-"(0)
V3 Eg=eq =104y m
We can show that
) / LQ"H)
B+ x4 Id_« =Bq+ x, 1y
/ N
: Q_,-Ig)
and Eg+ Xq Iq = By + xq’Iq C

From the Q circuit voltage eqn. rq iQ + ;d,\Q /dt = 0

and by using (2:% ) with (2.19 ) we get

1 o f . i !
Too Ba = "Bq = (xq = X)) I, (219)

where for uniformity, we adopt the notation

/ #
g0 = Tqo = Lo /Tq (2.29)

Similarly, from the field voltage equation

e 2

we get
B =L (g - B) @

%d0
To complete the description of the system, the
electrical torque is obtained from T, = /\d i -A qi'd
which is used in two more earlier eqng. to ge%

)

{ ‘ - I- '
Te = Ed Ig+ Bq Iq (lq .'Ld) g Iq (2,2,2)

The remaining system‘ equations are given by
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T 6= T D (BT, 4 By I (g L;)Idlq]
é: ol | LQQB)

By combining the Figs, (52 & ) the complete block

diagram for the model is obtained, Again saturation
can be accounted by taking

I [} -

E = Eq - (Xd“xd) Id + f"‘A (2)

where QA is a voltage increment that corresponds to
increase in field current duevto saturation, This

change can be incorporated in the block diagram,

The one axis model - negledting amortissear effects

This model is similar to the model described for the
two axis model, But there is one exception and that is
the‘absence of Q circuit, This eliminates the diffe -
rential equation for B; and eé ( which is a function
of current i,). The voltage behind transient reactance
e' has only the component e; changing by field effects
according to equations,(z241) and ( 2.24), The com -
ponent eé is completely determined from the currents

and vy - Thus the system equations are
' [ ]
Tdo Bq = Epp = B P
'

!
and B =By~ (x4 = x4) Iy pw (2.25)

The voltage EJ is obtained with 'Xd = 0 and we get

)
Ed = vy o+ x' I +rI

R
q Iq q Pu (2-26)



BLOCK DIAGRAM REPRESENTATION

Fig

10

OF THE ONE AXIS MODEL
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The torque is derived from '1‘ ’/\d q” /\ 1 (2 7-7)
In the absence of the Q - circuit /\q = Iy i

' / . Lq_.lg)
. Tezsqxq-(qu-Iﬁ)Iqu,pu -

Thus the remaining system equations are

. i | ! Vo Q_.ZQ)
Tybm Tt Do (B G (Lgly) TaTgd ™ ©

and S =w-1 PU ‘C_QASO)

The block diagram representation is shown in the
Fig, [,

Infinite bus model

Ol

From the equation ’do q EFD - B we note that

the voltage E which corresponds to the d-axis field flux
linkage changes at a rate that depends upon "do' This
time constant is of the order of several seconds.The
voltage Epp depeﬁds on the excitation system charac -
teristics, If the EFD does not change very fast and if
the disturbance causing the transient is short, i.n
some cases the assumption that the voltage (Eq' or e:l)
remains constant during the transient can be justified.
Under this assumption the voltage'behind transient
reactance E'or e' has a g~axis component Eq' or eé which
is always constant, The system equation to be solved

is given below -

\ {
= - - (2.31)
T, E:q Iq (1q ld) I4 Iq pu
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Allis Chalmers Regulex regulator
General Rlectric Amplidyre regulator
Al temex

" Altemex - thyristor

Westinghouse Mag -A - stat regulator
Brushless (1967 on)
TRA regulator,

The Fig, [81. shows the significant transfer
functions which should be included for satisfactofy
representation in computer studies. Many other system
.typefs may be represented if it is assumed that the exci -
tat_ion system ceiling voltage is indepéndent of the
Gererator terminal conditions, VT is the terminal vo} -
tage applied to the regulator input, The first transfer
function is a simple time constant TR representating regulator
input filtering, For most systems, Tz is very small and may
be considered to be zero, The first summing point compares
the regulator‘ reference to the output of the input filter
to determine the wvoltage error input to the regulator ampli-
fier, Most computer prcgrams do not require an input of
VREF but rather internally calculate the proper value by
éssuming VT at t = 0 at the proper value, The second
summing point combines voltage error with the excitation
damping error signal, The main regulator transfer function

consists of gain KA and é time constant TA. Following
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With the network constraints (to determine the currents)
and the condition that Eé is constant, The next step-

in simplifying the mathematical model of the machipe

ig to assume that E; and E'are approximately equal in
magnitude and that these angles with respect to refererce
voltage are approximately equal (or differ by a small
angle that is constant), Under these assumptions’Etis
cohsidered constant, This is the constant voltage behind
transient reactance representation used in the classical

model of the synchronous machine,

2.4 EXCITATION SYSTEM MODE1lS

The program allows following excitation system

represantations,

In the development of the excitation system bl ock
diegrams, it has been necessary to establish a per unit
voltage base, One per unit generator voltage is defined as
rated voltage. One p.u. exciter output voltage is that voltage
required to produce rated generator voltage on the generator

air gap line,

Type 1- Continuously acting Regulator and Bxciter

The type 1 excitation system is representative of the
majority of modermsystems now in service and presently being
supplied, This includes most continuously acting systems with

rotating exciters such as
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this the maximum and minimum limits of the regulator

are imposed so that large input error signal canaot

produce a regulator output which exceeds practical 1im ts,
The next summing point subtracts a signal which represents
the saturation function S, = £ (E.FD) of the exciter,

That is the exciter output voltage (or generator field
voltage EFD) is multiplied by a non-iinear saturation
function and subtracted from the regulator output signal,
The resultant is applied to the exciter transfer function
1/ (Kg + STg). When a self-excited shunt field is used,

Ky represents the setting of the shunt field rheostat and
provides a positive feed back of exciter output, To esta -
blish initial conditions, Ky is often chosen that it is
equal to the saturation function at the initial value of
EE‘D‘ At this value, the shunt field exactly compensates for
exciter saturation and no regulator output is recj,xired to
8stablish the initial value of EFD' For those systems with
a seperately excited exciter, regulator output is required
to establish inmitial value of EE‘D' The following expression

must be satisfied during s.s. condition,
Vg = (Kg + S3) Zpp = 0, (z-32)
EF'D;xin $5%p<Bp (2.33) |

The sign of 'Ki:: is negative for a self - excited shunt field,

At ceiling, or Egp = E?Dmax |

Vg = (Kg+sz ) =0 (234
R E* S . EFDmax )
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KE is always specified as input data or program logic,

to permit automatic calculation, If any two of the follo-

wing three constants vaax’ SEmax’ and EFD max e known
" then the third comstant is also calculated. The minimum

value of EFD is zero and cannot be negative,

Saturation function.

The exciter saturation function Sg is defined as a
multiplier of exciter output EFD to represent the increase
in exciter excitation requirements becayse of saturation,
The Fig. JEY illustrates the calculation of a
particular‘value of Sge At a given exciter voltage, the
quantities A and B are defined as the exciter excitation to
produce the outpqt voltage on the constant resistance load
saturation curve and air gap line, respectively,

S,z ——

AB (2-35)
E= A '

ii JEEE TypelS Excitation System - Controlled rectifier
systems with Terminal potential supply only

The excitation source is the tefminal voltage with
controlled rectifigrsonly, If thé ceiling voltage is propor-
tional tq the gen . terminai voltage than this kind of sys -
tem responds quickly, Here ‘VRmax = KP VT . In general, the
constants of this type of system are such that KE= 1, Tk= 0,
and S, = O, | |
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iil.1@EE type 2-Rotating rectifier system exc sys

In this kind of system the major damping loop input
is fromhthe regulator output. An example is Fhe Westinghouse
brushless'system. The transfer function has one additional
time constant to compensate for the exciter which is not

inciuded within the loop, Other characteristics are similar

~ to type 1.

iv,

IEEE Type 3 statis. with terminal potential and current
sumlies

Here geri teormi nal .current is used with potential és the
excitation source. An example of such a system is the General
Blectric SCPT, The type 3 system has been déveloped to repre-
sent this particular static system, The regulator transfer
functions are similar to type 1, up to and including the

regul ator output limiter (VRmax -V The following

Rmin) ¢
sumning point combines the regulator output with the signal -
representing the self excitation from the gererator terminals.,
KP is the coeff of shunt excitation supply proportional to
terminal voltage, Similarly K; 18 the coeff of the supply
obtained from the terminal current transformers, The
multiplier (MULT) accounts for the variation of self -excita-
tion with change in the angular relation of field current

FD THEV* 1°€ - VB pax
excitation system output to zero when A > 1 i.2. when field

I and self excitation voltage V

sets the

current exceeds the excitation output current.
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v. LEBE Type 4~ Non continuousgly acting

The systems described above are represenfatives
of modern high-gain, fast acting excitation sources. The
type 4 system is used to represent other s;stems, in
particular those that were used immediately before the
development of the continuously acting excitation systems,
Examples are

Genéral Blectric GFA4 regulator

Westing house BJ 30 regulator

Exciter representation is s%milar with the ex¢eption that
theré is no major damping loop, Depending upon the magnitude
of voltage error AVT, different regulator modes are specified.
If voltage error is larger than the fast raise/lower contact
setting Kv (typically five percent), Vemax °F vﬁmin is applied
to the exciter depending upon the sign of the voltage error,
For a voltage error less than Ky, the exciter input equals
the rheostat setting Veye The rheostat setting is adjusted
~up or down depending upon the sign of the volfage error, The
time constant representing the slow adjustment of exciter

field voltage is TRH'

2.5 TURBINE AND GOVERNER MODELS

The program allows for the following turbine gbvernor
models,

(1) Steam turbines

All compound steam turbine utilize governor controlled

valves at the inlet.to the high pressure (or very high

pressure) turbine to control steam flow, The steam
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FIG. 1 2.
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chest and inlet pipﬁ.ng to the first turbine cylinder
and reheaters and éross over piping down stream all
introduce delays between valve movement and change in
steam flow, The principal objective in modelling the
steam system for stability studies is to accommt for
these delays. Flows into and out of any steam vessel
are related by a simple time constant, Pressure changes
at the entrance to the governor controlled valves may
also be important in some stability studies. Boiler
controls are designed to regulate valye pressure,
‘but the controlled boiler response is not fast enough
to compensate for pressure variations due to the

movement of the governor-controlled valves.

Between the governor controlled valves and the high
pressure turbine is a steam bowl or chest, This
introduces a time délay between changes in a valye

steam flow and steam flow in the high pressure turbine.
let TCH be this time constant, The block diagram shows

a method of accounting for boiler tube drop. The presSure
PS‘G is an internal boiler .pressure assumed:constent over the
s‘Eudy 1htema1 and P’I‘ is the variable pressure at the
entrance to the governbr controlled valves, The
parameter KPD is a pipe-drop coefficient, The flow

into the steam chest is

V= Py (Pg, = Kpp B cv?) | (2-36)

where appropriate per unit variables are assumed.
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The effect of boiler tube drop can be approximated by
reducing the effective gain of the governer controlled
valves to the fraction F, If boiler tube drop is ignored,
F ig unity, Bxtraction steam taken at vax:ious turbine
stages to heat feed water usually do not have signiﬁ.-
cance for stability studies, TC'H' Tpy and 'rco are delays
due to steam chest  and inlet piping, reheaters and cross
over piping respectively., The fraction FVHP' FHP’ FIP and
FLP represent portions of the total turbine power developed
in the vai‘iéus cylinders.

Hydraulic Turbine

The transient characteristics of hydro turbines are
determined by the dynamics .of water flow in the penstock.
The most precise models of water pressure é.nd flow in
the penstock are those which treat the travelling wave
phenomena though the travelling wave medels are not nece -
ssary for stability studies. The time constant .% .is called
the water starting time or water time constant, |

(11) Mechanical hydraulic governing unit

The mech-hydro speed - governing system for a
hydro-turbine consists of a speed governer, é pilot valwe
and servometer, a distributor value and gate servometer
and governer controlled gates which are functionally
related, The speed governing requirements for hydi’oturbines
are 'atrongly influenced by the effects of water inertia
and the dashpot feedback i_s required to achieve stable
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performance, The droop feedback reduces the likelihood rate
limiting in stability analysig, Position limit exist corres-
ponding to the extremes of gate opening.

(114) Blectric Hydro Unit

Modern speed governing systems for Hydro turbines may
involve electrical apparatus to perform the low-power func-
tions associated with spee_d sensing and dreepcompensation,
This apparatus provides greaterj flexibility and improved
performance in both dead band and dead time, For inter -
connected system operation, the dynamic performance of the
electric governer is 'neces_sari.ly adjustéd to be essentially

the same as that for mechanical governer so that a seperate

model is not needed.

2,6 RELAY REPRESENTATION

The three relay types considered in the program has
been discussed in great detail below:

(1) Distance Relays

The impedance type distance relay has been considered
here, Here the torque produced by a current element is balanced
against the torque of a voltagé element, The current element
produwes positive torgque while the voltage element produces
negative torque, The opérating characteristic in terms of
voltage and current is shown in Fig, ['5)
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Hence from-this diagram we see that the relay operates
only when the value of Z(line impedance) is less than

the constant value of Z, By adjustment the slope of thel
operating characteristic is changed, so that the relay
will respondlto all valuéﬁ of impedance less than any
desired upper limit, The operating characteristic of

the impedance relay on the R-X arl's neglecting the control
spring effect is shown in fig,[!6] |

The circle is defined by its radius (2) and center
(in fhe above case 0,0), The value to which the relay is
set is taken as an input data. The user also specifies as
part of input the total line tripping time (relay phas
breaker time) and the dead time between the tripping point
and the time when iine reclosing is done, Single- shot reclr%
sure is allowed, It is a practice to adjust the first zone -
of distance relay to reach 80 percent to 90 percent of the
length of a two- ended line or to 80 percent to 90 percent
of the distance to the nearest terminal of a multi terminal
line, There is no time'delay adjustment for this type of
unit, The brincipal purpose of the second zone unit of a
distance relay is to provide protection for the rest of the
line beyond the reach of the first zone unit, It should be
adjusted so that it will be able to operate even for arcing
faults at the end of the line, To do this the unit must reach
beyond the end of the line. Even if arcing is not to be
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considered, the wmderreaching tendency has to be taken into
account, It is customary to have the second zome unit reach’
to at least 20 percent of an adjoining l1ine section, The
maximum value of the second zone reach also has a limit,
The third zone unit provides back-up protection for faults
in adjoining linc sections. The third zone time delay is
O.4 to 1.0 sec, Its reach should extend beyond the end of the
longest adjoining line section,

Under voltage rel ay

~

A voltage relay is one in which the actuating source

" is voltage of the circuit obtained either directly or from

a voltage transformer. It is derived from the single quantity
electromagnetic attraction type or induction type, In this
kind of relay it closes the contacts when the actuating quan-
tity (voltage) decreases below the reset magnitude for which
the relay is operated, This relay does not have a wide range
of ad,justment because they are expected to operate within a
limited range from the normal magnitude of the voltege,

Loss of excitation relay

Some systems camot tolerate the continued operation
of a generator without excitation, In fact if the generator is
not disconnected immediately when it loses excitation wide -
Spread' instability may very quickly develop and a major system
shut down may occur, When a gererator loses excitation it

draws reactive power amount to as much as 2 to & times the
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generators rated load, Before it lost excitation, the
generator may have been delivering reactive power to the
system, Thus, this large reactive load suddenly thrown
on the system, together with the loss of generators reac-
tive power output, may cause widespread 'voltage reduction,
which in turm will cause instability, Hence when loss-
of excitation in relays occur then the generator should
be tripped and removed from the system to prevent any
extensive damage., For this loss of excitation relays are
used., Tt is a directional distance type operating from the
ac current and voltege at the main generator terminals.
The Figure ( !7 ) shows thevloss of excitation charac -
teristics and the operating characteristics_of one type

of loss of excitation relasy on an R~X diagram .

No matter what the initial conditions, when excitation
is lost, the equivalent generator.impedance traces a path
from the first quadrant into a region of the fourth quadrant
that is entered only when excitation is severely reduced or
lost, By encompassing this region within the relay charac-
teristic, the relay will operate when the generator starts
to 8lip and will trip the field breaker and diaéonnect the
generator from the system before the generator or the
gystem can be harmed. The generator may then be returned
to serviceimmediately when the cause of excitation failure

is corrected,

The tripping and reclosing times are specified as
input data for all relays.
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The equation which represents the dynamic behaviour
of power system can be conveniently divided into two

groups,

(1) Bquations describihg the dynamic behaviour of the
machines and their controllers, These consists of a

set of differential equations which may take the form.

; a g (Y:Z) ‘ (3.1)

(ii) Equations describing the}steady state behaviour of
the network and generator armature circuits, These
consists of algebraic equations which may take the
form, |

h(Yv Z) = 0 (302)

Vériables y are defined as the system state variables,
Variables z are referred to as auxiliary variables and are
associated with the network, Cenerator speed and angular
position are examples of state variables, whereas generator .

terminal voltages and currenfs are examples of auxiliary

variables,

The structure of the network equations (3.2) may be
‘altered in time due to network changes such as fault ini-
tialization, fault clearing, line switching etc., At such
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instants discontinuities occur in the auxiliary variables

but not in the state variables,

Two fundamental approaches to the problem have been

adopted;

(a) Using a low-flow technique to solve the network equa -
tions and to evaluate the nodal voltages which in
turn are used in solving the network dynamic equations,
(b) Solving the network dynamic equations simultaneously

and in conjunction with the network algebraic equations,

The former method is faster But it is less accurate
especially if network islanding is to be considered because
the load flow algorithm is not independent of the network
reference node, The later method is numerically more stable,
robust and inherently capable of handling islanding, In
the first method the differential equations are numerically
integrafed explicitly with the algebraic equations solved
as a sub‘problem. A typical algorithm of this type is the
Runge -Kutta Integration technique., In the second method an
implicit technique is adopted in.which the differential and
algebralc equations are considered together rather than
successively, To facilitate this, the differential equations
must be transfermed into algebraic equations and appended

to the existing set of algebraic equations,
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32 NETWORK AND ARMATURE EQUATIONS

The solution of the network and armature equations
forms a major step in the overall solution procedure.The
state variables used in the'sélution comprise of the
internal voltages Ea and By and rotor position @ for each
generator, The auxiliary variables which are calculated are
the complex voltages and currents at generator terminals,
The transmission system can be represented by the matrix
of driving point and transfer admittance seen from the
terminals of the generators. This matrix includes the system

loads which are represented as constant impedances, The

network can be described by the equation,

[I]=[YTT][V] (3.3)
where f and'§ are based upon the synchronous reference

frame,

For each synchronous generator there are two sealar

equations describing the armature circuits.,

Vd_‘ i s(ﬂ [ R -x'(]

(3.4)
In equation (3.4) the voltages and currents are based
upon the individual d,q reference frames of each generator, In
order to obtain a combined soclution of equations (3.3) andA |

(3.4) all the equations must first be transformed to a



common reference frame,

let,

S SNNEF A ' (3.5)
then

g+l =Te? o (3.6)

where ¢ is the angle betwpen the genérator d axis and the
synchronous reference frame, Similar expressions also exist
for V and E . If transient saliency is neglected (}(;l = X:l )
then the simultaneous solution of equations (3.3) and (3.4)
is quite simple., In this case the two scalar equations in
(3.4) can be combined into a single coﬁplex equation,

(Vgr 3Vg) = (B + 323) =(Ry + KY) (Igr 3T (3.7)

Equation (3.7) transforms td the synchronous reference to
become,

VeE- (Rg+axy)T (3.8)
Equations (3.3) and (3.8) can be solved by adding the
generator transient impedances R+ JXj at the network
terminals, The terminal voltages V and currents I are
calculated from knowing the voltages & =(Ea + JE;)eJe

behind the transient impedances,

3.8 EFFECT OF SAITWNCY

On the other hand, if transient saliency is not
neglected the simultaneous solution of equations (3.3)
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and (3.4) is considerably more difficult, In this case

when (3.4) is transformed to the synchronous reference

framewe obtain - o Aar 7
. e
\ -ead . - I
Vreal Ereal cos @ sin © Ra | xq cos © s8in © real
- -
Vimag E} ine cos 0/{x% R -s'ino cos O|(I .
. imag LS n d aJ B 1 1m38_1
(3.9)
. Two difficulties arise in the solution of equation
(3.9).

(1) It cannot be combined into a single complex equation

with the form of (3.7).

(1) The coefficients of I . and I, . are functions of

ag
€ and are therefore time varying,

It is possible to combine equations (3.3) and (3.

Q)

to obtain a set of 2N (N= no, of generators) real equations

which can be solved directly. However, because the coeffi-

cients are varying, the matrix must be refactored or
‘reinverted for every integration time step and this is

time consuming,

very

One effectiVe method for overcoming these difficulties,

requires iterations at each integration time step but uses

a matrix which is constant as long as a certain network conmr

'figuration exists, This method is based upon representing
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the generator by a fictitions slack voltage behind a
fictitions admittance as shown in Fig. ( ). The
generator fictitions admittance is defined by ,

R R
crict _ _Rq Jr (Xg+Xy)

/

- (3.10)
\ \
Ra + Xd Xq

and the generator fictitious slack voltage is calculated

R 13-
o _ q  “*d o -
glict _ @, , (B - V”")e"29
1 \ \
Ry,-3 7% (Xd + Xq)
(3.11)
Bquation (3.11) is derived by considering that the current

~fict =fict

produced by E behind Y should be identical to that

obtained by solving equation (3.4) for given Ey and E:l.

When the fictitious generator admittances are added
to the network, the combined equations for the network and

generator armature circuits 6f'the‘ form,

T Yoo v
= | ‘ =fict
I YGT YCG & (3.22)
Eliminating V with Krons reduction we obtain,
T S -3 T 3 =fict
(1) = [ Yoo~ Yor Ypp Yoo ) [ 3 ] (3.13)

The simulteneous solu tion of equation (3.11) and
(3.13) is obtained by iterating the voltage V. The exact

details of the iterative procedure are described below.The
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convergence of the procedure is very reliable and usually

requires two or three iterations.

(1) Set initial estimate of V to the terminal voltages |
obtained in the previous time step. .

(11) Transform generator internal voltages to the synch -

ronous reference frame. For each generator calculate.

- <) ) \ 'jg
E=(md+JEq)e_ and €
(111) Calculate the fictitious internal voltage BFLCt gor
each generator using equation (3,11),

(iv) Calculate the generator currents using equation (3.13).

(v) Calculate new estimates of the terminal voltages from,

7 - Blict_ 7, 'Y'fict , (3.14)
(vi) Check for convergence, For each generator calculate,

= _T o908
Ig= J Iq =1 e
and
=- - 50 (R § -
Vd+ ;qu Ve ifVv =& ded RaI

q q q

Y A - o
and Vg = 83 + Xy I, "RI4  (3.15)
If the solution has not converged return to step (iii).

3,54 CAICULATION OF GENZRATCR INITIA] CONDITIONS

The algorithm for calculating the generator initial

conditions is described below,
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(1) Set initial estimate of the saturation factor k = 1.

(ii) Calculate saturate reactances X4 and Xq. |

(1ii) Calculate the angle of rotor with respect to the
synchrbnous reference, ,

(iv) Calculate the d and q axis ccmponents of generator
current and transform them onto the generator reference,

(v) Calculate the generator transient voltages and the field

voltages from
o ai I -(y - %'  3.*&) :
By Mag ( Eqd) (Xq Xd) I4 G

where - -
=V (Ra + jxq) I

(!
Q
o

'

: /

t=
H
"

[ ! :
(Bq + (X4~ X4) Ig) /k | (3.11)
(vi) Calculate the air gap voltages from the following

equations

Baq = Bq - (Xg = Xg) Ig . 3 |
B = By + (g~ Xp) I e Raa e (3e)
(vii) Calculate a new estimate of the saturation factor k as
a function of the air gap voltage.
(Vii) If the saturation factor has converged continue to the
next stsp, otherwise return to step (ii).
(ix) Calculate the initial mechanical power as the sum of the
generator output and armature loss.

The algorithm to calculate the time derivatives of the

state variables is described below:



(1)

(i1)

(1ii)

(iv)

(v)

(vi)

47

Define integrator inputs (generator state variables),
Wy S; Eé, and Eé in terms of the integrator outputs,
Calculate d and q axis components of the generator
current, '

Calculate generator electrical output and ]losses.

Pe Vread Tread * Vinag 15 nag
2
p. = (I 2
17 Yreal + 19,,.) Ry . (3-19)
Calculate saturate reactances Xd, Xq and time
constants Tﬁo and qu
Xy = k X% 4+ (1-x) X
g =%*% ¢ 2
o ) (3.20)
Xq =k Xg + (3-k) X3
! ! , o ! 0
40" Tgo [1-(1-k) (Xd - X-d)/ (Xd-xl)J

!

0/ / : .
o Tgo LK) (K~ X/ (Xqm X)) (3.21)

Calculate the air gap véltagé and the saturation
factor k.,

Calculate the time derivatives of the generator

state variables and store them as integrator inputs.
e / /. / .
= .- B~ - 3.22
By = (k 3p = B (Xg = X4/ Ty (3.22)
! L ' '
39 = (-34 + (Xq - Xq) Iq)/ T30 (3.23)

(:) = (Pm -pe-pl- QQ)/ZH, 6 = anow ('3‘2‘-{)



3,4 ~NETWORK RSZDUCTION

The reduction of the Y matrix is done by matrix
operation if we recall that all the nodes have zero injection
current except for the internal generator 'modes, This property

is used to obtain the network reduction as shown below,

L]

let .i::?v

where - I
T
0

Now the matrices Y and V are partitioned accordingly to get

In Ynn YI‘L‘I" Vn

0 Yrj Yrr r (3.25)
Here the subs:ript n is used to denote generator nodes

and the subscript r is used for the remaining nodes, Expanding

the above matrix equatiod we get

I =Y Vat Yor Vi
0 =Y., V,+ Yop Vyo _ (3.26)

'from this Vr is eliminated to find

- - -1 R 27
Ip= (Ym Yor Yrr an) Va (3 )

‘ - =1
The matrix (Ynn Yor Yoo Y.p) is the desired reduced
Y matrix., It has dimension (nxn) where n is the number of
generators, The above method can be used only when the load
impedances are treated as constant otherwise the identity of

the load buses must be retained,
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3.8

SIMULATION STEPS

The simulation steps of the program are enumerated

below, They will be described in more detail along with the’

subroutines in the next chapter, '

(L)
(11)
(111)
(1v)
(v)

(vi)
(vii)

Read Input values of various paraﬁeter.

Perform liri:‘structure to store network topology.
Perform load fiow using Gauss Seidel method,
Bliminate the 1oad~buses.

Calculate the initial conditions of the state
variablés. _

Read System disturbance condition,

Solve the network and armature equations.

(viii)Calculate the state variable derivatives.

(ix)
(x)

Activate the relay protection scheme if required.
Calculate the state variables for next increment in
time, Check the time elapsed, If time elapsed is less
than the simulation time go backﬁ to (vii) otherwise
check the new network condition by going back to (vi)

and stop,
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There is a main program which calls number of
subroutines and this on the whole completes the simul-
tion of the power system problem considered, The various

subroutines are being described one by one below,

(1) Initislization

The variables and the arrays are initialized in
the mein program, This is done before the input data is
reéd. Some of the variables like NFAUIT, NSTEP, NPRINT
and NP10OT are all set to a O value, A control file name
is reed, This file consists of the data files of bus,
lipe, transformer, machine,relay and system condition,
The different unit MmEDers of these data files are also
‘read through the control file. Some of the arrays are |
given below,

SAVE (I,J) - value of integrator input for previous

integration time step,

P1UG (I,J) - value of integrator input (state variable
derivatives)

where I = no, of generating unit and
J = no, of integrators,

The variables to be printed are stored in PRIVAR (I,J)

where I = no, of gererator and J = no. of printout variable, -

AVR PRM (I,J) and TUR PRM (I,J) are the integrator
input for excitation system models and turbine governor models -

respectively. Where I = no of generatinz units and J = no of

integrators,
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SAVE (3,J), PLUG (I,J), PRT VAR (I,J), AVR PRM (I,J)
and TR PRM (I,J) are all set to O value,

(11) Read input data

After the initialization of the vaz:iables and Arrays
input subroutines are cai]ed by the main program, The'input
subroutines are used to read the values of the bus data pare
meters, line data perameters, transformer data parameters
‘reactor/capacitor data parameters, machine data parameters,
excitation system and turbine governor‘model parameters,

The three input .subrouti nes of this program are described

below,

(a) IFINRE - This is the first input subroutine called

by the main program, It reads bus data, line data, trans -
former data and reactor/capacitor data variables, All these
input data for the above variables are stored in a datafile
specified by the control file, The unit of this data file
is identified by INDLF, The system base MVA is taken to be
100 MVA,

The bus data parameters read are Bus type, bus base
kv, bus voltage magnitude, bus voltage angle, bus m{ generea
tion, bus MVAR generation, bus Mw load; bus MVAR load, bus
voltage desired, bus MVAR gereration lower iimit, bus MVAR
gereration upper limit and bus name. The bus data card is

represented by an integér value of 20,
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The line data parameters read are line resistance,
line reactance, line admittance charging, line type, line
to transformer data pointer, line ratings, line voltages
and line status, The line data card is fepresented by an
integer value of 40, If line to transformer data pointer
is 1, then the‘fransformer data parameters are to be read

otherwise if it is O then the transformer data is ignored,

The transformer data parameters read are transfor -
mer resistance, transformer reactance, transformer type,
transformer to phase shifter data pointer, transformer to
line data pointer, transformer ratio, transformer minipum
ratio, transfbrmer tap stéps, transformer controlled bus
upper limit of voltage, transformer controlled bus lower
.1imit of voltage., The transformer data card is represented
by an integer value of 60, If transformer type is set to an
integer value 4, then a variable INPS is set to 1., In this
case only,the phase shifter data parameters are read

otherwise they are‘ignored.

The phase shifter parameters to be read are phase
shifter angle, phase shifter angle‘steps, phasé shifter (FW)
meximum, phase shifter (M¥) minimum,phase shifter angle
meximum, phase shifter angle mimimum, The data card mmber

is 80, Thereafter the reactor/capacitor data parameters are

read.,
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The three types of buses considered here are (i) Gen
bus or voltage conmtrolled bus (ii) load bus and (1ii) swihg'
bus or Slack bus, The four types of lines considered here are
(1) Normal line (ii) Tie line (11i) Transformers (iv) Phase
shifters, The integer variables BBTYPE and LTYPE take )
different values for modelling or considering one of the

above types,

MCSIND  This is the second input subroutine, It reads

the machine data parametdrs, excitation system model and
turbine governor model parameters, All these parameters are
read from a data file specified by the control file., The unit
of this data file is identified by a variable INDMC, Total
number of generators (NGEN),totél simul ation time (TIME)

and integration time steps (ISTEPS) are read by this sub -
routine from the data file,

The generator parameters to be read .&re-geperator model,
number of generator bus, genera‘tor type, Inertia constant,
Resistance, Reaci:ance, d and q axis reactance and transient
reactance, damping constant, open circuit time constant in
the d and q axis, machine rating, IVR and ITUR., IVR takes
integer values from O to 6 and ITUR takes values between
0 to 4. Bach value of IVR and ITUR has its own significance

They decide the various excitation and turbine governor models.

In the case of generator there are common set of
variables for every generator model, This is not the case with

the excitation systems and turbine governor systeams.
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PROIND - This is the third and last input subroutine

called by the main program. The relay parameters are read
from the third data file specified by the control file,

The unit of this data file is identified by the variable
INDPR., Three‘ types of relay has been considered here,

They are impedance relay, loss of excitation relay and
under voltage relay. Depending on the characteristics of

the relays various parameters are read. The relay parameters
are to be read if and only if an integer IPROT given in

‘the control file 1is equal to zero, otherwise the relay

protection scheme is not taken into consideration,

(111) Calculations

A1l those subroutines which do various calculations

are being described here one by one as follows =

1FINS - This subroutipe is called to convert the recently
read bus MW and MVAR generation, bus MW and MVAR load to
base MVA. The line admittances, base admittances of trans-
formers and cap/reactor susceptances are calculated from

the input values,

LINK - The next subroutine to be called. is link, It

prepares a link structure of the lines of the power system
example considered. This is done with the help of the input
variables IFROM (l1ine from) and ITO (1ine to). The network

topology obtained is stored in the various arrays defined
in the program,
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Now the question that arises is whether the load
flow solution is to be carried out or not. If yes, then

whether the initial load flow solution is to be read or not.

1CoNe - This 1is the next subroutine called, Here the self
impedance of buses are calculated and line admittances are
modified to take into account of tap settings of transfor-
mers, This subroutine models the transformers and phase |
shifters, determines the diagonal elements of the Y-matrix
and stores the admittance contributions to the diagonal
elements 6f the Y-matrix due to transformers and phase

shifters, which change with the transformer ratio and angle.
These are stored in the array TCHTAP. ‘

Now for each and every bus the net active and reactive
power is calculated and then the load flow is solution is
performed using the Gauss- Seidel method.

SOLVE2 4 - This subroutine does the load flow solution using
the Gauss seidel method., It solves the load flow solution of
a specified block of network, The network topology must be
available in the arrays Bl1IST,NEXT and IFAR. The solution
is found iterating through all buses untill the biggest bus
voltage difference between two successive iterations is less
than a specified tolerance, The solution is ‘'said to be
diverging if the maximum bus voltage difference,befween two

successive iterations increases for subsequent iterations.
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The solution is returned 4if it diverging with FLAG=2,

A voltage kickoff flag KICKFG has been defined, If it

is 0, then all the bus voltages are within the voltage
kick off limits., If it is 1, then one of "the bus voltage
has crossed the upper voltage kickoff limit, If it is 2,
then one of the bus voltage has crossed the lower voltage
kick off limit, FIAG is the variable which defines ¢

the status of the solution, If it is O then the solution -
converges, 1 if the full maximum iterations has been
carried out and 2 if the solution is diverging, If the
solution has nbt converged then one more try for load flow

solution can be made,

TAPCHG - This is the next subroutine to be called by
the main program, The taps of the transformers and phase
shifters are adjusted by this subroutine, An integer
variable IF1AG indicates what to con:irol, If it is 0,

then the MW and MVAR control is made and if 1 thén voltage
control is made, There is also a variable ITAPSW which

indicates whether a change was made or not.

JCON22 - ICON 22 is the next subroutine called, Here the
lihe admittances and the self admi ttances of the buses are
modified depending on the changes in the tap positions and
the angles of the transfbrmerq/phase shifters made by the
previous subroutine, After making these alterations the
load flow solution is again repeated,
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QUTLF prints the load flow results in the output file

specified by the control file, The unit of this output file

is identified by the variable 10U, This subroutine calls a
subroutine LINEIW, This in turn calls LINFIW. These two
subroutines are used to calculate the total active generation,,
total reactive generation, total active and reactive mis -
matches. These values are also printed into the specified

output file. ,

Thereafter the generator terminal voltage and current
are calculated and the loads are converted to shunt admi -

ttance.

(iv) Reduction of Y matrix -

Now Qhether the Y matrix reduction should be carried
out or not is decided. If the answer is yes the following
subroutine is called by the main program.

MATRED | .

This subroutine adds each internal generator bus to
the network admi ttance matrix and then reduces the new
matrix by eliminating the corresponding generator terminal
bus, For each generator the following steps are applied to
a matrix which is initialized as the eauivalent admittance
matrix for the terminal buses. _ V
f1) The row énd column of the generator in concern is

moved to the outside of the matrix.

(1i) The generator interﬁal bus is added to the matrix in

the'position of the recently vacated row and column.
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(111) The terminal bus row and column is eliminated
from the matrix using krons reduction formula,
This is done in the subroutine YELIH. Firially‘ all
the nodes except for the internal ggnefator nodes
are eliminated, Thus the Y matrix for the reduced
network is obtained. This reduction of the network
admi ttance matrix helps in reducing the execution
time of the program considerably, The size of the
reduc‘ed‘natrix is checked by comparing it with the
maiimum size specified, If it exceeds the specified
value then an error signal gets printed, This
reduced Y matrix is printed into & file specified
by (unit = NRDE).

(v) Modelling Subroutines

These subroutines are called to calculate imitial
conditions of the system. They solve the dynamic equations |
of the gererators and their controllers, The development
of these subroutines are based upon the an;alog computer
approach, The two main function of the subroutines are.

(1) They calculate the initial conditions of the machines

| and the controller state variables and the initial
controller set points,

(s;i) They calculate the time derivatives of the machine
and controller state variables at each integration

time step.
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These subroutines are classed according to whether

they model a generator, excitation system or turbine -

governor model,

GSMDIN = ‘This subroutine develops mode'ls for gererator,
exciter, and turbine - governor, This calls three sub -
routines, One for generator modelling, the second for exciter

modélling and the third for governor - turbine modelling.

GEN MOD - This is the subroutine called by the previous
subroutine, This in turn calls a subroutine GEN 1. This
subroutine is derived from the analog model of the various
types of generators. The generator modelling subroutine gets
somewhat complicated by taking into account saturation, The
| integrators are <first defined, This is nothing but the
gererator terminal voltage and current in terms of the
synchfonbus reference frame, From this the integrator inputs
| are calculated. That is the initial conditions of the gene' -
rator state variables like o, ,Sé Kq and B; as well as the
indtial field voltage and the initial mechanical :l.ni)ut
powervare calculated. The algorithm for calculating the
generator initial conditions has been described in the
.previous section (3,0), During the step by step simulation
the function of the generator subroutine is to calculate
the time derivatives of the gererator state variables. The
algorithm for this is described in great detail in the
section (3.0).
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The excitation system subroutines are AVR1, AVR2 ,

AVR3, AVR4 and AVRD. These subroutines are derived from
the analog model of the different excitation systems, The
turbine governor subroutines are TURL, TUR2 and TUR3
These subroutines are also derived from the analog models
of the various turbine governor systems. In the excitation
system subroutines first the integrator outputs are defined
and then the intermediate variables are calculated, In this
process the integrator inputs are calculated, A check is
carried out on the initial conditions calculated for every
excifation system model., It is done to see whether the
initial conditions are within specified limits or not, If
not then ah error signal gets printed into the output file,
The same fhing is dore in the case of turbine governor,

subroutines,

(vi) Read System Condition

The system conditions are read from an input file
specified by the control file, SYSCON be the integer variable
which indicates the system conditions, If SYSCON is O, then
a three phase bus fault is simulated, 1 then a three phase
line fault is simulated, 2 if line has been kept open, 3
for simulation of load change, 4 then loss of excitation is
simulated, 5 for three phase bus fault cleared and 6 for

the loss of generation.
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The various values of the SYSCON input data is
read from the input data file with (unit = INSYC). In
the case of three phase fault the bus at which the fault

has occurdd is read, Similarly for the three phase line
fault the line number, distance from the sending bus is

read, For the simwlation of loss of excitation generator
number on which field fault has occured and the type of
field fault whether open circuited or short circuited is
read, When there is a change in the load then the bus number
at which the load is changed and the new values of active
power and reactive power of the load is read, Thereafter

the load is converted to shunt admittance, After reading

the system condition and obtaining the new reduced admi-
ttance matrix for the given_system condition the network

and armature algebraic equations are solved, Thereafter

the following subroutines are called by the main program,

MATRIX - This subroutine calculates the.equivalent Y

matrix for internal generator buses, It augments—the Y
matrix with internal generator buses and eliminates the

‘terminal buses.,

NWSOI - The next subroutine after MATRIX, NWSOL is
called in the main program, This subroutine solves the
network and armatue equations, The solution procedure

has been described in the section (3.C).
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Then the modelling subroutines are called to cal-
culate the state variable derivatives at each integra?
tion time step, If the variable IPROT is not equal to
zero then the relay protection schemes are called to

Ldentify the faulted portion of the system b& the subrou-
tine REILAY, till the fault is cleared. This protects the

system from any damage,

The variables to be printed are stored in the
array PRTVAR(I,J), where I = no. of generating units
and J = no, of printout variables, The variables to be
prihted can be stated by inserting statements which spe -
cifies the elements of PRIVAR(I,J) in the machine and

controller subroutines.

The INT subroutine is then called in the main
program to calculate the state variables for next incre -
ment in time, Cnce the total simulation time has elapsed
the new network condition is checked and the program

execution comes to an end.

OUTPUT - This subroutine gives printouts of the variables
calculated during the simulation, |



CHAPTER -5

DESCRIPTION OF THE SYSTEM
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The NORTHERN REGIONAL power system example taken for
study comprises of 93 total buses. Out of which there are
63 load buses and 29 generator buses., The system base MVA
is 100, The input data sheets has been provided in this
section for bus, line, machine, excitation éystem models,
transformer:, capacitors and reactors and turbine governor
models, Different types of system conditions Bavebeen
considered in this system. The system performance for
these conditions can be observed one by one. This has been

discussed in the next section,

in this example three types of generator models have
been included. They are (i) two axis model (ii) one-axis
model and (iii) Infinite bus. A1l these have been described
in great detail in the Znd chapter. Five types of exciter
models have been considered. They are (i) IEEE Type 1
excitation system (ii) IEEE Type 1s excitation system
(11i) IREE type 2 excitation system (iv) IEEE type 3 exci-
tation system (iv) IEEE type 4 excitation system. Aleng
with these five types of exciters,three types of turbine
governor systems are modelled, They are (i) steam turbine
(i1) hydraulic turbine with mech governing unit (i11)
hydraulic turbine with electrical governing unit,
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LOAD FLOW STUPY OF NORTH-WEST PONER SYSTEM

TsafszécsénsézsposicTiczicsinaesoizadasizniacizisinsianinseas

SYSTEX DATA
SYSTEW DATA

SYSTEN BASE Woh 198,

NUMRER OF BUSES 9%
RUMEER OF LOAD BUSES 63

NUXBER OF GENERATOR BUSES 2

N0 OF TRANSFOR  MERS 1
© NUMBER GOF PHASESHIFTERS g
NUNEER OF BUSES HEYVING
CAPACTTOR/RECTOR 2
" NUNBER OF SLACY BUSES {

SLACK BUS NO AND NAME §  DEHAR 64



17 BADARPUR €
eee 2 @

18 RAPP §
288 3

16 MRDNGR 4
e

2% Butbb
w2

7t tv1228
et 2

7 BuR|
w2

23 MRG2
g 2 3

74 DHRG4Y
W2l

P )
W3

24 IN F161
gee & @

7 GNpR2
e

i¢ BpEpRW?
e e

77 HDAPRTKY
2

33 BYAPRTW2
aee 2 i
1

STEA

L
INF
RYD&
HYDR
WYDR
RYDK
HYDK
WYDE
stes

Sitd

. Sles

STES

STEA

ONE-
Td0-
T¥0-

TR~

TWe-
-
149~

™0-

183,

t32.

165,

k. 122,

. 1ae,

NRTIR

i3,

.

NRTIY

iR,

L1,

. 128,

ST

578

B3

N2

NN

XY

282

B4

208

AN

iy

RN

.88}

278

428

N1

183

A8

259

vl

278

.198

l92i

921

‘. 224

102

138

. 383

218

A2

AR

1.258

43
438

.68

810
149

.49t

8 6500 LS8
5184610 .30
890 008,000
(568 T.850 P88
568 7.658 08B
497 7,580 .0p
336 8.84 .880
33 9.9 "
818 5.000 000
950 6,040 1,508

950 4.840 1.508

A6 7,808 2,500

468 7.088 2,580

2.0
2,808

499
1,884
2,008
2.8
2,880
2,009
2.809
2,888

2,808

2,00

2,40

2,808

088 .

200
488
L

088

888 .

.Bee
889

N1

888

A8

, 388



-> BUS DATA --

- BUS DATA --
BUS  --GENERATION=== ----L 0 A D---- BUS YOLT REA GEX/BUSVOLT LIN 2:;:[ BUS
REACT  ACTIVE  REACT  DESIRED LPPEF  LOWER
I vﬁtr “:;Ivs VAR ) AR P, WAR/P. U, BUS O NANE

1Py 1 aen N 5.47 L0 LM .88 -212.88 I BHKRARI6
7P 11 183.68 .08 §.82 133 188 105,58 -105.5 2 @n KRAIL)B2
3Py i1 91.00 .08 2.43 L33 L 2.% 558 3 @n KRAIL)GS
§ Py 11 148,25 .00 .43 L3 108 s4.88 -4 pe HAR 62
3 SLACK 11 123.48 B 5 LB LR 162,58 -182.58 3 DEHAR 6%
b PV i 255.00 08 5.87 .81 1,88 158.80  -152.68 6 po N6 B
7 BV 11 63.45 .88 .81 A2 188 4500 Nl T Ga NGUWAL 6
B PV 1 85.45 .08 .81 A2 LB 450 .28 8 LOTLA 6
9 PV it 153.408 B L& B4 1,80 6.2 .8 § . QTUL S
19 PV 11 293.25 N .4 LIS 1.0 167,88 -167.00 I8 SALALG
Bt 11 93,58 .0t 8.91 L76 180 65.00 .48 11 GNDIP 61
12 o 11 8315 N 8.91 L7618 5,25 .88 12 GNP B2
13 PY It 187.98 88 17,82 9.5 LA 136,28 38 13 R.1.p.5
Py 1 164,99 MR 17,82 9.5 1.88 10008 1 14 N PTIT)6
15 P HoTs B8 1L 6,89 1.8 568 -75.68 1% FA RIDBAD 6
16 PV o329 B0 2268 1218 1ad 189,50 b2 W TP 6
17 Py i 85.0 B8 12,55 6.7 1.8%  s2.82 8 17 BADARFUR 6
18 Py 21 187,88 B0 16,20 B.6B .80 1709 .88 16 ’nPPS
19 L0AD 220 .88 .08 .08 Ade 1R 182 .18 19 @HKRA R2
28 LOAD 220 .00 .08 .83 28 1.0 1.88 78 2 gnKRA L2
21 LOAD 66 .48 A8 7938 35 gL 18 .18 - gn KRA Lb
22 L0M 228 .8 B0 28,35 1549 1.e8 i.88 18 2 PE HAR 2
23 L0AD  ee N 08 88 B8 LLe i.80 .18 3 OERAR Y
23 LOAD 228 .08 M 08 B 188 588 18 4 PONE §
25 L0RD 132 N ] e .08 NN 1.8 18 3 GANBUNAL |
26 LOAD 132 .9 8 .29 B2 1.ee 1.88 J8 b KOTLAS
27 LOAD 228 .28 28 .08 N WY L.gg 78 27 gulLs
28 LOAD 228 .8 - .88 .08 NN 1.80 J8 28 SALAL §
B L0AD 132 N B8 17008 9180 Lm 1.8% 78 29 QHATINDA ¢
38 LOAD 220 .00 .09 .88 B8 182 1.88 18 M OHATINDA 2
31 LOAD 228 A8 .08 .88 A e .83 .78 31 R.1.P, 2
32 LpAD 228 .2 .88 .08 N 1.8 .18 M PNPTIT)Z
33 LOAD & 0 I 88 B8 1.8 i.83 - .78 33 FA RIDBAD S
4 L0AD 229 .88 B0 2025 108,50 .88 N1} .76 M GALABBARK
SLOAD 33 .80 0 B PR T Y WL BT i.e .78 ¥ 2p 3
36 L0AD 220 .0 A8 BLB 4342 1.88 .18 3 I.P, 2,
37L0AD 220 0 NI | 88 1.0 1.8 .78 3 DA DARPUR §
38 L0AD 229 .00 A BB e 1 1.8 .18 38 eaAppS
39 L0AD 229 .0 .88 N1 N Y ) 1.88 .18 3% m1gs
‘A L0AD 228 .09 B0 208 w1 Lm 1.88 .18 18 TANALPUR 2



31 108D
42 L0aD
43 LOAD
4 L0AD
15 L0AD
16 LOAD
17 108
48 LOAD
19 LORD
58 108D
34, 08D
52 L0AD
53104
54 L0AD
55 LOAD
56 LOAD
57 LOAD
58 LOAD

I7 Lumy
¢ LOAD
81 LOAD
62 LDAD
43 LoAD
&4 LOAD
45 LOAD
656 LOAD
&7 LOAD
48 LOAD
49 LOAD
70 LOAD
Y

72 LOAD
73 LOAD
74 LOAD
75 LOAD
76 LOAD
77 LOAD
18 LOND
79 LOAD
89 LOAD
81 LOAD
82 LOAD
3 Py

8% PY

85 PV
86 PV

87 P
B8 PV
8y Py
9% PV
91 PV
92 Y
93 BV

.68
88
N
.28
.08
N
.00
.82
08
N

a0

N
.98
.82
88
.00
00
.08

A8
.08
.28
.88
8]
.88
.88
1)
N
.08
.88
293,35
8]
.00
48
.08
08
.38
.28
.28
.
.88
.8
51.88
91.88
93.58
148,25
148,28
51,80
82.17
83,15
85.00
178.08
178.28

2
%
N
.88
Nl

.88
.28
.08
.08
TR
.48
28
.20
.28
.08

N
R
.88
86

B
09
.28
0
.88
2
8
8 )
N ]
N
N
N
.88
N
.88
.83
.88
.3
.08
88
.8
28
.29
B
N[
N[
.88
a2
.88

48.%2
81,88
64,68
n.ay
43,52
36.45
Bl.¢2
.50
10.58
52,45
24,38
72,99
283.58
12,99
64,89
64.89
Bi.08
3

vy

8.5
4.58
83,18
28
145,08
52,65
162,08
28.39
29.13
.20
156,85
.08
.28
162,88
345
74,95
89.18
.15
76,95
137.78
18.68
148.94
56,79
.88
.89
.08
N
.08
8]
8.91
8.91
12,55
8.1
25,11

a7t
13,48

W

38,64
21,78
19.53
43.44
20,79

20,78

28.21
13.92
36,88
131,53
3.8
M.
.0
3.4
25,45
N
U.n
3.9
N
18.42
8.2
36.98
5.1
41,74
e
88.72
N
2
g6.80@
§3.91
.23
47.74

93.44 -

0.2
13.78
26,84
15,46
38,38
88
.80
.80
N
88
b2
.74
7%
b.8¢
13.34
(3.4

1,28
i.08
1,88
1,88
1B

- 1.6

1.9¢
i.02
1,98
.00
183
.02
]
1,82
1.8
1.02

. 188

1.88
1.8
1,08
1.n
W]
)
1,88
1.0
1,80
L%
{82
LR
N
1,09
1,88
1,99
.09
1.99
1.98
1,09
1,88
1,98
1,82
1,00
1,88
1,08
1.8
1,08
1,08
1,08
1,88
1.0
1.48
1,89

1

L
1.8
l.ed
1,80
T
(.09
1.08
{.83
1.98
1.88
I
1,08
1,08
1.92
i.98
1,83
1.8
1,80
1,48
1,88
1.8%
N1
1,88
I8
1,28
1.08
1)
1.8
N1
.82
1.8
.08
1.8
1,08
1,00
i.40
1,08
1.08
1,92
.88
1,88 -
52,58
52.58
53,48
4.0
94,25
29.88
72,58
56.58
62.40
124,80
124,08

g
78
J8

-
of

.73
78
.78
78
.18
.18
.78
78
.78
.78
ok
18
18
78

g8
Ja
.18
g

18
.18
18
I8
8
3
.88
JR
.78
78
.18
18
78
.78
.78
.78
.76
.78

£ &
W& d

-92.58
-3%.08
-54.00
-34.29
-29.98
-72.38
-56.58
-¢2. 3%
124,88
-124.88

D
bh
87
b%
5¢
?
A
1
I
R
735
1
1
18
7§
B2
81
62

7
v

34
83
3
87
88
89
9
91
92
93

GoVINDGARK
CHANDIBARH
S8 DULAPUR
PHULKOTE
PrpLl
RA JPURA
PATIALA
PATRAN
MA LERKOTLA
LA LTONKLN
BA RNALA
SAKGRUR
oL ANDHAR
VERPAL
BATALA
SARNA
TANM
UpHANPUR
TARALPUR §
SANRALA
PAR |
NPT
PNPT 2
€, RGAUN
DA IRI
B LAAN] 2
HISSAR
BHINAN] ¢
VP RRANG,
MR_TINSR 4
MRONER 7
N ERELA
D kH.ROAD
P ATPARGAN/
N&JAFBARH
MEHRAULI
KHETR]
TJALPUR
REENUGUS
KT1h
ALNAR
BHIbS
BRr1228
BHRI
DHB2!
DH RG4 |
NG!
PAPTG!
CN 0621
) RPRH2
R0 RPRTHI
BDAPRTH?
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.87
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B24
817
339
822
841

395
.89

316
255
855
867
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166
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b
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DEHAR 4
PNET §
CoANBUNAL 1
LOTLA §
PAR
3A MRALA
RAPP §
K9 TA
BY KRA R2
B KRR 12
BHKRA Lé
A KRA L6
84 HAR 2
&H AR 4
PONG §
CA NBUNAL §
UOTLA §
SUIL §
SALAL §
GHATINDA 1
BMATINDA 2
K ATINDA 2
R.1.8, 2
PRPTITI2
FARTOBAD §
@A LABBARH
R4 DARPUR §
DEHAR 4
MR DNGR 2
T.P.3
T8, 2.
TJARALPUR 2
BH INANT 2
R.1.P, 2
CANGUNAL 1
NPT 2
RAPP S
B4 KRA Lb
BHKRA L2

"~ BYKRA R2

BEHAR 2
DEHAR &
PoNg S
PNRT(TI2
RAATIN 7
r A DARPUR §
@A DARPUR §
B A DARPUR §

BHINAND 4
MRDMGR §
KOTLA §
PAR 1
QA NRALA
TANAPUR §
X0 TA
TAIPUR
&4 KRA(R) 6
BW KRALL)62
BUEKRA L2
BHKRALL)Gb
BHHAR 62
BHHAR B4

" PONG 6

CANGUWAL &
KoTLA 6
Syl 6
SalhL 6
GNDTP 61
eNDIP 62
GAATINDA |
R.T.P.6
FNPTINIG
FARIDBAD 6
EARIDESD §
RADARFUR 6
DEHAR 2

" MRONGR 4

T.P. 6
T.90,3
TANALPUR |
PATNANT 4
PAR 1
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PNPT §
RAPP §
BHibb
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N6!
PNPTGY
CNDB21
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FERNRRREINRREERREEIE L OAD FLOW SOL U_7 IGN n:nu;mmmm

BUSES LINES
it HANE VOLTAGE -~GEN/LOAD/REA/CAP-- ---L ¥ NE F L ONKS--- REMARK
LT} HYAR ND  NAME b ] HVAR HVA '
! BUKRATR)E 1,88 PU 418,728 12,048 GEN 19 KRARZ 486,33 B.46 4B6.42
1.8 5,678 3.012 LOAD
8.67 ANB 808,288 REC
088 808 CAP
RENARY
v HISRATCH 1287 M -, 597 WUAR ¢
7 AKRALLIB2 LB PU IB3.6BB L3746 SEN 28 KRAL2 -3N.%6 189 37.56
11,88 kY 1,628 1,338 LOAD
B8 ANG .80 .@@3 REC
.088  ,0u¢ Tap
ERASE -
i MISHATCH -~219.544 Mo - 140 WUAR
3 BHERAIL)GS 1,88 PU 91.888 26,115 GEN 21 KRR Lb 89.89 2473 9323
11.88 kV 2,438 138 Loap
13.98 AME 083 .BOR REC
888 28R CAP
RENARK
t BISHATEH 520 MW - 857 WVAR &

4 DEHAR 62

LAB RS 148.250 -LS22GEN 22 MR 2 13848 -3.85 138,52
(1.8 KV 7.338 1,338 LOAD
9.6 ANG 688 208 AEC
808 .30 Cop
RENARY
'HIGHATCH 683 MK - 197 VAR
5 DEHAR 68 108 P -SB.776 -SIZ9BEN 23 MR A -bLBY -9.44  BLT
- {1,888V 5678 3.818 LOAD :
9 ANG PR .Q8a REC
088 .80 (AP
REMARY
s ONIGNATCH 3437 -1.B38 MVAR .
b PoNs § LB PU 255,300 18,962 6EH 24 NRS 246,73 1602 287,25
1BV S.678  3.018 LOAD
11,42 AN .00 .60 REC
608 .98 CoP
REMARK
¢ RISHATCH  ~2.597 W 471 WVAR

T QANGUNAL & 1.82 7 85,45 883 geN

25 NGUNAL 1 64,87 .53 64.87



19Ky 818 428 LOAD
5,59 ARG 888 988 REC
888 .ged CAP
KEMARY  M/LL
+ NISHATCH 232 M - 111 WVER

B ROTLA & 1,81 PU 63,458 088 GEM % TLAS - o486 -.53 6487
115 KV 818 428 LOAD
6,31 ANG 883 .80 REC
888 808 CAP
REMARE WL
+ MISHATCH 220 MW - HT KVAR

9 QT Ut § 1,81 PU 153,808 BB GEN 27 IL S 149,46 -.BB 149.46
11,07 kY 1,628,848 LOAD
14,34 ANG .00 399 REC
N
REMARK /L
v RISMATCH -1.918 M R EE VRV R

i@ SALAL 6 1,88 PU 293.208 16,427 BEN 28 LM S 282,75 15,18 283,15
.88 kY 3,248 1,750 LOAD
15.25 ANG .B88  ,888 REC
.888 .08 CAP
REWARK
s NIGMATCH  -7.261 Wi - 226 WVAR

11 ENDTP 6t 1.88 PU 93.588 13.832 BEN 29 ATINDA ¢ B5.8L  8.98 85.48
tr.eaxy 8,918 4.742 LOAD
&R ANG JBRe .88 REC

Q23 .eed AP
KEBARE
: EISXATCH A9 M -. 896 NVAR 1
12 GNITP B2 1.88 PU 63,758 26.888 BEN B ATINDA 2 50,18 22.83° 59.42

11.88 KV 8,918 4.763 LOAD
1.41 ANB .888  .888 REC
888 808 ChP

BEMARY, -
+ MISMATCH AL N -, 894 NVAR
I RIELE 1,08 PU (B7.388 53,438 BEN o1

FoZ0 16970 43,86 175,28
1,04 kY 17.828  9.52¢ LGAD '
E.BD AN 888 .28 REC
(388 . .92 4
REMARK
: HISHATCH 523 MW -, 295 WYAR ¢

14 PNPTIT)B 1,98 PU 164,980 21,687 GEN 32 PHMI2 1G5 1881 158,53
11,98 ¥y 17,928 9.578 LOAD ’ A
1,63 fNG .a08 208 REC



083 . .@8e8Q CaF
RENARY
+ NISHATCH  3.R4¢ MW -1 301 MYAR ¢

15 FARIDEAD b LBAPU 11473 36,154 GEN 33 RIDBAD S 186.87 29,39
11.88 ¥V 11,348 6,99 LOAD
4,92 ANG 880 .80@ REC
088 .00 CAP
KEMAR
+ HISNATCH 3,452 MW = 675 MVAR
6 1.7, 8 LB PU 232.988 112.624 GEN Xm0 UL 94
11,88 vy 22.68% 12,180 LOAD
6,33 AKE . .B8% Q8@ REC
.688 .28 CAP
FERARK
: MISMATCK 7,717 Wi -.986 MVAR :

17 ®ADARPUR & 1,98 PU 85.B88  7.239 EM 37 DARPUR S 74,16 -.28
\ .89 kv 12,558 6.728 LOAD
2.11 ANG .888  .883 REC
.Be8 280 CAP

REMARK -
¢ NISHATCH L7103 MW - 718 MVAR ¢
18 RAPF B 1,98 PU 187.308 94.489 BEN Boeeg 178,78 B85.44
21,88 ¥y 16,283 8,480 LOAD
-8.92 ANG .B88  .00@ ReC
208 .88 Crp
REMHARE
+ RISHATER  7.9%0 M =372 VAR ¢
19 BYKRA R2 1.83 PU 088 .88 GEM g5 At -93.48  5.65
‘ 225,88 ¥y 888 .e0¢ LDAD I KRA(RIE -486,33 25.28
3,93 ANG .888 @88 ReC 48 MALPUK 2 222.47 27.71
G63  .888 CAP ¥ 85 208, 44
REMARK /WL ‘
P BISMATCH 3175 MR =2,211 MVAR @
CZD BHERA L2 1,83 PU 888 .208 GEN 84 1228 9L 1
o 226,12 XY 888 .e8e LOAD 2t KRA LG -182.28 58,70
2,98 ANG 820 800 REC 2 KRAILIG2  37.56  3.89
088 .@e0e CAP 39 88 161,31
REMARK Y/ : .
P RISHATEH  4.BA2 W8 -561Q MUAR ¢+
RA BHERA Lb .99 PU 882 000 GEN 83 1bb ~91.73 .67

63,22 KV 79,368 33,258 LOAD KRAILIBS -89.89 -28.16
11,17 ANG .Bee 008 REC 2 ¥RAL2 182,28 -33.48
08¢ .20@ (AP
HENARY, ' ' »

118,84

238.73

74,16

198.87

93,58
4.1
26,19
-68.77 286,95

A5 165,16

91.97
52.12
187,62



22 DEHAR 2

23 DEHAR 4

24 POKB 5

25 GANGUNAL 1

2 XOTLA §

27 SuiL §

28 SAAL S

1 MISNATCH

1,83 PU
227,81 XY
§.12 ANG

¢ MISHATCH

185 Py
421,85 KV
88 ANG

T RISHATCH

1.88 Py
219.68 XY
b.31 ANG

+ NISMATCH

1.82 Py

- B3ATS W

2,85 NG
: NISNATCH

1.82 PY
134,19 ¥y
2.11 ANB

: NISMATCH

1.8 PU
222,19 ¥
18.24 ANG

¢

: MISMATCH

1.88 PU
1975 W
18,84 ANE

T RISHATCH

BA2 M 27,063 WAR
L8B3 .EBB BEN 86
28,350 (.19 LOAD 23
.838  .08@ REC 4
888 .88 CAP 39

REMARK ~ V/VL

3,188 MK -1.889 NVAR ¢
.B30 208 GEN 87
888 .08 LOAD 22
A% 008 REC 5
888 .808 (AP 49
REMARK VWL 43

343 ~1.836 VAR

(390 080 GEN BB
808 098 LOAD 4
808 .08 REC 53
388 BB AP 59

RENGRY 27

-6.573 N 1,328 MVAR
008 980 BEN 39
B8 a0 LOAD 7
00 BB REC 2
888,088 CAP

REXARE  Y/9L
2182 M -2.212 WVAR ¢
L8B3 .80 BEN 8
888 088 LOAD 42
883 8RR REC 25
808 098 CAP

REMARK  Y/VL
-, 834 M 824 WVAR :
808 LB GEN -
828 203 LOAD
208,380 REC
308 .82 CAP

REMSRK /YL
1,253 MW -, 152 VAR
808 008 GEN _ D
06 e oAl s
8% @@ REC 97
008 208 CAP

REMARK

19,202 X

2,139 MVAR ¢

RB2

HAR 4
HAR 62
5

RE41
AR 2
HAR B4
IXANT 4
P14

NGI

NG 6
LANDHAR
5Uv4
ILs

55

NEUNAL 6

A S

LA 6
PAR |

KGUNAL 1

ULk
N6 §

LAL 6
HANPUR
GblH

-148.95
124,89
-138.48

16,32
-39.47
16,36

- 129,28

3

-139.98
~124.89

b1

156.13
52,67

-ot.15
-246.73
U133
122.86
-148.78

-44,87
59,74

-b4.8h

124.38
-59.55

-149.44

158,72

-282.75
137,49
136,85

18.78
47.56
18,49
12.78
-83.22

1,36
5.99
-8.48
8.82
-6.37

1.29
525
9.56

5.29
.81
-18.08

12,84
-1, 19

141.82
138.27
139.45
-9.49

148,39
132,89
b1.B9
156,65
98.48

91,17
246.81
317,34
123.17
148.91

-17.82
45.08
58.58

b.28
124.47
68.39

129.63

18.52



19 BHATINDA 1

38 BHATINDR 2

31 RTF 2

22 PNPT(TI2

33 FARIDBAD §

A8, DALABGAR

35 T.p.3

3P 2

1,92 Py 288 008 GEN 30
134,68 KV 176.138 91.980 LOAD 11
-3.91 ANG 088 .82 REC
.88 70.00¢ CAP
REMARE VAL
Ty OMISHATCH  L99I MM -, 218 MVAR ¢
1,03 PY L8083  .008 GEN 99
225.62 Xy 080 .08 L0AD 29
-2.32 AHG 088 808 REC 12
g8 .88 CAP St
REMARK VWL
s MISHATCH 1,449 w8 -, 887 MVAR
1,83 PU .988  .088 GEN 2
226,38 Ky 888 .BR3 LOAD 13
1,27 AKG 820 LB REC M
488 MR8 CAP 42
REMARK Y/ 39
o NISHATCH 3,238 M8 -2.341 MVAR :
1,89 PU , 330 . 800 GEN 89
238,43 Ky 808 .23 L0AD U4
-3.34 ANB 880 B0 REC 44
380 .0 cee 78
REMARE V7L
L NISNATCH &6 LSOMN - 9.04 NVAR :
1,81 PY 093 BBBREN 4
56,82 ¥V 080 .88 LOAD 15
J74 4N6 308,208 REC
832,908 CAP
REMARK  V/VL
3 RISMATCH 1,596 MW - 547 VAR
1.85 PY 098 L928 BEN 33
238,87 Ky 262,508 193,508 LOAD 37
-4,39 ANB 008 808 REC 45
280 73.809 CAP
RERERE Y/5L
P RISHATCH 3398 MM - - 9007 WVAR :
1.02 PU -,808  .Q08 GEN 36
33,49 KV 113,480 40,698 LOAD 1k
2,37 ANG JB0%  .D8d REC
080 008 CAP
REMARK  V/VL
¢ HISHATCH  -.813 MW -, 268 WAR
1,96 PU 008

.688 BEN  -3F

-84.18

ATINDA 2

DiP 61 -85.8!
D621 5075
ATINDA | B4, 18
pTP 62 -55.18
RRALA 27,38
PAR § 18.67
T.P6  -169.78

VINDBARK 135.97
ANDIGARH 85,81
58

P16} -72,84
PT{TIE -150.13
PT 2 £8.92
RHANA 181,65

LABGARH 108,47
RIDRAD 6 -126.87

RIDBAD S -108.47
DARPUR § -211,48

RGAON 148,77
P. 2. 104,52
P. B -2U7.93
P 3 -194.52

-16: le
-.25

-18.08
18,41
-11.97
16,36

26.87
-26.%¢9
-11.82

-9.87

-bb. 78

.92
.22
-21.17
5.4

28.42
2.1

-18.69
-18.43
-28.91

18.97
-19.92

_~-8.85

B3. 64
BS. %4

57,63
86,13
56.83
393

32.12
17477
136,41

85.58
18.24

712.82
15016
91,41
181.89

118,41
188,95

108.99
212,78
158,23

186,23
232.13

184.89

£9.45



39 BADARPUR S

38 RAPP S

39 M358

40 SANALPUR 2

41 GOVINDGARH

42 CHiANDIGARM

43 AODULAPUR

288 KV BL.ORY 43408 LOAD 37 DARPUR S 83.84  41.48  92.88
-3.07 NG 820,908 REC 75 TPARGAN  99.78 -58.89 112.8)
820 1p5, 0% Cpp
Remny VUL
© U RISHATCH 5950 8-650 NVAR
1,85 Py B08 B2 GEN 93 RPRTHZ  -143.79 14,15 144.49
B8 Ky BO2 088 LOAD 92 RPRTHI  -143.79 14.15 (44,49
-3.32 ANG 08 LBBRREC 91 RPRW2 7194 7.84 72,28
B30 B84 CAP 17 DARPUR G -74.16 7.4 452
REMARK  V/VL 72 DNBR 2 -34.50 -14,59 37,44

D RISNATCH 29,310 MM -11.449 MVAR :

1,81 PU .88 .88@ GEN 18 PPE  -178.78 -63.78 189.74
22,29 KV 81,880 43,480 LOAD B TH 128.81  13.45 128.73
-14,83 ANG 888,998 REC

888,208 Cap
RENSRE  w/WL

s MISNATCH 38,389 MM 4,734 NVAR .

1,93 Py 828 LBBBGEN 25 NGUWAL § -7.29  17.15 18,44
225.99 &y 238 L88Q LOAD 42 ANDIGARW 63,78 -16.86 45,38
2,78 ANE 838 LMB@REC 31 TP 2 bb.94 20,49 T8
B8e .90 Cae 41 VINDGARM 71.76 -13.38  72.98
REMARK  W/VL 4D MALPUR 2 158.45 44,89 145.43

+ MISNATCH © ,992 MW -.631 NVAR :

1,28 PU JB02 LMOBBEN AP MALPUR Y 34,86 8,12 35.82
220.85 KV 218.40@ 112,770 LOAD 5B LTONKLN  90.89 -31.75 94,27

-,37 BNG L800  LBRAREC 39 58 -156.92 -59.50 147.82

388 10.808 CAP 52 NGRUR 128.56 -77.84 143.5
RERBRK  V/VL 53 LANDHAR  -88.42 98.99 121.43

CORISMATCR - 258 W0 ~1.267 NUAR @

1.82 PU B30 BB GEN 49 LERKOTLA 7,62 9.57 7.2t
225,26 KV 40,500 21,788 LOAD 47 TIALA 91,04  -5.88 91.18

-.53 ANG 008 B REC 31 TP 2 -135.04 1,86 135.14

A0 Te.eea CAP 39 88 S50 4.9 71,25
RENARK VWL _ .

T NISKATCH L9408 M¥  -1.282 MVAR :

1.83 PU B30 0B GEN 4 JPURA 67.88  -5.56  67.31
220.88 kv BL.OOR 43480 LOAD 3t T.P. 2 -BA.62 4,99 8491

-.B9 aNG B3 L@B@REC 39§88 62,86 7,39 4330

(889 58.80¢ CAP
RENARE  Y/VL

§ NISNATCH 597 MN -, 495 NVAR

1.83 PU B08  .00B BEN 45 PLI 16,23 -19,57 25.43
226,27 kY 44.880 4720 LDAD 39 8S 77,95 9.33 78,5

-3.67 ANB .088  .298 REC



.86 25,888 Cap
REMARY  y/u
¢ MISHATCH  3,28¢ MW 1,960 WVAR

A4 DHULKDTE .84 Py .008 .28 BEN 4 P12 64,56 -44.9%
229.93 Xy 72,898 38.648 LOAD 39 8§ ~133.77
-1,58 ANG 888,888 REC
888 45,00¢ Cap
REMARK  Y/WL
: BISNATCH 2,874 #¥ =1, 731 HVAR

45 pIpLl L3Ry 08,000 GEN 4 P12 -22,36 -25.88
227,38 KV 48.508 21.788 LOAD 43 DULAPUR  -14.19 12,9t
-4.89 ANG 838,288 REC
(888 19,288 CAP
REMARK Vv
: MISMATCH 1947w ~1.127 VAR

46 RAJPURA 1.82 PY 422,808 GEN 47 TIALA .31 8.83
225,41 Ky 36,438 19.536 LOAD 42 ANDIGARH -66.88 2.4

-1.82 ANG 208,282 REC

.888 78,08 CaAP

REMARE  ¥/VL

t MISHATCR 884 MW - 692 WYAR
47 PATIALL 1,82 Py 388 LB8B GEN 48 TRAM 48,83 5.M
24,64 Ky 81,008 43,480 LOAD 46 JPURA <3127 -12.25
-1,36 ANG 80 LBOBREC 41 VINDBARH -98.79 -4.73
(380 78,30 CAP
REMARE  W/vL
CMISMATCH  -.226 MW 189 NVAR :
48 PATRAN 1,91 PU 08 LBBRGEN 47 TIALA  -48.49 -11.25
_ 23,18 kY 48,500 21,700 LDAD
-2.26 AMG .08 @89 REC
.688 18,800 CAP
REMARK  Y/VL
t NISHATEH  -.194 MW 159 VAR
19 MALERKOTLA 1O PU 088 .88 GEN 52 NGRUR 57,54 -14.12

223,08 kv 42,588 21788 LOAD 51 RNALA 18,29 -18.79
-2,13 ANG .6e8 @83 REC 38 LTONKLN  -37.43  33.66
.682 19,088 CAP 41 VINDGARH -76.17 -13.78
RENARK  Y/WL
t NISMATCH 2,738 ¥ -1,596 MVAR @

38 LALTONKLN 1,88 PU .B00 . B20 BEN 49 LERKOTLA  37.64 -3B.83
228,45 kv 92,658 20,218 LOAD 48 MALPUR 2 -9@.65 36.93

-1 11 ANG 880,088 ReC

089 28,808 CAP

REMARE V7L

78.47
33,34

3.8
0.7

32.54
b6.92

.22

-~ wn roun

~ = o O
e N K3 R
—-— s RO LN

53,94
95.78

144,82



31 BARKALA

32 SANGRUR

33 TALANDHAR

54 VERPAL

. 55 BaTALA

36 SaARNA

37 JaMM

+ MISMATCH

1,82 PY
224,88 ¥y
-2.61 ANB

: BISMATCH

1.81 PU
205,87 Ky
-3.08 ANG

+ MISHATCH

.98 PY
533w
1,15 AKG

 HISHATCH

97 BU
22,49 Ky .
~ 37 ANB

: BISHATCH

97 7Y
212,66 KV
.AB ANB

+ NISHATCH

.98 PY
U572 KV
3,53 ANG

¢

+ RISHATCH

.98 PU
215,86 kY
5,97 ANG

+ MISHATCH

- 8 M 425 WA ¢

.588  .38@ BEN 49
24,388 13.828 LOAD 2
.088 008 REC 30
.888 .08 CAP
REMARK  ¥/NL
.35 N¥ -,333 WVAR

.808 .08 GEN 49
72,989 39,068 LOAD S
800 BRB REC 48
.80 25,898 CAP 48
REMARK /WL
1,731 M - 573 NYAR

088  ,808 GEN L]

283.500 151,923 LOAD 24

208 B3B8 REC 59
.08 40,808 CAP 40
REMARK

1,425 M 464 MVAR

.88 .00 BEN §
72,980 I9.868 LOAD 5
.888 808 REC
288 30.Q08 CAP
REMARK
-2.418 W - .552 WVAR

5
7
K

,808  .003 GEN 54
54,380 34,720 LOAD 56
90 089 REC
.88 26,608 CAP
RENARK
-1,538 ¥ AT HVAR

898 .088 GEN 55
44,883 34770 LOAD 58
308 .08 REC 58
008 20.088 CAF 57
REMARK
-6.732 M 1,784 HVAR

800,008 GEM 36
81,800 43.400 LOAD 28
.o88 .88 REC
.a0e 30,208 CAP
REMARY
{434 MW - 499 HVAR

1
'

LERKOTLA -18.25
NGRUR 21.75
ATINDA 2 27,24

LERKOTLA -57.37
RNALA =211
55AR 126,85
MALPUR 2 ~118.93

RPAL 40.26
NG § -30.7¢
5UYA -96.47

BALPUR 2 B1.2%

WA 35,29
LANDHAR  -49.62

RPAL 35.39
RNA ~i81.77

TALA 192.86 .

SUYA -26,82
RAMPLR  -94.79
il -52.79
RHA 3,23
ALS -~132.99

12.87
6. 11
-32.33

19,48
~11,5%
18,49
63.42

9.8
-1.29

1.2
-182.98

2.3
-12.87

-1.54
-8.8

6,89
26,94
7,28
4,9

-14.27
-1

et el

ry R MO

. A
3

"3 N a4

o 0

58,35
A
148.12
134,79

8.2
3He.76
96.48
13117

36.149
182.99

193,03
33,81
94,82
53,82

95,14
132,99



98 UDHANPUR

39 Dasuva

&0 TAMALPUR |

b1

SANRALA

PAR

PNPT 4

PNPT 2

GURGADH

.99 Pl 808 B0 BEN  Sh
2i8.88 KV 43,740 23.450 LOAD 28
9.45 NG L8388  .298 REC
L0883 15,008 CAP
RERARK
t NISHATCH  3.687 Wy -.B85 MVAR :
.99 PU 888 000 GEN  Sb
217,86 XV .88 .88 LOAD 53
" 3.85 AN A0 LBIRREC
080,908 CAP
REMARK
 RISNATCH 2,625 MW -,592 MVAR :
.97 U 80 OB GEN 4B
127,77 KV 43,588 21.788 LOAD &1
-1,17 ANG " .208  .@08 REC
688  .@00 CAP
REMARY
: NISNATCH 876 MW -.381 NVAR :
97 PY 800 P00 BEN B
128.66 ¥V 40.500 21,780 LOAD &2
-1,18 ANB 888 .28@ REC”
008 15,600 CAP
REMARK
 MISHATCH L 154 My -.268 WVAR ¢
1.88 PU 838 BB GEN 3
131,55 kv 93.158 49.918 LOAD &1
-84 ANG B0 BB REC 2
.888 35,808 CAP
REMARK
 NISMATCH  -.259 MW 331 NVAR
1,85 PU (800,808 GEN 4
419.77 vy 020 809 LOAD 7!
-.70 ANG L080 4S.BRBREC 23
.009  .088 CAP
REMSRY /WL
+ NISNATCH  17.268 M =7.377 MVAR @
1.85 PU .B80  .B80 GEN 43
230.44 KV 145,809 78.128 LOAD 46
~3.52 ANG 800 088 REC 32
000 SRBILCAP 45
REWRRK * V/VL 73
s MISNATCH  =3.720 MW 1,358 NVAR
1,85 PY B0 BB BEN 34

RN&
LAL §

RNA
LANDHAR
NG §

NALPUR 2

NRALA

NALPUR 1
PAR 1

T.p. 2
RALA
AS

PT 2
DNGR 4
HAR 4

PT 4
DR}
PTITI2
pL
RELA

LABGARH

96.72
~136.83

26.87
97.57
-121.82

-34.8b
=6, 3b

b4t
-46.71

-18.67

- 47.48

-122. 14

174,45
-184.64

-52.54

-174.45
89.98
-88.87
22.46
74.33

-147.92

-B.62
-.87

12,28
°3088
-8.99

-1.62
. ~14,38

11,55
-19.26

-25.84
16,65
-5.86

1897
-4.78
-85.23

-2.34
14,54
13,31
15,44
-4b.63

1279

[ I -]

o~ )
wn

a0

29.54
97,63
122,15

34.91
15.73

13,28
58.52

174.79
184,75
188,12

174.46

82.65
.17
27.2b
87.75

148.47



46 PNR1

b7 BHINANI 2

88 RISSAR

b9 BHINANI 4

78 NARNANA

.11 MRDHGR 4

779, MADNGR 2

8.
c
T

15 kY
73 ANG
+ NISHATCH

1.84 PU
229,55 KV
~7.48 ANG

¢ NISNATCH

1,85 PU
230,03 KV
.39 BN

+ MISNATCH

1.83 PU
21,28 ¥V
-7.66 ANB

_+ NISKATCH

97 R
388.29 kv
-5.84 AN

:+ KISHATCH

1.83 PU
221,33 Xy
~1.31 ANG

1 NISATCH  -2.142 WM

1485 Py
418.97 kv
.25 ANG

+ RISHATCH

1.86 PU

233,91 KV

-2.49 ANG

298,35

162.828 B86.008 LOAD &4

88 BBRREC &5
008 TR MR AR 7

REARRE  Y/WL
26,29 -7 01 NAR
88 LBBR GEN 49
28,358 15.190 LOAD 78
Q00 LB REC  bb
880  .B88 CAP 4B
REMARK  V/YL
4,789 M - 718 NVAR
880 BB GEN 7B
89,108 47,700 LDAD 70
000 LBBB REC &7

.28 38.00¢ CaP W2

52,450 28,218 LOAD &6
.868 .88 REC
(888 15.008 CAP
REMARK VWL
1,722 -, 334 HYAR ¢
.808 200 BEN 8

-

REMARK  V/WL
2576 M ~.726 WUAR
08 BB BEN 47
006 688 LOAD 23
808 108,808 REC
088 800 AP
REMARK
2206 M L619 AR ¢
B89 .99 GEN 4B
166.858 89,988 LOAD 32
800 098 REC
088 70,000, 0o
REMAKK  Y/ML
1,366 WYAR
A0 GEN 72
480,000 LOAD &3
888 888 REC
(488 888 CAP
REMARK  /LL |
S.957 WH -2.B86 WVAR
80 BBBEEN 71
000 .88 LOAD 37
808 .08 REC 7.

N\
o4

DRI 9%.99
ERI 73,58
M2 1.8
RGADN 95,26
NN 2 33,28

IWANT 4 -151.79

ETRI 61,35
W 3B
55AR 33.57
ETRI 81,83
RWANA 1098
INANI 2 -33.,38
NGRR  -123.99
INANT 2 151,79
HAR 4 -154.81
SSAR 10,99
PRI -179.18
DNGR 2 19954
PT4 (0480
DNGR 4 -199,5¢
DARPUR § 34,42

_TPARGAN] 198,43

~%5.12

72
3.99
5.96

-36.87

~13.49
2.0
19.78
.16

-5,48
-4y
512
49,52

B1.57
~173.18

-5.75
-7.08

45,63
-47172

-35.78
5,46

13,72
A1

10e.19

73.58
8e. 11
96.44
49.61

168,74
81,39
38,63
52,34

B2.88
11.83
b4.44
133.92

172.32
233,25

12.48
179.32

284,66
HEAS

202,48
35.85
194,13



T3 NerELA

74 D.RH.ROAD

15 PATPARGAN)

76 NAJAFGARH

17 MEHRAULL

78 KnETRI

19 TAIPUR

008 .82 CAP
REMARY  V/WL
 MISMATCH 25,746 ¥ -16.527 NVAR :
1.85 PU 828 LBBR GEN 7S
221,85 KY 162,088 84.988 LOAD 76
-4,38 ANG 808 .e@B REC 74
' 008 83808 CAP o4
REMARK  V/VL
: MISKATCH  7-S€oN - §-66S NVAR ;
1.85 pU 800 OB BEN 73
23061 KV 93,158 49,918 LOAD
4,77 ANG 009 .00 REC
(860 49,008 CAP
REWARK  V/WL
! MISMATCH  -6.238 MM 4,685 VAR @
1.8 PU 808 2R GEN 2
3299 KV 75,958 41,238 LOAD 34
-3.17 ANG 808 BB REC 73
", 008 55.680 (AP
FfWars VUL

t HISMATCH -1o-061" M Q.956 NVAR :

1.85 PY

LB0% BB GEN 73
2185 KV 89.108 47,748 LOAD 77
-4.45 NG 098 888 REC
L8880 43,008 CAP
REMARY WL
t BISMATCH 14,979 M -B.511 VAR :
1.5 PU 88 LA BEN 76
A5 KV 17A158 93.248 LOAD 37
-4.15 ANG 088  .989 REC
808 " 9 9AR (AP
REWSRN VWL

: MISHATCH -15,494 MN

1.82 PU 208 .000 GEN 7
224,16 KV 76,958 41,238 LOAD R
-11.93 ANB 628,028 REC 9

000 19,880 CAR 68
RENARK  Y/WL b

+ RISNATEH 7,853 Mo -1, 546 MYAR ¢

1.88 PU LBO8 008 GEN 81
12873 ¥V 137.788 73,780 LOAD 82
~14.55 ANG 802 .B8B REC B8

.688  .6ee CAP 18
REMARY  V/WL

9.246 NVAR s

TPARGAND -161.85

IAFGARH 20,08
RH.ROAD  99.54
PT2 -4
RELA  ~99,44
DNGR 2 -~198.14
P2 -99.75
RELA 161,74
RELA 20,87
HRAULT  -54,85
JAFBARKH 54,11

DARPUR § -243.75

IWANT 2 -40,36
ENUBUS © 42,91
IPUR 88,81
554K -8@. 44
DRI -12.42
TA 25,27
WAR -41,59
ENUBUS  -11.28
ETRI -79.85

-36.97
-8.34
-3.97
19.79

'1;27

-78.94
50.49
30.33

’1111
'11.02

8,81

-16. 11

8.45
-1.49
-3.56
-13.68

-25.33
-3 H

-4
-9

165.24
21.82
99.72
76,66

99.45

192,33
111,98
164,56

28.18
9547

54.26
243,75

62,47
63.47
88.96
83.72
73,78

35,78
65.78
1,21
f4.68




‘B8 REENUBUS

81 KoTA

B2 ALWAR

33 Bviibh

84 Oui220

85 OHR1

86 DHRG2!

+ MISHATCH

1.88 PU
220,52 kY
-14.18 AKG

+ NISHATCR

1.88 PU
279,88 Kv
-15.67 ANG

t NISHATCH

1.3 PU
227,38 KV
-11.18 ANG

+ HISHATCH

1,88 PY
11,88 KV
16,76 ANE

: MISHATCH

1.88 PU
11,88 KV
9.99 ANG

+ HISHATCH

1.08 PU
11,88 kv
8.29 ANG

<

+ NISNATCH

1,88 PY
11.88 KV
9.bb ANG

: MISHATCH

18,331 M -2.923 HVAR ¢

.888 . 30B GEN 79 IRR
18,600 26,843 LOAD 78 ETRI
838 988 REC
.qe8 .08 CAP
REMARK ~ V/WL
-2.368 M¥ 1,821 HVAR ¢

.088 98B GEN 79 IPUR

148,940 75,46 L0AD 3B PP S

.208 288 REC
.008 20.888 CAP
FENARK  V/VL
-11,864 MW J. 498 MVAR ¢

088  .028 GEN 37 - DARPUR
56,708 30.3B8 LDAD 79 IPUR
808,898 REC
.808 49,480 CAP
REMARK /WL
-1,335 M 478 MVAR

91,088 35.883 GEN 21 KRA LB
.BB8  .BB3 LOAD

.808  ,BB8 REC
.000 008 CAP
REMARK

- 873 M -, 833 MYAR ¢

91,888 3.478 GEM YRR L2
.88 .08 LOAD
.888 888 REC
.008 208 CAP
REMARK
-, 849 MK =839 KVAR &

93,508 . 1,496 GEN 19 KRAR2
.Be8 .88 LOAD
888 .@ee REC
888 .688 CAP
REMARK
- 895 M - B32 WVAR ¢

148,258 -2.814 GEN 22 HARZ2

.88 908 LOAD
.808  .BBR REC
.a88 888 CAP
RENARK
-, 201 MW -.884 WVAR ¢

L2
-62.38

-25.18
-127.62

§ -128.51

8.3

91.73

51.73

140,85

-8.34
-16.71

=229

-28.99

344

19.77

3.64

.46

-2.98

13,95
64.58

34.08
132.68

128.56
b3.16

§3.97

91.88

93.42

140,08



87 DnRo4l

88 N6l

89 PHPTBE

53 GNDE2S

I LPIRHZ

92 DDAPRTHS

93 RORPRTHZ

LOOPU  140.29 22BN 23 MR A 139.98
11,80 Ky 00 080 LOAD
592 ANG  .BBR  .B8R REC
000 980 CAP
RENARK
s MISHATCH - 269 MK -, 125°WUAR :

1.88 PU SL.388  3.307 GEM 2 K6 S E1 Y]
11,88 KV .0pe .02 LOAD
11,68 ANG 882 .28 REC
008,008 CAP
“ REMARK
¢ NISKATCH A5 M 862 NVAR

1.88 P4 B82.178 18,137 GEN 32 PTiN2 712,81
11,88 KV 8.918  4.760 LOAD
1.48 ANG LB08  .208 REC
880 .00 CAP
REMARK
: NISMATCH - 447 Wi - 167 MVAR 1

108 PU 6375 26794 GEK 30 ATINDA 2 SATS
11,88 XY 8.919 4,768 LOAD ~
1,38 ANG .308 .88 REC
L608  .088 CAP
REMARK
1 NISHATCH  -.891 MW -.B28 NVAR :

1.8 P8 85.888 6,659 GEN 37 DARPUR S 7194
11,88 KV 12,558 &858 LOAD
1.95 ANG .BB3 BB REC
880 .8Be CoP
REMARK
+ NISHATCH -Gl MW - 206 WVAR ¢

1L.BRPU  17B.800 12,119 GEN 37 DARPUR § 143,79
11,88 XV 25,118 13,448 LORD
f.61 ANG .BBe .08 REC
.288  .@2¢ CAP
RENARK
& NISMATCH  -1.099 MW =411 MVAR :

1.88 P 170,888 12,118 GEN 37 DARPUR 5 143.79
11,88 KV 25,418 13,448 LOAD
1,61 ANG 080 BB REC
.08 .000 CAP
REMARK
s HISMATCH  -1.899 M - 411 VAR @

4,89

3.37

528

22.8%

-4

-1074

-1.74

148,84

o126

73.88

59.81

.94

143.80

143.88

)
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Distance, under voltage and loss of excitation relays
have been modeled in the simulator, If required then they
can be very easily put to use. The total simulatien time
of the system is Specified in an input data file (SYSCON.
DAT). The equivalent admittance matrix for the faulted and
unfaulted transmission networks are obtained using a net-
work reduction program and are stored in a file identified

by (unit = NRDE).

5.1 RESULTS AND DISCUSSIONS

The power system simulator is developed for the dynamic
simulation of power system and its behaviour under various °

system disturbance 00nditions are observed and_recorded.

Different system conditions can be applied on the power

system fdr varying period of time. All this can be specified
through an input data file., The various system conditions
considered here are as follows - (i) Three phase bus fault
(i1) Three phase line fault (1ii) Ioss of excitation (iv)
load change (v) Three phase bus fault cleared. In this

section behaviour under (i), (iii),(sv) and (v) system condi-
tions have been included,

RESULT 1 - In this case a three phase bus fault has been

applied on the load bus no. 33. The name of this buses is

FARIDABADS. The time for which this fault is applied is

0.1C seconds. That is, after 0,10 secs the system condition
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(v) is applied. Thus the three phase fault is cleared at

0.10 seconds after it has occurred at 0,0 seconds. The

swing curve for the generator of the bus connected te the
above load bus where the fault was applied is recorded.

The bus name and no are FARIDABADG and 15 respectively.

1t has been provided in this section, From this curve we
observe that the rotor angle increases sharply for the

time during which the fault was applied but after it is
cleared, it starts oscillating about the equilibrium state.
The-frequency and the amplitude of the oscillations are
decreasing with increasing time. This suggests that the
generator is slowly reaching the stable state. The simula
tion was carried out for 2,0 seconds. increasing the total
simulation time of the power system increases the execution
time of the program. Therefore a trade-off is neceséary
between the two, For a five seconds simulation time the
execution time was observed to bé 40 minutes. For the system
to be stable it is important that the fault is cleared before

the critical clearing time. The swing curve of some of the

Generators havebeen drawn for tris case. A time scale of
20 seconds is taken for these curves. All these curves

suggest that the system is stable.

RESULT 2 ~ In this case a field fault is applied on the
gererator of the Pus ne 13. The name of this generator bus
is R.T.P.G., In order to identify the fault a loss of exci-

tation relay is provided in this bus. The field circuit
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" fault can be of two types. It can either be open circuited
or short circuited. The short circuited case is provided
heré. fhe fault is applied at 0.0 seconds. The time delay
of the relay is fixed at 0.40 seconds. The total time for
which the fault is observed is 3.0 secondé. From the swing
curve drawn for this generator bus it can be observed that
the loss of excitation of the generator bfor 3,0 seconds
makes the system unstable, This can be identified by the
constantly increasing rotor angle with time. A plot for the
apparant impedance characteristic for the field fault gene-
rator bus is also provided. The equivalent generator impe -
dances follows a path from the first quadrant to the fourth
quadrant as can be observed in the graph, When the exci-
tation is severely'reducea it enters a region of the fourth
quadrant which is encompassed within the characteristic of
the loss of excitation relay. The impedance characteristic
enters the region after 2,25 seconds as can be observed from
the graph., By this time the system has become unstable.

Speed deviation, terminal voltage and reactive power curves

have also been provided,

Another example has been taken for the loss of exci-
tation gystem condition, This time the field fault is applied
" on the bus GN DTP (bus no.11). The short circuited case has
been taken here too. The rotor angle, reactive power, terminal
voltage and speed deviation curves are drawn. In this <€ase also

the relay fails to trip before the system becomes unstable.
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The impedance and relay characteristics are also included
in this section. From this curve it is observed that the
| iﬁxpedance- characteristic enters the outer circle of the -
relay characteristic after 2.0 seconds. A time delay of
0.80 seconds is provided., The impedance characteristic

enters the inner circle at 2,79 seconds.

RESULT.3 When a large load of 202,50 MW and 180.50 MVAR
is suddenly removed from“the system, large oscillations
are observed in the rotor of the generator bus connected
to it, and the system becomes unstable after some time,
But when a small load of 24,30 MW and 13,02 MVAR is removed
from the system, itssynchronism gets restored after a time |
of 2.0 seconds. This can be shown by the S8wing: curve of
the generator bus connected to the load bus, The name of
this load bus is BARNAIA (bus no3l) and the name of the
gemerator bus is R.T.P.G.(bus no.l3).

load flow results have also been included here.
Active and Reactive.mismatches for each and every bus has
been calculated., These mismatches' for every bus should be

kept as much low as possible,



CHAPTER -~ 6

CONCLUSIONS
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6.1 SUMMARY ' :

The power system simul ator meets the need of a
good tool for proper study of any power system. Detailed
generator, exciter and turbine governor models have been
considered. The Analog computer representation is used
to write effecient subroutines of these models. The
various Generator models, exciter models and turbine
governor models have been described in previous chapters,
A relay protection scheme is included in the simulator.
It 'can be activated when required.r Distance, under voltage
and loss of excitation are the three types of relay schemes
provided in this simulator, load flow study is carried out
for the power system example considered. Causs Sei_Ldel
method is used for this purpose. An efficient numerical
solutien technique is used for solving the network and
algebraic equations and the differential equations of the
machine and controller units, Different system disturbance
conditions can be simulated and_ the behaviour of the power
systém under emergerncy conditions is observed and recorded.
Thus the stability of the power system can be studied
properly.
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6.2 SUGGESTIONS FOR FUTURE WORK

In power system modelling much attention has been
paid to generator modelling, although the imbact of lead
models on the system is of equal importance, 1t has been
a common practice to model a load as (a) constant power
(b) constant current and (c) constant impedance. Here the
third form of load modelling has been done. Though this
form of modelling is satisfactory under specific condi -
tions but in general the load cannot be satisfactorily
modelled by this form, This simplifies the study but do§s
- not make it accurate. The load power varies generaily with
respect to voltage and frequency. Thus a load model should
take this into consideration. Hence a more general form of
load modelling can be done to make the study more complete
and accurate, The‘system disturbance has been categorised
into two classes, They are (1) Network disturbances (ii)
Islanding. These have been discussed in chapter-2, Here,in
this simulator only the firgt class of system disturbance
has been considered. The second class can also be incor -

porated and its effect on the power system model can be
studied.
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NOMENC] ATURE

The following notation is generally used unless
a specific alternative definition is made within the
text,

y State variables , [

Z auxiliary variables

B generator internal voltage

I generator current

v .generator terminal voltage

o angle of generator d axis to synchronous reference

angle of gen:fator q axis to synchronous reference

reac tance

X

L induc tance

Y admittance

R resistance
time constant
damping factor

,B coefficients of generator saturation function

T

D

A

'S saturation function
K saturation factor
H inertia constant
£

frequency

Bep exciter output voltage (applied to generator field)
IFD generator field current
IT generator terminal current

K regulator gain
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< < 3

R max

<3

R min

o o
c g

< < =< <
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exciter constant related to sel f-excited
field

regulator stabilizing circuit gain
current circuit gain of type 3 system

potential circuit gain of type IS or type 3
system

fast raise/lower contact setting, type 4 systenm
exciter saturation function |

regulator amplifier time constant

exciter time constant

regulator stabilizing circuit time constant

regulator stabilizing circuit time constant
(rotating rectifier system)

regulator input filter time constant
rheostat time constant, type 4 system
regulator output voltage

maximum value of VR

minimum value of VR
regulator reference voltage setting
field rheostat setting

generator terminal voltage

voltage obtained by vector sum of potential
current signals, type 3 system

generator terminal voltage error.
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Fup

Tana .

"
')
m

Very High Pressute Turbine Power Fraction
High Pressure Turbine Power Fraction
intermediate Pressure Turbine(s) Pawer Fraction
Low Pressure Tutbine(s) Power Fraction

Gain Constant. Sece Fig. $ ()

100./(% Steady State Speed Regulation)

Gain Amociated With Steam Flow Feedback on
General Electric EHC Systems

Gain Associsted With Steam Flow Fecdback on
Westinghouse EH System

Steam Lead Pressure Drop CoefTicient
GovemnorControlled Valve Steam Flow -
High Pressure Turbine Steam Flow

initial (thme = 07) Throttle Vaive Steam Flow
Machanical Power, Shaft |

Mechanical Power, Shaft 2

Internal Boiler Stearn Pressure, Assumed
Constant

Throttle Pressure

Initiat {time = ") Throttie Pressure

Valve Positioning Servomotor Time Constant
Speed Relay Time Constant

Time Constant Associsted With Steam Flow
Fecdbeck on Westinghouse EH System

Steam Time Constant (Control Valves to
HP (VHP)) Exhaust

Reheat Time Constaat (HP VHP Exhaust to
1P HP) Exhaust

Sccond Reheat Time Constant (HP Exhaunt
to {P Exhaust)

.Crosover Time Constant (IP Exhaust to

LP Exhaust)

Hydnulic System Symbols

" Hydro Turbine Parameters

Gate Servomotor Time Constant

. 90

11

Pitot Yalve Time Constant
Dashpot Time Constant
Water Stacting Tine, See Appendia 11
Tnnlkm W Dmp CoefMicient

‘Pcmmul M Dmp Coefliclent .

Common lysm Symbots
Effective Omaoﬂ:mmued Vilveor -

- Gate Positian ©..

arrecun OovmorConnolled Valve ot cn
ncmmnul Position

Vel 66 Date Position Limits

Vdn or Gats lmo Rm Limits

‘o.mluou
) hm.d lblolll

2 I:."'“"‘f“w *'Mm"‘*’ ' mmma
‘wm ,
A Initiel (th' "0 “ Mechanical Powsp ‘_ :.

lmnmulrombm to v-m«omﬂ

’

~ Incremental Power : W

- umm lmpoaed by Gate or Valve Travel

. Pom stOats a Vaive Outiet b

“

ll dClnnp- of Pawer lmpm
VlM lm Limits

ki
mmmmw Valve otOlw?c
. . ”.’i‘
Wlm ', o

l.el’ban'delbtulmle g

" General Model Time Constants

See Figure 8 and Table 11
Speed 1o .

Spoed bmmoq
Differentisl Operator



superscripts

- complex

. time derivative
’ transient

o unsaturated
fict fictitious

§ubscripts

d direct axis

q Quadréture axis

real real .axis of synchronous reference
imag imaginary axis of synchronous feference
a armature or air gap

(6] open circuit or base value

k damper winding

f field winding

J{ leakage or l1osses

e electrical or exciter

m mechanical

G ' Generator internal bus

T Generator terminal bus

AR
v \-\“‘ ﬁ‘“ “(‘;‘C)ﬂw"
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