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ABSTRACT

B

In this dissertation an attempt has been made to
calculate the dynamic overvoltags due to sudden load
rejection at the roceiving-end and switching surge voltage

using travelling wave technique,

The various types of overvoltages that may arise on

a transmission netuork are discussed in chapter-I.

The merits and demerits of various methods and
techniques for the calculation of switching surge over-
voltage, namely, field tests, analog and digital technigues,

have been given in chapter~II,

Subsequently an indepth study of dynamic overboltage
and switching surge overvoltage using travelling wave tech-

nique have been made for the following conditions:

(a) For dynamic overvoltage
.i) Sudden load rejection
ii)  Shunt componsation
iii) Switched reactor

iv) Series compensation

(b) For switching surge overvoltage
i) Step input
ii)  Sinusaidal input

iii) Lightning impulse input.



Case study of a systam for various condition has
. been done and simulated on DEC-2050 computer system in
FORTRAN-IV (Flow diagram of the program is given in

Appendix -I)

The results obtained have been plotteé on CALCOM
plotter and are given in chapter=VI, The concluding
chapter includes the results of the study and their discu-
ssion along with the future scope of work in the related

field.
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CHAPTER - I

L INTRODUCTION .

At certain load centers rapid increase in load, much
above the power resources available at the near-by regions,
necessitates transmission of large bulks of power through
long transmission line originating from region rich in
power resources, Hence, transmission at higher voltage
level has become essential to meet the increasing demand
of eléctrical pouer eFFiﬁiently and'economically as far aé

possible,

At the present time there are many systems in use,
or coming into use, at 400, 500, 750 and 1100 KV and there
is a possibility that still higher voltage will be used
in the future, Bt.this order of operating voltage, the
cost of insulation forms the major part of the cost of
the equipment. Hence, an accurate estimation of the Form
and magnitude of expected overvoltages on the system has
become more and more important with increasing complexity

in pouer systems for an optimum system design,

Once the maximum operating voltage is established,
the insulation requirements are basically determined
by the overvoltages that can occur in the system, There-

fore, the choice of insulation level has a considerable
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influence on the cost as well as the operating reliability.,
Large saving in the éizé and cost of equipment can be affected
by adopting reduced insulation levels, especially where EHY
and UHV systems are involved, Since; it is very expensive

to overinsulate the system to such an extent as to withstand
all possible overvoltages that can occur on the system,

In fact, EHV and UHV voltage level are economically feasible
only if some steps to limit transient overvoltages are in=-

corporated.

Stoady~state overvaltages accur but can be controlled
by the proper use of regulating transformers and the app-
lication of shunt reactors(41),The main causes of tfansient
overvoltages are lightning strikes, surges -caused by suwit-
ching, and surges caused by fault initiation and subsequent
clearance, Transient phenomenon is an aperiodic function
of time and is of a short duration, The period immediately
after the occurance of transient overvoltages is extremzly
important because during this period circuit components
are subjected to .greatest stresses from excessive voltages.
In extreme case damage to the components of the pouer

system may take place (2).

Thus, for designing‘a reliable and economical power

system network it is important to have an indepth knowledge
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of various types of overvoltages that can occur in a pouer

system and their effect on the insulation level,

1,1 TYPES OF QVERVOLTAGES IN POWER SYSTEM

Overvoltages on pouer systems can be brodly classified
into two categories, viz, the external or atmospheric
overvoltages due to lightning and the internal overvoltages

due to various switching operations and fault on the system.-

1.1.1 EXTERNAL OVERVOLTAGES ¢

These are of atmospheric origin and usually take the
form of a unidirectional impulse injected intc the system
due to lightning, uwhose maximum possible amplitude has
no direct relationship to the Operafing voltage of the

system, The energy is fed into the system from the clouds (3).

Lightning is particularly important in high vol%age
systems operating below 400 KV, Modern investigations in
the laboratory as well as in the field on high voltage
lines have shoun that the most important iightning surges
against which apparatus must be protected originate as
direct strbkes elther at the station or on overhead lines
leading to the station, The direct strokes may occasiona-
1ly reach value as high as 2000 KV, They have generally

a high rate of voltage rise (100 to 10,000 keks. per
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{
micro~second ) and high current magnftude (5000 to 200,000
Amp. ) which impose severe stresses on the station equip=-

ment and may be destructive to protective device (4) .

The frequency of occurance of overvoltage due to
thunder storms varies according to the isoKeraunic level
of the region, their amplitude depending on the presence

of earth wires and quality of earthing (5) .

A study of the observations regarding the magnitude
of lightning current has shoun that currents upto 30 kamb.
account for 90 percent'of the total number of observations
recorded and that currents aof the order of 100 kamp exceed
for only 1.5 percaent of the observations, A value of 30 kamp
for the lightning stroke is generally accepted as the criter-
ian For'determining the insulation level for high voltage

system (4 ).

1.1.2 INTERNAL OVERVOLTAGES

These overvoltage originate in the system itself
and arise when the state of network is changed by a
switching operation or a fault condition, They are a
direct consequence of change in the energy associated

with the elements of the system (6) .

These overvoltages can also be classified in a different

way depending upon their duration and magnitude, as follows 3
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1.1.2.0 Suétained or Stationary overvoltages (1 ~ 60 Sec.)

1,1,2;2‘Temp6rary or Dynamic overvoltages (0,03 = 1 sec.)

1.1.2.3 Suitching overvoltages (10 -~ 5000 micro-sec.)

1,1.2.,17 SUSTAINED OR STATIONARY OVERVOLTAGES

Overvoltages of system frequency and persisting for
some time, perhaps an hour are callz:d stationary overvoltages.
These are produced on healthy conductor under sustained earth
Fault condition on one conductor when the neutral is earthed
through an arc supression coil or when the Ffault resistance

is high,

1.1,2,2 TEMPORARY OR DYNAMIC OVERVOLTAGES

Overvoltage of power frequency persisting for feuw
seconds are called dynamic overvoltage. The study of
dynamic overvoltages has assumed greator importance in
the recent past invicw of modern practice of allouwing the
surge diuerter to reseal aéainst dynamic overvoltages exce-
eding their voltage ratings for a limited duration of tine.
As the protective level of any surge diverter is proportio-
nal to the reseal voltage, the insulation level, and
. hence cost, of protected high volfage equipment depends
indirectly very much on the magnjtude and decéying rates

of dynamic overvoltagas (7) .
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These overvoltages occur in a pouer system due to ;

i} Load rejection
'ii) Ground Fault
iii) Ferranti - effect
iv) Resonance

v) Ferro-resonance

Rejection of load at the remote end of a long transm-~
ission line which initiallylcarries substantial power 1is
a knoun couse of severe dynamic overvoltages, This problem
is very severe when a single line connects an isolated

source of generation to a load centre located far-away (4 ).

In the event of unforeseen load throu=off, though the
speed governer and automatic voltage regulator will intervenc
to réstore normal condition, an immediate accelerating torque
will be applied to the rotor of the machine so that ths
machine picks~up speed. Water wheel generator normally
overspead more than steam turbine, The maih reason is that,
it is not possible for the speed governer to actuate the -
.needle control éf a water uwheel generator so quickly
without damage to the installation due to water hammer
action, as compared to the valye of a steam turbine), and

there-by reduce the mocchanical abcelerating torque on

the rotor (8) .
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' Hehce, considerably greater speads are reached for
hydro=-machines before input and output equilibrium is
reached, Thus, the system overvoitages are higher few saconds
after load rsjection, and the overvoltage at this time
detesrmines the choice of the arrestors, uwhich usually are

not suppesed to operate for such voltages (9) .

Overvoltages are maximum when load dropping occurs
in conjuction with single linc-to-ground fault on the system,
this power frequency overvoltage may exceed the reseal voltage

‘of lightning arrestor,

Fhese overvoltages in a system are caused due to
capacitive currents of tha unloaded lbng EHV line Flo&ing
through the inductive reactance of generators and transfor-
mers supplying the‘line. This phenomenoh is knan as Ferrant;-
effect, The saturation of generator'transformer and othe;
~ interconnected trensformers causes ferro-nonlinear ascillation
of capacitive energy between capacitance of the liﬁe and

magnetising inductance of the transformers (7) .

The values of these overvoltages do;not 'in practice’
depend on the operating voltage but depend only on the
length of the line and also on the number of lines ter-
minating at or emanating from a station, The severity on
dquipments is not only due to thelmaximum value reached but

also dle to the repetative nature (10) ,



Thus, it is necessary to knou the various conditions
which gives rise to these overvoltages on the system,
inorder to reduce the number of outages and preserve

the continuity of service and electric supply.

1.,1.2.%3 SWITCHING OVERVOLTAGES

Transient ouefvoltagas generated in a system during

any suitching operation are commonly knouwn as ‘'switching
surges', These overvoltages are of 'origin internal to the
system and are generally oscillatory in nature and of short
duration,.Sthy of suitching overvoltage is essential Ffor
system operating at higher voltage levels, since the basic
insulation levels are determined by switching surges rather
than by lightning surges, The basic objectives of suwitching
transient investigations are to identify and quantify tran-
sient duties that may arise in a system as a result of inten-
tional and nonéintentional switching, and teo pfescribe econo-

. N i
mical corrective moasures, if necessary (11) .

The switching cuent in a poucr system initiates the
transition between two steady=-state conditions, the pre-
switching condition and the pdst switching condition,
Thus, a redistribution of energy must occur among the
various system elements to change from one stoady=-state

condition to another. This change cannot occur instantly;

A



a finite period of time, the transient period, prevails
during which transient voltages and currents develop to
bring about tﬁese changes. This causes steep buildup of
voltage on transmission lines and other electriéal appa=-

ratus (11) .

Switching overvoltages érising in pouef systems have
a very uwide range of magnitudas and wave-shapes., The
transient voltage maylbe oscillatory wave or a damped
oscillatory wave of frequency ranging from few hundred
HZ to few KHZ , It may also be considered as a slou>rising
impulse having a2 wave front time of 0,1 to 10 ms and tail
timé of one to several ms, Thus, switching surges contains
larger enargy than the lightning impulse voltagé (4) .
These ouervoltagés are caused by the following switching
operations:
i) Energising of lines on no-loads
ii) Suitchingmofé of long lines on no load
iii) Transformer magnetising currents etc.

iv) Interruption of capacitive currents

The most critical of these switching overvoltages is
the one caused by the raclosure of a circuit uwhen there is
a trapped charges in the circuit, In the absencs of damping
and in the most unfavourable case of reclosing, uwhen the
applied voltage is at a maximum, the voltage at the open

ehdamay reach double the craest value of the phase-to-
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neutral voltage or even more ( 4) .

The megniwtudes of thesea overvoltages are proportional
.to operating voltage and can go as high as six times the
normal ﬁouer frequency voltage, particulerly in EHV system

(8) and depends upon the following factors,

i) Length of the line switched in/out

ii) System fault level at the sending end
1ii) instant of closure of circuit breaker poles
iv) Circuit configuration and line termination (7) .

Overvoltages originating from mores than one of the
‘abovg causes may occur in rapid succession but only in

exceptional cases simultaneously.

There are two components of voltages in a power system
during transient period: (i) Fundemental frequency voltages,
and {ii) Natural Prequency voltages usually of short
duration uwhich are superimposed upon the Fundamental

Frequency voltages (2)

System studies have indicated that system configu-
ration has a major effect on the switching overvoltages

levels and wave shapes, Thus, gensralizations can not
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casily be made and each system must be studied in detail

to explore the severitics of these stresses.

In the present work an extensive and exhaustive liter-
ature survey has been carried out. The models for the
calculation of dynamic overvoltages have been developed.

A digital computer program for calculation of dynamic & siliching
overvoltage transients, using travelling wave technique .

has also been developed, The study of dynami¢ overvoltages
~has been done forg part of the 400 KV system of Dechar,

while the suitching surge overvoltage study was carried

out For an integrated 132 KV NEPAL system,



CHAPTER = II

METHOOS OF DETERMINING SWITCHING SURGE OVERVOLTAGES

In earlier days the suitching transient overvoltags
studies were carried out cither by actual tests or by simu-
lating the system by analog means. After the development of
TNA, if plays an important role in transient overvoltage
studies, But, now a days digital simulation is used for
transient overvoltage studies. Various methods have been
‘devéloped to fFacilitate digital simulation, Digital computer
programmes are becoming increasingly popular, since they

are economical and conveicnt to use. .

Tha method of calculation used should alsc be capeble
of representing both lumped aha distfibuteé parametcrs equally
well and of faithfully\reproducing their variation uifh fro=-
quency, But, in practice such a mathod 1s not easily achicved
and depends on the specific requircments of the user (12) .
The methods for determining these avervoltages in é pouer

system, can be broadly classified as (13) .

2.1 Figld Tests
2.2 Analog Model Methods

2.3 "Digital or ARnalytical Methods,

2,1 [FIELD TESTS

Some ficld tests have been reported in the literatures

C 14,15,18), Field measurements are conducted with stage
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tests wharein a prescribed sequence of suwitching cperations
are conducted for various system operating modes, or‘they
may relate to monitoring day-by-day operating conditions.
These are ;eliable ways of determining the switching surge
cvervoltages on a line, as they fake info account all pract-

igal factors that can affect the surges,

InAtransient switching field measurements, voltage
signals are derived from the pouwer circuit via compensated
capacitor divider and conveyed to the measuring equipment
via shislded co-axial cable. Some times, 'captap' diuiéers
are also used fFor deriving voltage signals at apparatus
bushings provided uwith capabitance taps or power factor

taps (11) .

These tests are conductad on existing or experimental
lines, and the surge magnitude and wave shaps is recorded,
But the extensive field investigations to cover all possible
Sysfem configurations are very oexpensive and time consuming.
Moreover, the results obtained by fisld tests on a particulsr

system cannot be gencralized for all the systems,

2,2 ANALOG OR MODEL METHOD

The technique is essentially that of designing an

'

electrical model or analog of a dynamic system in such

a manner that measurement on the model givaes useful
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information about the actual system, After all model
components have been interconnected to properly represent
the actual system to be sfudioda the switching operation

is performed.With tﬁis model transient voltages and currents
can be observed and measured on an oscilloscope or by means
of digital metering by connecting measuring prcbes directly
to various locations in the model system (5),The computing

tools available for such type of studies are :

1.2.2,1 Transient Network Analyzer (TNﬁ )

1.2.2,2 Electronic Differential Apalyzer ( EDAY)

2.2,1 TRANSIENT NETWORK ANALYZER

The TNA is the most used method of conducting calculated
predictions of transient behaviour in a pouer system, The
TNA uses celectromagnsotic models primarily in representing
tha system to be studied (11) . The TNA has been and is still

the 'work hourse' for the switching transient analysis,

The main purpose of a TNA is to simulats a system
with miniature components, The TNA representations of
systems can be made with model elements of the.same
ohmic values as their Syétem counterpafts. Herver,
to minimize the number of model clements required for

system parameters, other electrical scale factors are
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introduced in accordance with establish@d'theories»of
modeling (11) . The transient performance of such a model

must reasonably duplicate that of the original system.

The accuracy of TNA analysis results depends on
the accuracy of data and the degree to which models can

be made to appfoach the desired characteristics,

While representing a system in miniature, the most
expensive portion is the transmission iine model. Other
components of a TNA inciuaes the sﬁurce, switching arran-
gements, transformer models, lightning arrgsters, componsa-

ting shunt reactors, load etc,

2.,2,2 ELECTRONIC DIFFERENTIAL ANALYZER ( EDA)

Analog computer, as the name implies, use a physical
model equivalent to the given equation and the model is
subjected to inputs analogous to the inputs of the given
physical system (19 ) . Perhaps the earliest aids to analy-
sis of power system transients were so~called mechanical
defferential analyzers and later the electronic differential
analyzer, most commonly called analog computer, These devices
assist the solution of differential equations that gvolve

in mathematical representation of transisnt phenomena,
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This analyzer is well suited for solving electrical
transient problems in lumpy circuits, and it is especially
attractive for investigations of the effects of varying
one or more circuit elements over a range of values, It
is not feasible to study suitching surge overvoltage of

a large system by this method.

2.3 DIGITAL OR ANALYTICAL METHOOD

With the development of the digital computer and
advanced computer programming technigues, pouwer system
problems of the most complex types can be rigorously analyzed.
Previously solutions were wusually only approximate and errors
were introduced by many simplifing assumptions necessary

for calculating procedures,

To-day, The digital computer is an indispensible tool
in pouer system planning uwhere it is necéssary to predict
future grouwth and simulate day-to-day opsrations over
periods of 20 years ar more (10) . Thus, the modern digital
computer offers power system engineers a powerful tool

to perform more effective studies of any power system,

For switching surge overvoltage determination many
computer programs based on various methods have been

and are being developed, some of which are .capable of
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high sccuracy. The cost of accuracy is long computation
time, For the most accurate methods, full knowledge of
parameter variation with frequency is necessary, and at

the present time this is not aluays readily available,

Thus, in many cases, the use of the most accurate methods
ayailable may not be justified economically because of
system data limitations (12} . However, through the use

of digital computers these studies can be made with relative

ease-

The digital simulation of a physical process is achi- -
sved by (i) formulating a mathematical model of the process
(1i) computing an approximate solution to the equation, The
aceuracy of the results obtained depends baoth on the fide-
lity of the model and the errors generated by the computa-
tion procedure..The various techniques developed for solving

the transmission line transient problems are as follous ¢

2.3.17 Lumped parameter method
2,342 Fourier transform method
2,33 Llaplace transform method
"2.3.4 Z - Transform method
23,5 X = Transform method
23,6 Scﬁynder-ﬂergeron method

2,3,7 Lattic diagram method
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2,3.1 LUMPED PARAMETER METHAD

o et~ RS S tr R 12

The traditional hethod of calculating power system
‘trensients has been to use the transiant analyser type
of analogue computer, which provides facilities for
setting up a scale model of the éystem being studied,
- using lumped inductanca, capacitaznce and resistance.
Overhead lines and cables zre represented by artificial
lines made up of lumped elements arranged in 2 seriess of

%. sections (12} .

Eventually,vuith such computers, probiems are en-
countered whiéh are too large to be aocommodated without.
drastic simplification, and one solution to this is to use
a digital computer, The differantial equationsg of the
individual elements forming the trans;ent analyser repre-
sentation may be written and solved digitally, Althouth this
method is accurate when applied to elements heving lumped
constants,.error is introduced by the representation used
For lines and cables, The artificial line usad behaves
in exactly the same way as the actQal line for a pafticular
Frequency,; but it has a banduwidth which is given approxima-
tely by the natural frequency of @ 7 section, If this
bandwidth is excesded by a particular transient the high
frequency components are attenuated, introduoing error

into the solution {17) .
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2.3,2 FOURIER TRANSFORM METHOD

The Freduency dépendénee of the parameters of the
system can be accommodated by the use of methods based
on the Fourier transform. Fundamentally, the method
requires the calculation of the response of the'system
ovar a range of frequencids and the use of the inverse
Fourier transform to transform the response from the

frzquency dcmain into the time domain (20) .

In this method, = considerable amount of date and
long computation time is requited} Sinca simpler methods
are available, whose accuracies are more compatible with
the accuracy with yhich the system data are usuélly knouwn,
the Fourier transform is not considered to be the most

suitable method to use for general studies.

2.3,3 LAPLACE TRANSF ORI _METHOD

This method for solution of travelling waves by
Laplece transform has been described by Uram et, al a7y .
The Laplrce transformation, whan applied to terms of an
ordinary differential equation, converts the equation
into an algebraic equation. In so doing the variable
t (time) disappears and @ new variahle, S (complex fro-
quency), is introduced, The Laplace transform hes the

added virtue of drawing attention to the initial conditions
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by providing just enough terms fcr these conditions to
be satisfied. When operated upon this manner the equa-
tions of the problem lose their transient aspect and

appear more like equations of a steady=state probleh in

the new variable, S,

2.3.4  Z-TRANSFORM METHOD

In this method, used by Humpage (18) the transmi-
ssion line foruward impulse responsde and surge impadance
function, initially formed in frequencv domain, are mapped
into Z-plene by bilinear transformation, They are then
transformed into time domain, thereafter the formulation
is wholly in the time dbmain and‘the sequences in solutiaon,
to uhich steps of transformation through the Z-plané
lead, arg of recursive form, It was found that thié
transformation is one which introduces a form of distortion
error {20). High accuracy in response function definition
is achieved over an initial range of frequency beyond
which the error progressively increases, This can be
achizved by choosing a step length which minimises the
error over the freqguency range relevant to the electroma-
gnetic transient made of system operation. But this

lezds to very high compuyation time
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2.3.5

o

X=TRONSFORM METHOD

This method has been usad by Raghavan and Sastry (21}
for the suitching surge overvoltags calculatiohs. In this
method reflection and refraction coefficients at all points
of discontinuity and surge travel times of different lines
are calculated, They are then represented by a block diagram,
The transform function of the system is determined with
the help of system single flaouw éraph: The surge voltage
is found out by carrying an inverse X-Transform. The main
drawback of this method is the difficult of inverse X-Trans-

form of complex function,

2.3.6  SCHYNDER-BERGERDN METHOD

In this method a relation is establishad betueen the
voltage and the current at each end of the lines depending
Upon the voltage and current at the opposite ond, including

transient time (22) .

Surge propagation is initiated by connecting all
sources to the circuit to be energized, The voltage and
currenrt is computed at cach discrete point for every
basic time interval,

The overhead line parameters are in the form of
modal surge impaedance and attenuation Factoré are included
approximetely by introducing series raesistance into the

modal domain.
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2,347 LATTICE DIAGRAM METHGD

This is essentially a graphical method of determin-
ing the valtages et any point in a trsnsmission system,
Its digital‘computer adoptation is based on Bouley's :#g:
lattice diagrams method. The application of this method
to single phase representations has been @ describad
by Barthold and Carter (24). This method is capable of
accomodating any specified input -~ waveshape, real or
complex line terminations, any system configuration, Basi=-
cally this method is an application of superposition combined

with an ingeneious system of boock keeping.

In this method, lines and cables are specified by
their surge impedances and surge travel times, and the
reflected and refracted voltages and currents at junctions
and terminations are calculated by the use,of reflection and
refraction coefficients {25). They have assumed that the
incoming wave proceeds through the discontinﬁity undimini-
'rsﬁed, but generate a new wave equal to the reflection
EoeFFicient at the instant it reaches the discontinuity.
This neu wave emanates from the discontinuity in both
directions, and the sum of the original wave and the
neuly generated wave represents the total response of

the discontinuity to the impinging wave.

In much the same manner, the response of a complex

network can be represented as the superposition of the
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undiminish:d transmission of tha original input plus
simil=ar transmission of secondary-wave components generataed
as the original wave arrives at gach bus in the system.

The sccondary wavas produce @ third genseration of waves;
and the proccss continious to infinitum or until one

or both of twe criteria is reached. tithar the neu wavns
have magnitudes below a specified limit of significance,

or they are genaerated at a time too late to be of interast

in a given solution. _

OFf the methods discussed so far the most commonly
used are Schnyder-~Bargeron, fFourier Transform, Lattice
diagram, and Laplace trensform as they are in a more deve-

lopad stage as compared to othor method.

Provided that the same assumptions are made all
methods of solution of the transmission-line eguations oive
the same results, although, for a particular type of problem,
one method may be more suitabls than another, For instance,
the Schnyder=-Bargeron method is suited to the calculation
of uoltéges and currents at any points in a system, on
the other hand, the lattioe'diagram method is more effi-
cient when the voltages at only one or two points in a
large system are required, as for suitchiﬁg transient
calculations,

In the present work Lattice dicgram method has
been usad to calculate overvoltages at various nodes

of Nepal 132 KV system,
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CHAPTER = III

DYNAWIC DVERVOLTAGES DUE TO SUDDEN LOAD REJECTION:

In this chapter models have been developed to evaluate
the dynamic overvoltages cenerated in the system due to

sudden load rejection.

3.1. SYSTEM MODELLING

A single lihe diagrem of the system considered for
the study is shown in Fig. 3.1, It‘consists of a generator
connected to load through a step-up trznsformer, a series
compensated/un=compenseted transmission line and an inter-
connecting transformer., The single line equivelent circuit

used for computer simudation is shoun in Fig. 3.2.

It may be noted here, thet the representation of
transmission network as distributed parameter elements is
not necessary 7or this study as we are not interested in
evaluating accurately the transients in the initial period
of the order of a few micro-seconds after the disturbance

(26). As the transmission netuofk considered is symmetrical,
and the load rejection is assumed to take place simultane-
ously in all the three phases,‘the single phase equivalent

of the system has been used .
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Where,

U1 = Load voltage at 220 KV Busf

V2 = Load voltage at 400 KV Bus.

V3 = Sending end 400 KV Bus-Voltags.

Vé = Machine terminal voltage.

US = Voltage behind transient reactance.

Vg = Voltage across the series capacitor.

X1 = Leakagz reactance of receiving end transformer,

X2 = P=rallel combination of magnetizing reactance
of receiving end transformer and shunt raactor,
if any.

X5, Xg = Capacitive reactance of transmission line
assuming, © model.

R4 = Resistance of transmission liﬁe

)(4 = Reactance of transmission line.

X6 = Parallel combination of magnetising reactance
of sanding end transformer and shunt reactor,
if any,

X7 = Leakage reactance of sending=end transformer

X8 = Transient réacfance of generator

Rg = Armature resistance of generator

5.2 NET WORK MODELLING

3.2.1 MODEL WITHOUT TRANSFORMER AND GENERATOR LOSSES :
On load rejection the system reduces to that shown

in Fig. 3.3. Nouw the differential equations for the above



FIG-3-3 MODEL WITHOUT TRANSFORMER AND GENERATOR
LOSSES
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system (the dot above the various quentities signifies

.

derivetive with respect to time) are obtained zs follous:

These
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In the above first order differential equations

UZ’ U3, is, 17, 16 and i8 are unknown, saurce voltage
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S
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The above equations (3.1) can also be rearranged in the

matrix notation

s L
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3.2.2 MODEL VITH REACTOR LOSSES

et Ty g

In case of shunt reactors, the value of L6 and LS
depends upon their sizes, The reactance will be paralallel

combination of the reactance of transforer and reactor (28) .

-

Similarly, the value of L5 depends upon the number
of machines connected in parallel, When two machine aregonsiderad

in parallel the value of L5 would be half the .single machine

case and so an,

The system configuration is as shown in Fig., 3.4

The equations for this model will be as follows @
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3.2,3 MODEL UITH TRANSFORM-R LOSSES 3

In this cese, the model is shoun in fig. 3.5

and the equation for this model will be as follow ¢

©
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FIG.4-5 MODEL FOR SERIES COMPENSATED LINE
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32,4 MODEL FOR SERIES COMPONSATED LINE WITHOUT LOSSES
In this case, static capacitors afe connected in
series with line codductors and are used to reduce the
induétive reactance between the supply point and the

load, Ti.e major draw back is the high overvoltage

o~
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produced when & short circuit current flous though the

capacitor and special protective should be incorporated,

The factor that effacts the overvoltages are ¢

iii) Circuit configuration of the system etc.

i) The degree of compensation

ii} The length of line

The location of the series capacitor on the

transmission line has minor affect on overvoltages. The

most important is the degres of series capacitor compen-

sation that determines the value of capacitor voltage, i.a,

the choice of the break down voltage of thz arrester which

protects the capacitor (29) .

!
t

i
!
o

PP,

The system configuration is as shouwn in Fig.3.6
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3.5 METHOD_OF SOLUTION

The set of differential equations are numerically
‘SDlVed using Runae -~ Kutta fourtheorder routine for
obtaining the time response of state variables, This is
one OF the most widely used method of numerical solution
of differential equations, The advantage of this method
over others is a greater accuracy for the same amount
of computation, There are several version of kunge-kutta

methods, most common one is the fourth-order method (30) .

According to the fourthe-order Runge-Kutta, given

Xk and the ’input_uk and u(k+%). We can compute Xy 11 from

the following relations ¢

X o1 = Xt 1/6 (k1+ 2k, + kot ka) 3.9
where, )
Ky kz, k3 and k4 are given by
ky = hf (xk, uk)
k, = hf (xk + % K, s 4(k+ 4
3,10
ke = hFf (xk+ % Ko s u {k+ 3))
::.d = :
an Ky hF (Xk+ Ko s Uk+1)
where (Uk +%) = Yo f(k + %)h

and h is the step size,.
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The proposed model has six simultansous differential
equations., These are solved using the basic equafion of
Runge-Kutta Method (equation 3.9) with a step size of

0,001 see and for a total time of 0.5 sec,

The flow chart of the developed program is given
in Fig., A= LThe results of the studies are given in

CHAPTER =~ VI,
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) CHAPTER - III

SYITCHING SURGE OVERVOLTAGE CALCULATION BY
TRAVELLING WAVE METHOD

In this chaptér the details of the switching surge
overvoltage calculation method of Barthﬁld and Cartar
are given,

This is a graphical method of determining the
voltages at aﬁy point in a transmission system and is an
effective way of illustrating the multiple reflections
which ‘take place. The method follous the lattice diagram
method proposed by L.V. Beuwely (23). The application of this
method to single phase representationé has been described
by Barthold and Carter (24 )., This method ié also capable
of accommodating ény specified inputs wave-shape, real or
complex line terminations and any systém configuration.
Basically, this method is an appiication of superposition

combined with an‘ingenious system of book keeping (6 ) .

The principle of the method is that, a2 surge trévelling
on 2 line and undergoing reflection 2t a point of discontin-
uity, such as’bus, gives rise to a reflected and refracted
wave which.emanates from the discontinuity in both the
directions, and the sum of the original weve and neuwly
generated wave represents the total response of the
discontinuity to the impinging wave. The magnitude of
these waves are equal to the incident wave times the

reflection and refraction coefficients respectively (31) .
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4.1 REFLECTION AND REFRACTION OF TRAVELLING WAVES :

It is well knoun that, there is a strict proportiona-
lity betuween voltage waves on transmission lines and their
associated current waves. The proportionality factor is
the characteristic impedance Zo of the line. When a wave
arives at" a discontinuity in a line, uwhere the character-
istic impedance of the line changes, some adjustment must
occur if this proportionality is not to be viclated. This
adjustment takes the form of the initiation of two new
wave pairs., The reflected voltagé wave and its companion
current wave travel back doun the line superimposad on
the incident wave. The refracted wave penetraées beyond
the discontinuity. The amplitudes of the reflected and
refracted waves are such that the voltage to current
porportionalities are preserved for each, as demanded by
the characteristic impedaﬁces of the lines on uwhich they

are travelling (6 ).

When a linme is connected to an underground cable
or some equipment such as transformer, it beacomes necessary

to analyse the condition of wave propagation et such junction.

Consider the junction betueen limes of characteristic
impedances Z1 and Z2 and let us suppose that 215 22.

Suppose that a voltage surge of step function form and
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magnitude \I1 approachas the junction along the overhead

line, The current wave will have the same shape and an

amplitude .,

I, = ~ (4.1)

1

N <

Let the reflected and refracted voltage waves be V, and

VZ’ respectively, so that thair currents will be

| U, |
12 = A?’“ - (4 02)
1
v
I, = =2 - (4,3)
3 22

Note that I bzcause it is travelling in the direction

2,
of minus x, has a sign opposite to U2. If voltage and

currant are to be continious at the junction, it follous that
Vor V, =V, - (4.4

1t L I, ~ (4.5)

—
+
-
1

Equation {4.5) can be written by substituting equations

(4.2) and (4.3)

I I R
1 3

From equations'(d.d) and (4.6) it is possible to uwrite
expressions for the reflected and refracted waves in

terms of the incident waves,
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4

o, | 2t Al L |2k
sz 21_ 1 22 X Z1 )
7 -2
| 2.0 -
vy = 7,7 2, v, - {4.7)

The refractad wave is obtained by eliminating V2 betuween

equation (4.4) and (4.6)

P A R
3 sz Z,l
2 7
V, = 2
I s B - (4.8)
22+ Z1 1
2~ 12 . | ,
The term 2 "1 1is called the reflection
L+
2 1
2 22
Coefficient while (if:ﬂf ) is called refrection
' 2 1
Coefficient.
=~ 2
2 1
2B R = o - (i)
r 22+ Z1
2 22
and R, = =5 - (ii)
t Z2ﬁ 21

Here, Z1 is the surge impedance of the line along uwhich
the surge is incident at the point of discontinuity,
and Z2 is the surqge impedance of the outgoing line at

the bus. (surge impedances = /TJT ).

When one or more lines are joined to the line

on which tha surge originates as shown in Fig. 4.1
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The traveiling wave when roaches the junction, it sees

a2 change in the impedance.

Let 22 and 23 be the surge impedances of two lines
bused at junction P and the surge impedance of the line
on which the wave is incident is 21. In this case, 22

and Z3 forms the parallel path for the travelling waves (32).

Therefore, the following relations hold good:

N O
Z4 L, I3
. - .
° » Zt ,]m 1
qr—z_._.us +
“2 3
22
Then, Vg = ('?”¥”7 )v1
k 1
.'. In this case,
2L _
R P Sv— - (1)
Lyt 4
Yoz.z
and  Rr = iy - (i)

This is 2 very important concept upon which the
entire calculation is based, 1t shows that the incident
surge travels undiminished beyond'the point of discontinuity
and in~addition, generated a response wave of magnitude
'Ri' times the incident wave. This response wave, in‘turn,
‘behaves in the same manner as the incident wave in éo far

as the system is .concernsd, This clearly means that for

each of the response waves, a neuW set of sscondary waves
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is generated at all busas, uherever a discontinuity is
sncountered in its path (23 ) . The entire computation
process, involving the original incident wave and the

subsequent train of response waves, continues until,

i) The magnitude of the generated response wave
becomes inconsequantial, or
ii) its time of generation is of no interest to the

system problem under consideration,

Having computed the response vaves, the resulting
voltage at any bus in the system is obtained as a algebric
sum of all waves arriving at the bus prior to the instant

of time under consideration {24) .

Since there are a very large ndmber of waves .arriving
at a bus, both due to the original iﬁcident wave and the
secondary waves, é systematic recording of the response
must be carried out, which can be done on digital computers

efficiently,

In the event that two busés are intefconnected by
more than one electric path, the system is known as
'loop system', Fig., 4.2 shous a loop system in which
there exist more than one electrical path for the surges
between 1 and 2. A surge originating at bus 1, for example,
. can travel to bus 2 either directly by line section 1 - 2

9

or via bus 4,
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In this method, the first step involves the setting

°

up of basic matrices or arrays, which are :

4,2 the travel time array (T) and

4.3. the reflection coefficient array (Rr)
These arrays are matrices of the same order as the number
of buses in the system (32) , They are utilized for comput-
ing the magnitude and time of generation of the response

uvavesg.

4.2 THE TRAVEL TIME ARRAY (T)

The travel time array is formed by calculating the
time taken for the surge to travel from any given bus to
another to which it is connected. In accordance with éhe
concept described above, the unit wave generated on bus
3 of Fig, 4.2 will arrive undiminished af bus 1,2 and 4
at time equal to travel time from bus 3 to each of thaese
buses. Since, @ great many such analysis must be made hafore
a complete solution is reached, it is convenient to define
travel time array for the system under study., Such an

array is shown in Fig., 4.3 for the system of Fig, 4,2,

The travel time array will also be used to determine
the time of arrival of all response waves. In this case,
the travel time array gives the times which must bs added

to the time of origin of a particular response wave to the
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establish its arrival times, on an absolute time scale,

of each other bus in the system,

The travel time array is necessarily symmetrical
about the main diagonal., The main diagonal is zero, Since,

the travel time for any bus tg itself is zero,

4.3 © THE_REFLECTION COEFFICIENT ARRAY (R )

In this case, the initial incident wave in the system
of Fig._4.2 will give rise ‘to a response wave at each bus
in the system. The system of origin of thase response waves
has been establishad by a travél time array. A dmilar array
for reflection coefficient 'Rr' can be defined to establish

the magnitude of the responsas vaves,

Fig. 4.4 shous a reflection coefficient array (Rr)
for the system shown in Fig, 4,2. The reflection coefficient
array will also be used to establish magnitudes of other
response waves in the system., The original magnitude of
each wave must be multiplied‘by the appropriate row of
the (Rr) array to give the magnitudes of the next gener-

ation of response waves,

The (Rr) array is not symmetrical about its main
diagonal, This is because the reflection coefficient

depands upon the direction from which the surge is
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incident at the point bf discontinuity. Therefore,; when

a surqge arrives at a bus to which two lines with different
surge impedances are connected, the reflection coefficient
for two wave incident from the left is different .fFrom

that for a surge incident from the right. But the main

diagonal of the (Rr) array must be assigned a value of

Zero,

4.4 BASIC TIME AND DISTANCE INTERVALS :

The sclution is greatly simplified if time is
defined in terms of a constant discrete interval “T!' and
if distance intervals are corrospondingly restricted to
thelproduct of local velocity and integral multiples of
this basic time interval.System response will then be
expressed &8s a function of integral multiples of basic

time unit,

If the system consists, as it is generally the casa,
of a large number of buses interconnected by lines of
differcent lengths; (i.,e. with different travel times),

a choice has to be made for a basic time interval at
which all calculations will be carriedout. This is done
in such a way that all the travel times are integral
multiples of this basic time interval, A nau travel

time array, T, is now formed whose elements are obtainod

by dividing the actual travel timas by the basic time.
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As.an illustration to this consideration, for an example,
consider a simple system with 3~buses, with one source-bus
and two line sections as shown in Fig. 4,5, Let the actual
travel times for the surge on these tuo lines be Tqy,= d,
JUE and T, = d?/L?_C2 milliseconds, Where, d,, d, are

the lesngths of the lines between Buses 1-2 and 2-3, respe-

ctively and L1C1, L2C2 are the Parameter/length of lines,

For this case, the basic unit of time is chosen to’

be TB ms {usually TP = micro-sec.), which gives T1= lgl

7
T _ E B
and T2 = ng units for the tuo travel times in relation

to the basic unit of time interval., These are entered in

the travel-time array, T, which will be utilized in compukation,

This method described is suited to distributed circuit
with distributed parameters, but many lumped components
such as transformers, shunt-reactor and capacitor banks

which are found in power system can also be modelled,

4,5 SCOLUTION PROCEDURE

In Fig 4.2 Branches are listed both ways in ascending
order of the first model number and are referred to

under the name Branch, The time taken for a wave to
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travel along a branch is recorded interms of a positive
integer (referred to as period) which converts the basic
time unit into actual travel tims, Reflection coefficient
ére storad and referred to as reflect and the corraosponding

refraction coefficients obtain, i.e, (1 +Rij)

A surge arriving at node 3 at Time (0) will enter in
the branch (3,2), time (0) element of branch time matrix.
On arrival at node 2 at time equal to zero plus period
(3,2) tuwo waves are gensrated, on branch (2,1) and branch
(2,4) both of magnitude, incident surge magnitude times
(1 +-R32). A reflected wave is also generated on branch (2,3)
of magnitude incident surgé magnitude times R32. These voltages
are cntored in the appropriate branch in time (27). On reaching
node 1, Time (31), 2 refracted wave is generated on branch
(1,4) and a reflected wave is generated on branch (1,2). This
process is continual until a specified time is reached., All
transmitted waves for a given node are placed in a separate
node time array, a transmitted wave is considered only
once even though it could be intered into several branch-
time elements.

Th- method was applied to NEPAL 132KV system and
its results along data are given in follouwing chapter,

The flow diagram for the computer program for switching

surge overvoltage calculation is given in appendix I.,



CHAPTER Vv

SYSTEM_CONSIDERED AND CASES STUDIED

5.1 SYSTENM CONSIDERED FOR DYNAMIC OVERVOLTAGE STUDY

e e e

A hydro-electric station with 4 units of 165MU each
in stage 1 has been provided at Dehar undsr Beas project.
This power station is connected by a 400 KV single circuit
transmission line to Pzsnipat at a distance of 260KM, A study
of dynamic overvoltage of this system is done for upto 3

units of 165MW in operation.

5.2 SYSTEM DATA

R e )

5.2.1 LINE PARAMETERS : :
The line comprises of two conductor bundles par
phase and two galvanised stszl overhead wires, The line

has a delta configuration, The line data is as given belows

N
ft

(7.677 + j82.85) ohms

..<
i

j0.00092349 mho

5.2,2 GENERATOR PARAMETERS

In these s£udies the generator has been represantad
by its sub~transient reactances. Its value is 0.135 p.u
on 100 MVA base, In case of tuo or more generators, the
source is represaented by tha parallél combination of

generator and transformer impedances,
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5.2.3 ggﬂgﬁglgﬁTTRAN§FURMER PARAMETERS
The transformzr impesdance for 3 x 60MVA, l%éégg KV

transformer has an average value of 15% on 180 MVA bese
as available from the data, Its value is 0,398 p.,u on

100 MVA bese.

5.2.4 RECEIVING-END TRANSFORMER

400/ 200,
VAlwin

auto-transformer at the receiving-end has an impedance of

The transformer impedance for 3 x 150 MVA,

15% on 450 MVA base, Its value is 0,159 p,u on 100 MVA base,

The magnetising current in all the transformers 1is

taken as 0,5% of the rated current.

5.3 CASES STUDIED

In the initial stwdiss, no losscs are assumed in rzactor

and transformers, Of-course this assumption gives rise to
overvoltages which are higher than actual value. Thercfore
lateron, losses can be included to represent a more realistic

system,

5.3.1 LOAD REJECTION AT THE RECEIVING-END

In this case three conditions of load r2jection

are considered as givaen belows

(i) Load rejesction of 150 MU has bnon assumed for
one machine, at power factor 0,85 and 1 p.u

receiving=end voltago,
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(ii) and (iii) The study of case (i) is again
repeated for load rejection of 300 MW and 450 MU

for two and three machine raspectively,

5.3.2 WITH REACTORS AND_WITHOUT TRANSFORMER AND REACTOR
LOSSES

e e

In this casec, shunt rcactors of 50 MVARR and 75 MVAR
rating were conncected at either end or at both the ends.

The study is made seperately for each case,

5.3.3 WLTH REACTOR LOSSES

=l

A reactor of 75 MYAR with losses (0.133 p.u) is

conneccted at the receiving=end only,

5.3.4 WITH_TRANSFORMER LOSSES
In this case, sending-end transformer loss of 0.046
and receiving transformer with a loss of 0,025 p.u is

considered.

5.3.5 SWITCHED REACTOR

A TR A D

In this scheme a reactor of 75 MVAR is conncctad
at receiving=end, This reactor will be switched on to
the linec 100 ms after the load is rejected. The study

is repeated again for switching in rcactor after 200 ms.
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5,3,6 SERIES COMPENSATION

For the study of series compensated line, a static
capacitor of value 18,1983 p,u on 100 MVYA base is connected

in series with the transmission line,

5,2.7 VARIATION OF SHUNT COMPENSATION

In this case the value of reactor is variced from
10 MVUAR to 100 MVAR in steps of M0 MVAR, It is conncectoed

at receiving=-end only,

5.2.8 VARIATION OF LOAD POWER FACTOR

Load power fFactor is varied from 0.1 to 1.0 in steps

"of 0,1 both for lagging and leading casas,

The results of the above studies are tabulated in

Table 6,1 of the next chapter,

5.4 SYSTEM COMSIDERED FOR_SWITCHING SURGE UVERVOLTAGE STUDY

A hydro-esloctric poucr station with 3 units of 75 MUY
sach has be2n provided under Sapt-Gandaki project of
Western Napal, This pousr station is connected to Bharate-
pur, Heotauda and Janakpur by a 132 KV single/double circuit
transmission lines at a distances of 5KM, 75KM and 212 KM
respectively, A study of switching surgu ovarvoltage of
this system is done for 3 units of 75 MW in operation,

negleoecting all line-losses.
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5.5 SYSTE

DaTA

5.5,1 LINE PARAMETERS

The linc compriszs of single conductor of size 0.20/0.25
sgq, in.per phasc and onc galvanised steoel overhoad ground
wire,

The line dats is as given below in Table 5.1

Pplace to Place  Volt., S.C Condf. Length _on 100 MVA Basc
of (sqg.in.) (km) . ’
(Kv) ’ X ; B
0.C ‘ J
* * £ {

Hetauda Janakpur 132 D.C 0.25 137 3088 0690

Sapt = Hetauda 132 D.C. 0.25 75  .1690 .0378
Gandaki
Hetauda Bharatpur 132 S.C. 0.20 80  .1845 ,0392
Bharatpur Sept-~ 132  5.C. 0.25 5  ,0113 ,0025
Gandaki
Table 5.1

5.6  CASES STUDIED

5.6.1 LIGHTNING IMPULSE

In this case a standard lightning impulse of 1,2/50us
is assumed to strike at node 3 of Fig. 4.2 and overvoltages

at different nodes are studied.

5.8,2 UNIT STEP FUNCTION

In the sscond case a unit step function is applicd

at node 3 and ovoarvoltagas at different-nodas arc studi:d,
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5.6.3 SINUSOIDAL FUNCTION

In the third casz a sinusoidal voltage wave is applied

at node 3 of Fig, 4.Z and again overvoltages of differant

ncdes were studioed.

The results of these studies are given in table 6,11

of the following chapter,



CHAPTER VI

RESULTS DISCUSSLON AND _CONCLUSION

£ rpTrarE T vy TS

6.1 RESULTS

ey T T AR

The maximum dynamic and switching surge overvoltage
occuring for different cases mentioned in section 5,3 and
5,4 of previous chapter are given in Table 6.1 and 6,11

respectively.

Table - 6,1

e

ODynamic Overvoltages

S.No., Case T TMax, Over-  Ref. Tig.
voltage No,
o v At T e 88 et £ Ao e e e AR A
1. Load rejection ot receiving end

i) when 150 MU load is Throuwne
off, at 0.85p.f lagging 3,405 6.1

ii) when 300 MV load is thrown-

off at 0.85 p.f lagging 4,203 6.2
iii) when 450 MY load is throuw
of f at 0,85 p.f lagging 4,962 6.3
2, With reactor and without
transFormerS'reactor losses
i) 50 MVAR reactor at sending-
end only, 2,990 6.4
ii) 50 MVAR reactor at receiving-
end only . 2,923 6.5
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-y = sum s ; T B e R iR o LT 2 R o KR e

5,No, . Case Max, Over- Ref.Fig,
Voltage NG,
U S SN ¢ 3. SNV U
iii) 50 MVAR reactor at both the ends 2,716 6.6
iv) 75 MVAR reactor at sending 2,854 6.7
end only |
v) 75 MVAR reactor at receiving 2.787 6.8
end only

vi) 75 MVAR reactor at both the ends 2,529 6.9

3. With 75 MVAR reactor at receiving

end considering reactor losses 2.650 6.10
4. Without reactor considering
transformer losses - 3.210 6,11

5, Switched reactor of 75 MVUAR at

receiving end (without losses)

i) 100 ms. after load rejection - 6,12
ii) 200 ms. after load rejection - 6.13
6. Series compensated line, 150MY

(0,85 pouwer factor lagging load

rejection, without reactor 4.03 6.14
7. Variation of MVAR values of

reactor at receivinmg end only - 6,15
8. Variation of load power factor - 6,16

FIEETIE IR MISATERC VLSS AN X L T U AT S LS T R SR TS BT IS TS TR 6 i) oM £ L & TR S meermy
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Table 6,11

Switching/lightning overvoltages

e, T T T Y W TR TR T W S T T e WO TNITRGT S I e BT LA TR £TE AR 68 - T

5. No. Case Max, Over~ Ref.rig.
e e s o voltage . Ho. .
1. Unit step input v 2.19 p.u 6.17

2, Sinusoidal input 1.15 p.u 6.18

3. Lightning impulse input 1360 KV . .19

TN o T G RS K e ST T T S R - T L ATREL N TERe S A CLrzmmen

6.2 DISCUSSION :

e e '

For load rejection at receiving-end at pouwer factor
0.85 lagging and receiving=end voltage of 1.0 p,u tHe meagni=-
tude of overvoltages increases with the increase in quantum
of load rejected., The maximum overvoltages for load lost of
150 MY, 300MW and 450MW observed to be 3.405p.u, 4,203p,u
and 4.962 p,u respectively., The increase in initial peak
is attributed to greater initial shock to the system result-
ing from the rejection of load, This is due to the fact the
maximum overvoltage depends on the magnitude of disturbance
caused by the amount of load. And also, the trensition of
fully loaded to no-load condition of the line is accompanied
by the necessity of absorbing the reactive power of the line.

The range and rate of variation of reactive power demand

varies widely on the types and quantum of load,
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Shunt reactors are normally used to limit the
voltage rise due to the Ferranti effect. When shunt
reactors are connected to sither end or at both ands,
the overvoltages arec reduced to a lower value, It is
also observed that the location of the'reactors on the
transmission line has considerable =ffect on overvolteges,
which is affirmed by the results., The reactor situated
at receiving=end resulﬁs in lower voltage (2.783 DJU)
than those obtained by providing reactor at sending-cnd
(2.854 p.u).‘it is because of the fact that, normally
as observed, receiving end voltage is higher than the
sending-~end voltage after the load is rejected and by
providing reactor at receiving end better compensation
results in louer overvoltages, The magnitude of ovarveoltoge
is further reduced by connecting reactors at both the 2nds
(2.529 p.u). This is due to better compensation of linc

charging MVAR at both the ends.

On connacting a S50MVAR reactor at sanding-end,
raceiving=-end or at both the ends the maximum over-
voltage turns out to be 2,990 p.u, 2.923 p.u and 2.716p.u
respectively., When the MVAR value of this reactor is
changed from 50 MUAR to 75 MVAR the maximum overvoltage
turns out to be 2,8%54p.u, 2.783p.u and 2,529 .u respectively,
Thus, the magnitude of the over voltages is further reduced

with the increase in the MVAR value of thoe reactor,
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When reactor loss is included, the magnitude of
overvoltage is reduced and dzmping is increased. The peak
of overvoltage reduces from 2,783 p.u to 2,65 p.u when the
reactor losses arc considered. This is due to the fact that
the losscs cause attenuation of the voltage wave on the line
ovuing to an encrgy loss. In general, their net rosult is
to cause a raduction in the over voltags magnitude at any

point on the lina.

Whan transformer loss is included the magnitude of
overvoltage is roeduced and damping is increased, It is also
due to the above}mention reasons, Thus, uhen rcactor and
transformer losses are neglected higher overvoltagas are

observed,

Reactors are normally not connected to the line whon
the load is connected at the receiving end, They arz to be
switched on to the line just after the load is rejected. 1t
was observed from the results that the instant of switching
has a considerable offect on the wave shape. A slight delay
in suitching results in lowzar stecady state overvoltage.
A detailed study in this regard needs to be carried out
to determinc best instant of suwitching. Higher magnitude
of overvolteqe is obscrved for & series compensated line,
It is becausc scries capacitor roduces the inductive reactance
between the load and supply point, which increases tha charging
MVAR of the line resulting in higher oyervoltage aftor the

load rejection,
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Uhen the MVYAR values of receiving-end reactor is
varied from 10MVAR to 100 MVAR value considerable reduction
in ovorvoltage is observed upto the value of 70MVAR rating.
Tho reduétion in ovérvoltage is very small after increzsing
thes value of reactor Eeyond 70 MVAR value, The recuction
in overveoltage is about ,04 p.u per 10 MVAR increasa in
reactor value after 70MVAR as compared to about 0,1 p.u por

MVAR before 70 MVAR, Hencwo it may not be cconomical to provide

reactars gf with MUAR rating higher than 70 MVAR,

- Dynamic overvoltages are guite sensetive to load
pover factor, They will be, in goneral greater for lagging
powar factor. This is becausc of the fact that as the pouer

-~

factor becomus louwer the sanding;end voltage required to
maintain 1.0 p.u rated voltage at the receiving end increascs,
This increased sanding end voltage results in higher over-
voltages after load rejection, With leeding pouer factor

loads a lower ovsrvoltage results because lower sending-

end voltage will be neoded to maintain the rated 1.0 D.Q

voltage at the roceiving=-end,

When lightning impulse strike the line steep risz in
voltage at difforent nodes is observed. This is because
lightning introduces steep fronted unidirsctional voltaqe

wave which usually has a rapid risc to the peak valug and



slouwly falls to zero value, In these studizs line losses

is neglected, due to this resason also steepness of voltage

wave is high.

When step function and sinusoidal voltage wave 1is
applied to the line overvaltages are observed at different
nodes, But the voltage peak due to step function is higher
than that duec to the sinusoidal voltage wave, This 1s because
in the casc of step function same magnitude of voltage is
constantly appliad to the line, uwherc as in the cesc of
sinusoidal wave it varies with time. Tha overvoltages at
different nodes occured at differcont time, because it
depends on the time taken for a wave to travel from one

end'to another depending upon the langth of lina,

In those studies line losses are nealected, therofore,

tﬁa

@

the shape of the reflected and transmitted uwaves ar

same as the original wave,

6.3 CONCLUSIONS

€ Tmgr s s ra— e g TS A

The follouing conclusion can be arrived at from

the pesults,

An uncompensated‘ling is subjected to severs over-
voltagse when largt amount of load is suddenly. thrown-off,
The voltage rise is greater at receiving=-ond due to forranti-
.effect of the long lines. This offect is more dominant in
cese of hydro-stations, which are 2t ramote places, connsctad

by long transmission linss to load cantres,



State-épace techniques of networks analysis provide
a convenient and powerful tool Ffor déterminaﬁion of overvcltage
in high voltage system, From the study presented here, it
may be concluded that the use of reactors generally'to
reduce the magnitude of dynamic overvoltages. Such reactors
may also be needed to control the steady-state voltages
which will exist at the load end of the line under light
load conditions due to excessive capacitive MVAR supﬁlied
by the line. They may also be benificial to control the
transient overvoltages on the line, For the system studied
the reactor value of 75 MVAR was selected. Even by providing
reactors at both the ends the stegdy state overvcltage level
was quite high. To control it further reactor at the mid point
of the line may‘be provided, The other alternative for
further reduction could be the control of overvoltage by

nt
lightning arrested at the substation,

For overvoltage control of sefies compensated line
" the capacitor should be suitch”%ut of the line after the
load iﬁ rejected to reduce leading MVAR consumption of
the line..

Although a number of methods may be used to calculate
switching transients; at the present time the use of the
most accurate method cannot be used due to the system
data limitations. Hence, for this study travelling wave

method provida?some information regarding the relative

magnitude of overvoltages expected at various nodes of
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the line. A single phasa representation may be usad to
determine the rolative severity of the overveoltages under
differznt conditions. The accuracy of solution can be

further increased by including line losses.



CHAPTER - VII

FUTURE SCOPE__OF _WORK

An accurate modelling of the system component has
a significant influence on the determination of dynamic
overvoltage, therefore, an exact analysis of dynamic
overvoltage due to sudden load rejection needs detai led
generator modelling considering various types of governer

and excitation systems.

In the present work the linear reactors have been
considered. But in practice the reactor may have non=linear
. 5(:ua(y the :
characteristic, Hence for more realisticfeffect the non-

lineraty of reactorlmay be studied.

In suwitching surge calculations the effect of line
losses on attenuation of wave may be studied, The program
discribed in this work may be modified to includes the atten-

uation effeect due to line resistance and corona lossas,
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APPENDIX =~ 1

The computer program developed for the calculation
of dynamic overvoltages was written in Fortran~IV, The
program consists of main program and two sub-routines.

The flou diagram of the program is given in Fig. A.I

MAIN S The main program reads the input data and
controls the calling of subroutine INICO
and DIFF, It also stores the results for
plotting by CALCOM plotter for which a

snparate program was written,

SUBROUTINE :

INICO : It calculates the initial condition of the éystem
for the given load and pouer factor. These
initial conditions are to be usad for the

solution of state equation,

so

DIFF This solves the differential equations by

Runge-Kutta fourth order method.

The program for calculation of suitching overvoltage
using travelling wave method consists of a main program
only, where all the steps of calculations have been

implemented, The flowchart of the program is given in

fig, A~II.



&

READ INPUT DATA
%

CALL SUBROUTINE INICO TO
CALCULATE STEADY STATE
INITIAL CONDITION OF THE SYSTEM

DEVELOP MATRIX'
[A) FROM SYSTEM
DATA

¥

DEVELOP STATE SPACE MODEL

OF THE FORM [R]-(A1(X] + (8] (]
FOR THE 'CASE CONDITIONS WHERE
U) - Emax. Sin wt,[x]- STATE VECTOR

CALCULATE THE INITIAL

VALUE OF [X] FROM
mgnmAiu: COND)|TION

Te0

CALL SUBROUTINE

DIFF TO SOLVE THE STATE
A NO EQUATION

' $
MODIFY THE ,
ENTRICS OF ‘ T eT+AT

A :

- NO YES -

T. > TYFINAL

PRINT RESULT

FIG.A-I FLOW DIAGRAM OF DIGITAL METHOD FOR
DYNAMIC OVERVOLTAGE ANALYSIS




S

SET ALL ARRAY ELEMENT ZERO
i
READ AND STORE DATA
f
FORM REFRACT ARRAY
X!
FORM TIME ARRAY -
i

FORM ARRAY OF ARTIFICIAL NODES FOR
TRETMENT OF SEMI-INFINITE LINES

% .
SCAN BRANCH TIME ARRAY |- -

THERE A NON ZERO
VOLTAGE AT THE TIME
BEING CONSIDERE!

CALCULATE TIME OF ARRIVAL OF INCIDENT
WAVES AT NEW NODE

THERE A REFRACTION NOﬁ

' CALCULATE CHANGE IN BRANCH VOLTAGE
STORE IN BRANCH TIME ARRAY

1

CALCULATE CHANGE IN NODE VOL -
“TAGE STORE IN NODE TIME ARRAY

4
INCREASE TIME BYOQONE
UNIT

has
TIME LiMIT
BEING EXCEED.

NO

WRITE OUTPUT
STOP

FIG. A-Il FLOW -DIAGRAM OF DIGITAL Msmoo FOR TRAVELLING
WAVE ANALYSIS
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