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ABSTRA?T

A $ransient Analyzer has been decisred; built and
testeds The deéigﬁ-calculationa and constructiop details.of the
notwork components are presented. Subseguently the moéél traﬁ#
sient analyzer was utilized for spudying voltage and curreﬁ;
transients at selected points of an existing power systen for
simnlated fault conditions, switching operatiohs and lightning
surges. L sanple investigation of resonance phenonena is zlso
presentoed by initiating pulseé of varying repitation rate. The
nagnitude of switching and 1ightniné surges and their.effects
on the systeu perforuence is aiso diéEﬁéspdgVThe'studies inclu~
ded comparison 6f7transiénﬁ voltage‘magnitudes with ?rotec%iveh
insulation levels of the system and the épp?ratusa An alternative
approach- the Digital method of transient s%udies'on a systen

was also inVeSfigatedo Suggestions for improvement of the exisn

ting systeu are given and future research area is defined.
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1¢1.  TRANSIENTS: BASIC concepzst ') N A ;

. . . .. . w e .
During swltchlng and smmllar other processes a system (a;h' - T A .
T an L L R a:

T -
“~

clrcult or a machine or a transm1531on 1ine) before coming to a’
steady state passes through a tran51t10n period in which the curr-
gnts and voltages are not recurring periodic functions ofltlme‘ Tor
exaﬁple, 1mmed1ately after the éstablishment of a circuit the curr-
ents and voltages have not, in general, settled 1nto thelr steady
state vglues. The period required for the currents and voltages to
adjust themselves to thelr steady—state modea of variation is called
the transient period. The transient periods are usually of short

duration and are damped out by certain factors which depend for their

values upon the system parameters.

4,2, - NATURE OF TRANSIENTS IN 4 POWER SYSTEM(B)

Ihtegnal(switching) trensients arise during sudden change
in the operating coﬁditions'of the éystem. For examplé:by.a switch-
in or switch=out or sudden change'in load, the occurrence of shor &
éircuits anéd the interrupfioh”of short circuit-éurrent, the opera-
tion of Circuit Breakers(éB) to.coﬁnpcfmand disconnect equipments

and transmission lines.

External (lightning) transients occur as a result of the
acticn of lighthing discharge upon electrical instéllations. These
surges may be because of induced charges or direct stroke u?on the

" system.

In gll the cases outlined above the circuit condition is
changed so that a new distribution of currents and voltages is bro-
ught about. This redistribution is éécpmpahied in general by trans-
ient periods and transient overvoltages appear becauge of sudden

liberaticn of a portion of the stored ehergy of the system., Such
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transient disturbances nearly always cccur tbroughout the power

iy

system giving rise to exqessive currents and yvoltages.

AN

143 EFFECTS Or TRANSIENT OVLRVOLWAGES O ro JﬁR SY'T%Q'PERFOR—

HANGE AND INPOPTANVE oF TRANSLEHT STUDIMS (3) ()

The switching surges under different conditionstay be 3
to-4 times the normal veltage rating Whilerihe.lightning surges
may exceed by several tens of times the working voltage sefiously

affecting the system,

30 an overvoltgge protective device must function cn any
transient overvoltages (switching or lightning) of-sufficiént nag=
nitude and limit that voltage to a value lower than the value curre
eﬁponding to the dielectric strength of the insulation being Prom
tecéeda Other normal switching surges can be controlled by impro& -
ving the design of the circuit breakers to give a reduction in the
rrestriking transient voltages. Two factors for the proper selection
of circult breakers are the transient over current flowing iﬁmédia-
tely after the occurrance of faults and the current which the brea-
-kerstiﬁterupt after 2 or 3 cycles later. These currents also senve
to determine the required setting times for the different relays of

the systen,.

It is therefore of vital importance to know what these 5y &-
tem transient over voltages and currents are in magnitude and dura=
tion for the design of an effective profective relaying system for
increased reliablity of system operation, selection of proper rating

of circult breakers and asqertaip%&g the corresponding insulation
protective level at different pag%s\;f the system. These in turn
are also important in determining the allowable apparatus insula- *
tion levels, that is making pOS;iﬁlgra reduction in insulation,
t
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?artlcularly that of large powcr transformers, to obtain reduced

System costs w1th0ut sacrlflce of reliability.

Thus:aithough in the early ysars of elcetricsl enginee-
3r1ng, power systen were designed according to the requirements of
:regular sustained operation, experience showed that with switching

processes and lightning discharges peculiar phenomena appcared

which greatly disturbs the regular bperatién of the systemn. ]

Hence in the design. and the operation of electric systems,

the transient phenoménon has. assumed, in general, the same signi-~

ficance as the regular performance in thé éteady state,

Moreover, some of the transient phenonena, Like shori cipr-
cuits in a network, instability of the synchronous generators and
lightning disturbances on transmissior lines, have become of such

L]

outstanding importance that the layout of modern power systems is

predoninantly determined by these conditiohse

\ A thorough and useful study of the transient performance
of Bangladesh Power Systems have not been undertaken sofar, although

stability studies have been done occasiomially.

The object of this work is to design , and build a Frans-
ient Analyzer and to study the transient performance of the exis~

)

ting systen for improving its overall performance.
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Toktala BACKGROUND:

In the ecarly years of clectrical engineering, power sys-—
tems were designed according to the requirements of regular sustai-
ned oparation, However, with thes passage of time, experieﬁbé showed
that with SWitcging processes in the ¢ircults and during lightning
discharges and under similar othef.intensionul er accldental condi-
tions peculiar phenomeﬁa appearéd which could greatly disturb thg

regular operation of the system.
Nurierons investigations were endeavoured to clarify scien~

tlflcally theoe pitenomenon and new tools were developed and put to

- -

use in utudylng many of the circuit transient phedomenas previously
avoxded_51mply because of tne prohlbltlve-amount of tine requlrea.
for arriving at the desired understanding with the means then avai-
lable.ZThisfhas résulted in the puﬁlicatien of much technical lite-
ratgfe in the caurse'of“recent years. Soﬁe of tﬁe relevant works of

interest in this connection, are described below, -

1eba2s 'Trensient Recovery Voliaces on Power System&, Part ~1-
Analy51s and Tests of the Ontarlo Hydro SVStemﬁ By Dandeno,

P 3 Wattson, W and'Dillard; J.K.())

This paper publlshed in 1958 describes the dlffe“ent
methods of determining the transient recovery voltages at a point on
a system, The transient recovery characteristies of 230 KV aif—biast
circuit breskers and 115 KV compressed air breakers of the Ontario
Hydro System werc ééﬁ&ie&'by an ANACOM repreSeﬁtétion with an empha=

sis of the effcet of system parameter oh recovery characteristics.
L J

A method has been shown by which the c¢onditions of reco-

Very voitage ca the Ontarie Hydro EBO'KV system can be deternined.
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The results have been presented in as simple a mannef as poasible,
consistent with conveying the maxirum amount of information. These,
and simalar data on the transien£ recovery yoltgge of present and
future systems, provided a basis for selecting the requireménts to

which the power circuit breakers should be designed and tested;

1ok e3. "Transient. Recovery Voltages on Power Systems, Part Il
Practical Methods of Detdrmination" by Griscom, S.Bj Santon,

D.M, and Ellis, H,M.(6)

This paper published in 1958 classifies the types of cirs
cuit bresgkers tranéient.recovery voltage problems into seven main
types or cases. These are further broken down into sub-cases when -
this is mecessary to handle the range of parameters. Methods of app=
roxinmate solutions to examine guickly circuit breakers reCOV?r§

b

lwoltage situations have been presented.

Toltolis "Switching Surges on Energizing a Transformer~ Terminated

)
Line." by Jonson, I.Bj and Schultgz, A.J.(7

The paper published in 1960 describes the results of the
study made on a power system in miniature on a Transient Network
Analyzer. This study covers the energization of open-ended high-
voltage(HV) transmission lines and of lines terminaﬁed in transfor~
merss-Thig study reveals thelexistence of transient energization

voltages sufficient to cause operation of modern-lightning arresterse

leko5. "Surge Potentials on Underground Cable Sheath and Joint
“ ' (8)

Insulations by Watson, W; and Erven,C.Ce .

This paper published in 1963 deals with stresses on under-
ground cable sheath due to transient conditions imposed by switch-

ing surges, .grounding operations, and faults, Field measurcments
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and invegtigations are done with transient voltages on sheath in-
éulatiop. On the basig of this's%udyf‘it 15 chg}gﬁéd that insula-~
ted sheath coatiﬁgs and sheath~joint insﬁlétors are punctured }n
service, apparently by transient voltqges. T+ has been shown that
the d“ScoﬂtlﬂUltlcS caused by shéath crogs=bonding result in 15%
of an applied surge on a denducior, appearing on the sheath at g
joint -angd 30% across the Sheath insulator. Bonding transfarmers
resul% in higher transients, Protective dévices appear to be requi-
red at cach joint. These may be lightning arresters or surge capa-
cltors, |

1.4.6.  "Field Measurement of Switching Surges on Unterminated

. _ : -t \
345 KV Transmission Lines', by Mcelroy, h.J. & Otherscgj.

In thls paper published in 1963, fleld measurements are
preseﬁted for-switching surge, line to ground veltages at both bus
and“receiﬁing ends of unterrlnuted 345 XV transmission lines. of

-1nterned1ate length, when encergizing and recnergizing. Varied and
répresentati;é configurations were studied. Effects of source cone
fiéuration and bréékef:polé closing sequence and presstriking are
demonstrated. An estimate of overvoltage probability is attempted

as well os rationalized description of waveforns. Comparison tests

cn 138 KV lines were zlso conductede

. 1.4.7,  "Field Measurements of_345 Kv.iightning httester Switching

Surge Perfordance', by Mcieroy, A, J and others( O).

This pape} published in 1963 presents the ligﬂiniﬁg
arrester switching surge voktajee and;currents, ﬁéaéured:dﬁf{né‘;
field test programme on a j#ﬁ?ﬁv}gystem. Surgés were~produééd-5y' .
eperglzation of a transform:¥ terminated line and by ulira high'.



7
speed reenergization (UHSR) of arrester terminated lines,Arrester
Spark over levels\are l.1 to 1.7 per unit of arrester rating ang
arrester fo;low—current peaks were 135 to 940 Amperes. This paper
also shows that reduction in insulation, particularly that of large
transformers, to obtain reduced system costs without sacrifice Qg
reliability has been made possible because of the improvenment in

the protective characteristics of lightning arresters,

1.5.8. "4 Switching Surge Transient Recording Device''s by

(11)
Perry, D.E. and Others N

This paper published in 1968 describes in detail how a

switching surge ran51ent recordlng device has been de51gned ou;lt

and’ tested It Sezved as a contlnuous, ‘unattended monltor of power

system switching transients. Rather than reproduce the transient

1 ' . % -

wavefoprn, the recorder senses and records the positive and negative

7’5&1

pesk magnitudes of the transient to within 4.0 per unit overvoltage

~Aderit, “the wmaximun positive and negative rates of rise of voltage

within the linits of 20 to 2000 micro second front-time, and the
instantaneous voltage level at the time of transient occurrence .
The basic cperation of the recorder is described 2nd a porticn of

the data obtained during laboratory and field tests is represented,

l.4.9. "Determination of Transicnt Recovery Voltages by Means
. (12)
of Transient Network Analyzers'". by Colombo, 4 and others

This paper published in 1968 describes the results of a

statistical study of recovery voltage transients in large HV (245

'KV) networks using five Transient Network fnalyzers (TNA) in diffe-

rent countries. Some TNAs -operdfed at system frequency (50 Hz or e

60 Hz) whereas others used higher frequencies (480 Hz) allowing

o~ .
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ceononles in ftue reactive componcnis. The other main difference

was in the method of simulating interruption and representing
the systen comPonenfé, The results obtained by the five THAs were
not consistent and the causes of the discrepancies were investi~

ga'ted.o

1.4.10. "Digital Computer Solution of Electromagnetic Transieants

in Single and Multiphase-Networks'; by Dommel N.H.(lj)n

This péper published in 1969 describes a general solu-
tion method for finding the tine response of elecironagnetic tran-
sients in arblsrary Singlef or multi—phaée hetworks with luzped
and distributed parametérsa A eordputer programmé Using nodal adnie
ttance natrix method has been used at the Bonneville Power Admi- -
nistration éBPA) and fhé Munich Institute of}Teéhnélogy,Germany,
for analyzing transients in power systens and electronig circuits.
Amoﬁg importaﬁt and uscful features of this prOgramﬁes‘are ﬁhe
inclusion of non~linearities, any nunber of switching during the
transient in accordﬁnce with specified switching criteria, start
from any non=-zero initial ¢ohdition and great flg«ibility in spe-

cifying voltage and current exgitations of various wave forms'.

lolta1 Switching Surges on Northern's States Power Cotpany's

345 KV Circuits'~ by Alexender, G,Wj Mlelke, J.E.; and

s !+ T .
TrOjon, H-To(l )'.'

_ This paper published in 1969 reports the results of
field tests conducted on the Northern States Power Company'!s 345«
KV transmission system which investigated the éffegts of various
system switching operations on transient over voliages. Following,

the field tests a transient network analyzer was used to duplicate
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the field tests and then explore the maxinun switching transients

which systen poarouvicters could produce.

FLNTYE .

1.4,12 "Co-ordinated Use. of, Transient fnalyzer and Digital

]
'

Coﬁpute%lfor Switching-Surge Studies: Transient Equi~

Ce R - (1
valent of a Cbm@le;rﬂetwork”. by Clerici, A.and Margio,L

\h

\
/
.

G ;109‘#he basiéﬁaf-tféhsient network snalyzer (TNA. and
nﬁigiﬁglﬁgggpgﬁé£u£gstgiwtﬁis paper published in 12704 discusses the
.3§asgib¥gt9%§réé£"evaluatioﬁ of switching over veltages py r.eans of

a’co=ordinated use of analogue and digital uethods, taking into acce-
ount both freguency and voltage-dependent parametérs. Special empha—
sis is placed on the transient equivalence of a complex network,
lité digital conputation, an& its_réfreéentation on the THA.Attene
tion iS.fOCHSSGd on the raﬁge of frequéncies'involved in the tran-.

sients following closing operations of lines of intermedigte or

long length,

1.4.13. "Estinating the Switching-Surge Performance of Transmi-

’ (16).

ssion Lines," by Hileman, A.R, & Others.

This paper published in 1970 describes the results of an
ANACOM Study to investigate the freguency fundtion of the occurrence
of & switching surge. 4 simplified method to estimate the switching
surge flash over probability of a transmission line is developed

angd presented in a series of curves for a 550 KV systemn.

1.4,1%, = "Influence of Shunt Reactors on Switching Surges', by

(17>

Clericli, A.D. and Others,

On the basis of transient network analyzer studies this

paper published in 1970 discusses the influence of EAV Shunt reactors
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on the overvol?ages occuring during b?éﬁk@?'qpegations on trans-
nissicn systems. The compsrative importind&-af line losses and
reactor losses on the decay of the trhbpedscharge voltages that
oscillate with freguencles dictated bj line coapaciténces and shunt
reactor: inductances 1s analyzed. Enphasis is ?;ﬁCEd on the influ-
ence on these oscillations of differmnt types of faulis and line
asyrnretries.Fhe overvoltages following closing and reclosing opera-
tiong on differcnt EHV systens with‘and wi%ﬁguéféhunt conlpensation
e

Rt s .
are also analyzed; detailed investigation on two 500 KV lines allo-

ol
wed to draw sone conclusions about the effect of shunt reactors in

A T

reducing both maxinized overvoltoges and their ecunulative frequency
distribution and the inflp§nce Df.shunt conpeﬁ%ation on optiniza-
.tion of pre~insulation resisforsfSOme possible means reducing re~
closing surges on shunt~compensatééhiinégwgre'alSO'pyeEen¢e&1:
1.4,15 "Dynanmic évervoltages and Terro-rescnance found in Swit=
ching Surge Studies for Iram 400 KV éysteg", by Clarici,

(18)

Aeand Didricksen, Jr.C.H.

This paper publishedﬁﬁn 1972 deseribes the nost signie

RIS

BARS

fiqantxresdlts of:a study performgd for the 4OOKV Reja Shah Kabir
(RSK)_hydro‘Qlectfi;;project in Iran. Bophasis is placed on dynanmic
overvoltages and ferro resgﬁﬁﬁce caugsed by saturation of the genera-
tor transformer. The effect of changes in géné;é%ofhand transforﬁe:
reactances on ferro resonance 1s presented and discussed closing,
reclosing and fault clearing over~yoltages together with the trans-

ients following load rejecéipn arec described. The possibility of

using single phase reclosing ig also discussed.
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Lokol6 S Overvoltagcs on a Serloc—COHPensatsd ?50 By Systém for
(193
the 10,000 Mil ITAIPU Project, Brasil’ ', by Thanssoulic,P

This paper published in 1975 sammarlzes the most signifi,.
cant results of '‘a’transient network éﬁalyier stﬁdy perfaorped for
the ITAIPU transmission systen ih'Braiilx:This-éfﬁd§lconsidérs an
1nstélled czpacity for 10,000 MW to be transﬁitted over 900 K
from the Itaipu Power Plant to the.Sao Paulo load a}éé. Féult ini-
tiation, fault cleafing, energization and réclcsing overvoltages
on two possible 750 KV a.c, schemes are Qaini& dESCriQed. Esphasis
is placed on some special transients which cen be associated with
seris-compensated schemes and which cen be of impdrtance tb insu~
lation co~ordination, reclosing and equipuent speéificéfion. ﬁeth;

ods for .controlling these transients are also p%oﬁéééd;;'



1%

1.5, SCOPE OF THE THESIS Co

The scope of thigs fhasis fics in the design of a Ttansi_ !
ernt ' Analyzer for repfeséﬁting the Lastern Grid Network of Bgngla-
desh Power System and Study of the transient perfdfmance of this

systen.

In order to achieve the above objectives the necessary

studies and experimental works were as follows:

(3) To investigate the causes, nature and éffect of tran-

sients on the design and performance of a power systen.

(IT) To make a comparative study of the methods of tran-

t _ ‘

Ly _p

sient studies- . the Transient Amélyzer and the Digital Coamputer. £

(III) To determine the parameter values of the lines at a -
"guitable new base from their per unit values of an existing power - -

systen of Bangladesh- Theé Eastern Grid Network.

(IV) To design the different components of the analyzer
and representation Of the system on the analyser.

(V) To study switching surges for different types of loads
using the analyzer.

(VI) To study transient voltages and currents during short
circuit conditions wlith the analyzer.

(VII) Te simulate and study lightning surges and invesgi-

gate for possible resonance phenomena at high freguencya.

(VIII) To evaluate from the experimental results the over-

all performance of the systenm during switching and lightning surgess



CEADTER ~2
METHODS AND TOGLS FOR TRANSLENT

. STUDIES



2+71+ BACKGROUND: _
b A
\ ot

[

The plagnhing, design and operanlon of power systems require
continucus and comprehensive analysis to evaluate existing system
performance and to ascertain -the effectiveness of alternative plans

for ensuring continuous reliability and future expansion.

The computational task of deternining power flows;voltage
and-currenfs resulting from a single operating condition for even
2 small network is all but insurmountable if perfbrmgd by manual
methods. The need for computafiomal alds in power system engineering
led in 1929 to the design of a special purpose analcg computer ca-
lled an a.c. Netwo;k Analyzer. This device madé possible, with rela-
tive ease and precision, the study of a greater variety of system

operating conditions for both present and future system designs.

2.2. TRANSIENT ANALVZER STUDIES:

Since 1939 the special Ai.C, Network Analyzer (called the
Transient Analyzer) was used to study the tfansient behaviour of a
power system during a digturbance resulting from fault conditicns,
switching operations and 1igh£ning surgés.

The Transient Analyzer consists simply of réﬁroducing in
minlature the actual system to be sﬁudied; In this miniature sys-
tem‘faults of various kinds can be appiied, sﬁitching can be done
for loéd variation and for simulatipﬁ ﬁf lightning surge. Results
can be ;btained guickly and haking physical ébServation possible
on oscilloscope screen. Permanent records cén be obtained by phOw
tographic means,

Because of its simplicity and directness, these Analgpefs_

were found exceptionally useful in_studying the behaviour of large
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complex power systems. By the middle of 1950s as many as 50 Analyzers
were in operation iz U.S.A, and CAEADA and woera indispensible toclis

for power system worke.

2.3,  DIGITAL COMPUTER STUDIE83(20>

The availgbility of the large scale digital computers 1n the
niddle of 1950s provided equipment of sufficient ¢apacity =and specd
to meet the requifements of major power systems, for transient sbtu-
dieS.-Sincerl957 in U.S,A. the I.B.M. 704 Digital Computers are uscc.
instead of analyzers in increasing numbers for lozsd flow studies,

fault calculations,_gtability'and‘transient studies,

Tor transient studies a load flow Program is made first to

obtain system conditions prior to disturbance, In transient snalye
: o : (load flow)

sis an iterative solution of the algebric equations/describing tha

Network is combined with the gumerical‘solutions of the differen-

tinl equations deseribing machines behaviours

The system operstiohs programme modifies the system data atb
specified time during the transient analysis to simulate fdult con~
ditions and switching operations associated with a system distur-

bances

2.4, COMPARISON : TRANSTENT ANALYZER AND DIGITAL CCOMPUTERY

»y

The investment for a‘Transient inalygzer is almost negligible
Vcémpafed with & high speed digital computer. Yet the digital compu-s
ter is replacing the Analﬁzer'ﬁecause the latter is restricted to
specific problems, whereas,the digital computer can be used for a
variety of engineering studies., In many cases,the investmeat in & .
large computer is justified for the operations 1t performs in accoum~

ting procedures and pay roll preparation if the engineering use
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alone does notlju%tify'thé in&eétmentm

In Anaiyzer.study no SQlufion of netﬁérk ﬁyjdif%érehgial
egquatiomns are neqﬁired excepf the physical representation of ihe
system in the miniature form, Furfher'the Analyzer pfﬁvides phys
sical observation of the transient phenonena on the oscilloswope -
screen and facilitates easy perﬁanent records by phdtographic

Ne 2ns .

Tﬁe digitael computer can not give a continuous hfstory of
the transient phenomeng but rapther a sequence of snapshot pictu~

res at dilscrete time-intervals. In thig case unlike the Transient

“‘ R ‘v

(oY

and partLaL ansuers can be prlnted durlng the unJutlon to 1ndlcuto

progress belng made toward completing the 5011t10n.

There 1s no doubt that in futuré, the-correct evaluation ..
'of switching and lightning surges taking into account complex
sources and both voltape‘ahd freouency dependent system pa;amoters
will be achleved m05t ec0nomlcally by means of dlgltal computer
Progrars, However con51der1ng the minor 1nvestment in Analyzers
and §herh;gh flexibility of analog methods in the study of elec-~
trical transients and cost involved in the preparation of sophig-
tlcated and complex dlgltal prOgrams and in their running, the Ange
lyzer methods with be most convenlent for the present and-also for

a number of years to coflea



i

CHAPTER-3

o

DESIGN OF THE TRANSIENT .ANALYZER .-

b

FE e
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3.1, GENERAL DESCRIPTION OF A TRANSIENT ANALEZERCB)

It is small scale, single phase replica of the actual systen
in which the voltages, currents angd impedances are reproduced to a
~suiteble and smaller scale. The results of the investigaticns per-~
formed maf}then be converted to actual values of system voltages

and currents using the appropriate scale factors.
An analyzer consists of the following main component parts:

(1) Exciting Sources: A4 three-phase, 50 Hz, 220 V, ddjustable
SPeed, variable voltage'synchroﬁbus genefator for'enéfgizing the

L _
niniature systewm, A wave form generator for simulating lightning

surges is also used for study of transimamt phenomena.
(2) Transxission line units, for simulating transmission line

3

behaviour under transient conditions. Each unit consists of a con-
stant lumped pye section whose series arm reprcesents the -inductance

and resistance of the line while the two shunt arms the capacitance.
(3} Load Racks éonsiéting of resistors of suifable ohmic oo -
‘ﬁﬂﬁgeiénd curreht rating to simulate various:resiétive loads, lossts:

in transmission lines'or losses of other kinds.

- (4).Variable ibading Reaétdfs'féfns;mﬁlatingqlqaﬁs of lagging

power factor or_other'lumpedvreactéhéésfg.‘_A S
N ) B ] 4 et 7o .
(5) Capacitor Banks.dor simulating the{capacitanééibf traﬁs—l

[aThS

. . Lo [ _\i,‘,,.::-".
mission; lines and for representing capaictances used Qi%her’fOr the
L IS
improvewent of power factor .or raising voltage in anyvpart of the
power system,

(6) Various Recurring Synchronous Switches for performing the

desired switching eperations in the miniature system.
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(7) A Cathode Ray Oscillograph for observing the nature
and mapgnitude of the transient voltages and_cufrents resulting from

an imposed fault or switqhing condition.

(&) Oscilloscope-Cameras~ £ meuns for photographing the

trace asppearing on the oscilloscope-scrcen when a permanent rescord

is desired.

%,2.1 EASTERN GRID NEIWORK OF BANGLADESE POWER SYSTR: 2 1),

At present the 132 KV grid system is divided into two
partse Eastern Grid énd Western Grid. An interconnection boetween
the two grids is yet to be completad. A simplified one line irpe-

dance diagram of the Eastern Grid is shown in Plate No.l (Page no.

18).

N "The grid-consists of five major generating stations (at
Kéﬁtai, Siddhirganj. Ghorasal, Ashugénj and Shahaji bazar) and in-
ter connected by two long transmission lines. The 170 miles long
: . Siddhirganj-Kaptai 132 KV transmission line links Kaptai Hydrosta=-
tions with Siddhirganj Steam stations and has three sub-stations
located at Siddhirganj, Comilla and Modanhat and supplies power to

16ad centres located at Chittagong, Feni, Qomilla and Daccas
The 161 mkles Siddhirganj-Sylhét 132 KV transmission
. line links Siddhirganj Power Stations with Ghorasal, Ashugan] aﬁd
Shahaji Bazar Power Statibns. It hzs Three sub—statioas.located at
Srimongal, Fenchugan] and Sylhet and transients power to the load
rensi 17 |
centres loc&ted_at Tongi, Ghorasal, Asyuganj, Mymensingh and Sylhet,
The one line dlagram als§ shows the per unit values of
transmission line parameters (R,L,C) by equivalent pye =section net-

works on 100 MVA and 132 XV base. In the pye circuits the series



-ang-i

EASTERN GRID

OF

PLATE

NO:1
"BANGLADESH,. POWER
2X55 MW

Ghorashal.

Q' 012+ 700437

bz Jo' 0049,

Sikalbaha.

o' 02525 +J0°0965

0 02526+ J0'0965.

BOARD.

-

i

IXB4 MW,

T

- by = Joro11275.

0 00835+ Jo 0362,

b= J o 00366

0

5

8

bSiddhiranj

; ML oy
)

1XS50MW. ZXTOMW. .

or0281+J00107, 0'0478 +JO'1830.

0 0075+J 0°0358.

| Ashuganj,

3X'l45 4X16°0
MW MW

0'0298+ J0'1135

by =J00133.

Kishorganj.

< .
~ Comilla.
5
.?1 -
: >
Halishahar.
> 3 gFem.
2% M
L~ > 2 by
N +|o
; S -
) ? g 1&
Bﬁl °lo 0°02240+]0°0853. 0'00545+J00208.
° © b/a=J0 07000 §/p- 7660344
Madanhat '
°'_02?65+J0'1065C‘hqndrﬂgh0na._
b/2- Jo o1244.

b/2 = J000425.

ol Shahjibazar.
215
218
2lo
+[%
gl Y
S|o
“| Srimangal.
(4]
w0y -
< |\o
- |\D
ol
72
<+ o
g?
o
o>
(o] .
Fenchuganj.

0'018%410°0097
b/z =g 00815

Sylhet.

Chatc

One Line Impedance Dic

Base 100 MVA, 132KV.

Date Aprit 21,1975



3 .
branch has an impedance (2) equal to the total series impedance

per phase of the line., The twe shunt arms, one at each end, has an
adnittance equal to half the shunt admittance(¥) of the line to
neutral. The series impedance (Z) congists of resistance and induc-
tive reactance while the shunt admittance consists of capacitive

susceptance only.

This Eastern Grid is to be represented on the Analyzer and
is the basis for the transient studies.

o (22) (23)
3.2.2 CONVERSION OF CONSTANTS FOR REPRESENTATICN ON THE ANALYZER

To operzte at a low power level the system base voltage was
scaled down to 132 volt from 132 KV and base volt-ampere rating from
100 MVa to 100 Volt~amperc. The new base impedance was 174 ohms;as
obtained by calculation and with these base guantities the line para—
meters R,Lland:C were calculated from their correspondlng per unlt
values. The values of the constants together wlth thelr per unit

values are shown in TABLE-1 (Page 20). For detalled calculatlons

refer to Appendly—A. A now dlagran of the Eastern Grld in terms of

pye Sectlon networks is glven in thb flwureg of Plate Noo2(Page No.
21) . '_ o | I |
. Thus a three phase system is represeaited on the Analyzer on

a Singlelﬁhase Qagig,di3é.Volt5 o the Aﬂale;r répreséhfs 132 KV
1iné tolline and 160 ﬁ&lt';ﬁpereron-fhé Analyzer representsnlﬂé MVg
three. phase on the system. The scales for voltage and Voléiéméérg
are then 1: 1000 and 1 : 1 OOO OOO rospectively. The scales for:cu—
rrent and 1mpedance follow autonwtlcally from the scales choson for
voltage and Volt-ampere., In this case the baselcurrent of O 76 amp.
on theranélﬁzer wéuld rea pxesent 438 anp. on the actual system and

the base impedance of 174 ohms on the analyzer would also rnpresent

174 ohms on the actual system , (Appendix-4),



TABLE~1

TRANSMISSION LINE CONSTANTS

20

Sec= § Length § Location fP.U.Values on 100 MVa, § + Line GConstants
tion | in . 0of Section | M 132 KV Base ; on 100 Va,132V
Num=- | miles , base
| ver R ¥zl b/2. R fET ez
(obhm) 7. (nh) [ (uF)
vor - _. e y : . - - i,_.-
1 12.80  [Tongi-Ullon {6,01120 | 0.0437] 0,00490 {1.95 } 2k, 20 0,0900
2 9.50  Ullon- o | g
Siddhirganj [0.00835 | 0,0362 | 0,00366 |1.45 | 20.80 0.0670 |
3 28.50 |siddhirgani-| - !
_ Ghorsal 0.02525 | 0.0965 | 0.01127 | 4,40 | 53,50 0.20605
4 28,50 (Ghorsal~ L |
‘ Ashuganj :+0.0252%° 10,0965 | £.02127 |{4.40 | 53.50 | 0.2060
5 324,02 |Ashuganj- - l"(:!' 1 )
Shaheji Bagz.:0.02980 01135 0401330 [ 5,18 | 62,80 | C.2440
6 22,59 {Shajivazar~ | ... | 177 -
Srimongal 0.02100| 0.0805| 0.,00935 | 3,66 44,60 0.1720 !
7 30.47 | Srinongal- - _
Fenchuganj -10,02840 | 0.1082 0.17150 | 4.94| 60.00]| 0,2315 |
8 19.67 |{Fenchuganj- S
Sylhet 0.085%0 (" 0.0697| 0.81500 { 3,181 38,60 0.1490;
9 51.30 | siddhirganje S ;
Conilla }0.04%8 |°0.1830) 0.03350 | 8.31] 101.30 0.6135 |
10 30419 |Comilla- i . RO S 1 -
Feni 0.02810] 0.1072] o.oia&g;'4;89 59.50 |4 227
11 [/60.75 | Feni~ ‘ 7 T J A
Modanheat 0.056401 072150 0,02485 | 9481 119.09 0.4550;
12 24,20 | Modanhat- N S
Chandragona 0.022#0ﬂr0,08§5 0.01000 | 3.90| %7,30( 0.1830!
4 o ey
13 6.50 Chandragh onal- NE ! -
Kaptai 0.00545 wo.oad;s} 0.002kk | 0.95| 11.52] 0,0446! -
14 15.00 | Modanhat- A !
Halishahar | ©.01500f" 0.0420] 0.00430) 2,61 23.25 0.,0783|
15 8.50 | Madanhst~ ' g J
..Sikalbaha - | 0.00750| 0.0359 -0,004251 1,31 19,90 0.077¢;
i
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(24) (25)
5e3¢1s FORMULA AND DESIGN PROBLEM 4ITH IRON~CORE INDUCTORS:

The inductance of a coil op clreuit, in terms of its physi-

cal dimensions, is given by tii/fjiEE;&{,//
. e ¢ N° N2 A mecmen (1)

L —R— = ? = ‘(WA) = -;—--

Where
I, = induectance in henry,.
N = number of turns
R = reluctanee in MKS unit
B=1/R = permeanne in MKS anit N
iz;'length aof the magnitic p;€£ ig‘m§£§§
A« area of aress segtion of magnetie. flux
M- = pertieability of the medium ang is given by
P= Po P eeeee(e)

Whare

perneability of free space, & x 10"'7 h/m
—

relative permeability of the medlum, snd vagi@g fron

Fo
Py

A

2000 %o 4000 for ipon cored eeil,

In actual practice the above fermula is enly a veugh guide
for calculation of the 1ndu§tance of iren sored goils, The ¥easen
is that the inductance of any iron cored coil ip g functien ofthe
cUrrent, bogalse the reluctance (and in turn the pevrpesbility) va

rien with #lux, which 4n turn dapends upon 5urrent.

80 the design of colls with magnetic cores is normelly earr-

ied out by a cut-and-try process, A typical procecure is *o start
by assuming a core-section on the basis of pfevious experience, The
space avallable for winding is allotted to the various coils to be

wound on the core and a tenatztive selection is Bade of wire size

. T
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and winding de¢ails in accordance with the insulation required
current to be carried, flux densities desiredg , The space avalilable
etc. Specially in connection with the design of such coils for a
transient analyzer the space limitation, may be a crucial constric-
tion. The performance of the resulting reactor is then evaluated

and tenatative design modified as required,

3.3+2. SELECTION CF CORE MATERIALS AND WIRE SIZE FOR THE INDUCTORS

The reactance units constitute a large portion of the bullk
and weight of the Analyzer. So it is important that they be made
smglld, The value of the inductances of the most of the lines lie
in the range of 20 wh to 60 mh whereas the range of resistances is
1 ohm, to 8 ohm only, Hence the reactors should have a reasonable
ratio Of resistance to reactance so that they can closely resenble
'the actual transmission llnes. Further the reactance shouLd be al~
most 1ndependent of the magnltude of the current in the reactor.
Thls problem of conflictlng requlrements has been solvea by u51né.

low base power (lOO VA) and hlgh grade lamlnated 5111con steel as

the core of the reactors.

The analyzer.is designed to operate at actual systen freguency

of 50 Hg'and has a base voltage of 132V, hence the base current is
. % A

0.76 ﬁmpT'During short circuits and switching surge simuiat;on the-
current.may riée'ﬁomentariiy to ée#er&l;ﬁimes'the.basé‘value;Hence
£6 mesE the dual rémmifément of felatively high curresf” and low
fesiéﬁaace faéing,‘s&pef eéaﬁléd‘bopﬁéf wire of SﬁG'No.QE is selec=
ted. It has a steady current ra‘i:irlé of 1,60 Amp,(which is double '
ﬁhe base value) and & resistance value of 15480 ohms. per 1000 £t,

at 25 °c.
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2e3434 APPROXIMATE TURNS CALCULATION FOR INDUCTORS.

It was decided that each of the reactor core will be built
up of a stack of approximately 25 rectangular silicon steel lamina-
ticns, about 0,025 inch thick per lamination. The dimension of each

lamination is shown in fig.4 of plate no.3 (Page 25).

The average length of the magnetic path,

" H 1t

_ 13" 5" i
i-e'is +1‘3‘+1'15+ g~z 6.75
The total thickness of 25 oheets whlcp is also equal to the
core héight of cach inductor

Th = 25 x 0.025" = 0.625" .

Width of the flux path in each sheet
Wd = 0.55"
S0 approximate area of cross section ‘for nagnetic flux
A =Thxwad = 0.625" x 0.55” = 0.344 sq.inch,

. The relative. permeablllty Up fOr iron core material varies

from 2000 to 4000. We shalj take the average value3of‘Uf as

}%‘z 3000,
and free space permeability
}%)x 4 x 1077 h/m,

Hence the permeance of the iron core comes out to be

P g x em s E2E X 2000 x 0,344/(59,37)°
Z/ 6,75/ 39. 37

= 4,88 x 10f7ﬂmks unit.
The inductance L ig given by

- o
L = Nap = l—‘g:- = —-wi‘-BA = N2 X 4.88 x 10-7
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Hence the number of turns réguired for each of the induc~

tances is given hy

N = l-& U I
R - 5,39 x 107

Using this formula the approximate number of turns for

each of the inductors was calculated as is shown in Table 2.

(Page 26).

34304, FORMER SELECTION AND ACTUAL WINDING OF THE INDUCTOURS

For winding the coils a former of suitable size was made
using thin abonite fibre of thickness 1/8". The dimension of the
former was so selected that the rectangular laminated iron sheets
easily fits in the former and becomes tight and compact after win-

ding. The dimension of the former designed is shown in Fig, B of

plate no. 3(Page 25)

Ac£ual winding of‘thg reactors were done by an automatic
winding machine. During ﬁinding a sultsble margin was kept between
the actual no. of turns wounded and the number of approxinate turns
obtained by'calcﬁlafion.iThe laminated iron shecets were inserted
and two sérews were.drivén‘through the hélgs in the sheets so that
the reaétor becomes tight and compact. 4 final measurement of cross-
sectional area of each of the reactors was made to take into con-
sideration any va?iation-in the number of the sheets. The table-3

shqws the number of turns of the resctors under different condi-

tions together with values of inductances,

32325, MEASUREMENT AND CUT AND TRY PROCESS FPOR GETTING THE

REQUISITE VALUE OF INDUCTAKNCES

Measurenent by Ammeter Voltmeter method ¢ {For details of
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TABLE--2

APPROXIMATE NUMBER OF TURNS FOR THE INDUCTORS:

26

Serial

i

[ Sec- ] Value {Tongth 4 Area of Torrie— | Number
Nurber | tion | of in- of tcroas ance of
' nunt~ | ducta . Magne- section p in turns
ber | Ace’ tic path | A(sq.inch) |mks N
1 L(ghd) 1(inch) | unit
x10”~7
1 13 11,5 6,75 0. 344 4,89 154
2 15 19.3 6.75 0.3%4 4.39 198
3 2 | 20.8 6.75 0,348 | 489 206
b 1| 2h.2 6,75 0.344 | '4.89 223
8 | 38.6 6.75 | 0.3kk b | 4.89 288
6 6 | uh.6 6.75 o3kl | 489 | 302
7 12 | k7.3 675 | . 0.344 k.89 -] 510
8 50 53.5 6,75 0.34h | 489 330
9 by 53.5 6,75 0.344 4,89 330
10 1ot ¢ 59,5 6.75 OBkl L.89 348
11 7 £0.0 £ o5 0.3k 4,89 %50
12 5] 62.5 5.75 0.3k 4.89 360
13 9| 101.3 6.75 0344 4,89 470
14 11} 119.5 6.75 0.344 4.89 hao
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this method refer to appendix B) By applying this method the value
of the inductances of the reactors designed were measured nquickly
and fairly accurately by passing a normal current of about Dne Amp-

ere through the reactors by a voltage scurce.

The current flowing through the reactors was measured by
an ammeter while the #oltage across the coils was measured by a high
resistance voltmeter,After each measurcment of voltage and current
for a particular reactor, the value of inductance was calculated,
then according to requirement thg number of turns of the reactor
reduced the measurement of voltage and current and corresponding
inductance calculated. The brocess was continued for each rgactors

until the required value of inductance was obtained,

Final measurement by Hay Bridge: ( For details refer to
appendix B). The value-of the inductance of each of the reactors
were then méasured ajcuratelydby this bridgé. It was observed that
the values obtained by this method was inconformity with the values

obtained by Ammeter-vVoltmeter method. The variation was only + 10%.

The result is shown in Table-3 (Page-28),

3.4, SELECTICN OF RESISTORS OF THE TRANSMISSION LINE UNITS.

3e4.1s Measurement of the self-resistance of the Reactors by Whest
Stone Bridge.
The a.c.resistance of the reactors at the low frequency of

50 Hz is to a close approximation, equal to the d.c.resistance of

the coils,

The d.c. resistances of all the reactors were measured accu-

rately by a wheatstone Bridge. The result of the meagurement together
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TABLE-3

NUMBER OF TURNS OF THE REACTORS UNDER DIFFERENT CONDITIONS WITH
THEIR INDUCTANCE VALUE,

Zer- § Sec- § Area of § Number of turns N Inductance L in mh., .
ial tion { cross
no, no. | section
i ;} Sq.
“inch.,

From Used for } Finzal : Actual Measur=zed
for- winding | value value value
nuls

1 | 13 0.314 | 154 200 125 11,5 12.1

2 15 | 0.324% | 198 f 250 | 102 | 19,9 19.3

3 0.346 | 206 | 250 214 20.8 21.2

W
—

0.314 223 275 1 133 2k, 2 24,2

8 | 0.309 | 288 350 .| 260 58,6 .| 38.4

6 1 0,358 | 302 ] %350 | 219 44,6 | 4hs
b33 [30 | o | eso | ws | ows

i

O o ~J a0
—
o

3 | 0.309 | 336" SHaob [¥220 53.5 ‘| 53.5
SiiS] ‘!. » N . ' .
i 0.331 - 220 52.5 | 53.5
s ST T |
10 10 0.31% | 348 )T LoO. | 327 | . 59.5 59.5
11 71 o.3b2 ] 250 [ dgo 243 | 60,0 | 60.2
N SN - TR IR Voesd i n \ ‘ L. .
12 5| o.346 13801 | ubs 260 | G2.8q0 | 16205 z
. . ; o 1 \ e |
i . ‘ ; N . ‘. . ) ' 7R B “ i
13 9 0.314 550 530 | 101.3 101,8
14 117f 0.346 S0y i - 595 | 480 19,0 | 129,57
3 SIS ‘| ? R L R
¥ Y bie
L s
;;‘ ‘ 3 AT :
! { i
. i SN ! ;
!'J . : ! J ! ? .( .
.."- f } } | ;; 3 .
' i N - =, Lo , \_.Lﬁ ( !
'., \l P l \“ - s \_!'f." % - ¢
L one fogdea ¥ B
j%} -
i
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with the resistance values of each tpansmission ldne units_is

shown in Table-k (Page 30). il

3. 4,2,  CRITERIA FOR SELECTICN OF CARBON RESISTORS USED..

An extefnéi'resistof of requifed value was connectéa iﬁ J
geries with emch reactors to obtain the actual resigtances of ecach
line units, In general, for this purPOSewirﬁl wound resiéﬁb}ﬁ would
be preferred w But for nonwavailability of suitable*wire'éaund res

Bistors we had nb alternative but to use carbon resistors:

In selecting the carbon resistors attention was given to
its wattagé rating in addition to the resistance value. This was
ntcessary 50 that the carbon resistors eould carry the normal cu-
rrent without much heating. Precisién reslstors were searcﬁed for
clbsely_simuiating the resistors of each unit. But we had to remain
éai-s"isfie‘d with available lO*Zd%'vtble'rance resistors, thus allowing .
minor variations. ‘

Exact resistance values required for each unit eould not
bhe obtainea. By serles combination of a number of registors , a
value very hear to the required value of the unit was simulated
atcepting 10% fluctuations. The resistors used in different combi-
nations and the difference between actwal value and the simulated

values are 2ll shown in Table -4 (page 30).
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TARLE-L
' RESISTANCE OF TRANSMISSICN LINE UNITS
Seri- | Soc- ¥ Resis- Resissance § External  § Carbon § Types & Mo
121 tion | tance of of each . | resistance | resis- | & tolerance
no. no. | each unit inductor | required - tance of carbon
R in ohms. unit g in added | resistors,
! R in ex R in
ohms, | ohmg. L ohms, ~
2 15 1.3 - 0.40 0.90 0.82 1w, 10%
3 2 f1.45 g.42 [ 1.03 1.00 1w, 20% ]
i ‘ - ) :
4 1 | 1,904 | jo.u6 | 1.48 1.50 | 1lw,10% i
. :f o - l
5 8 | 3.20. 0.70 /2,50 /2.70 2w, 10% )
6 6 |3.60 j 0.73 | 2,93 | 3.02
. B T ; D S
Vi i 12 %.,90" om0,k - 3,007 3.3 2w, 10%
8 5 | hoso c.80 | 34607 3.3 | 2w,10%
9 b Lo 0,80/, | F.60" B3 2w,10%
: : , - ) E i }- ' 1.
10 10 %,90° 1.05 3:.85 ] .| 3.86 (3,3,2w,2 720
: . . ! (0.56,1w,100
(LI ! .
R B L,9k4 1.0 .| 3,94 4 3,90 (2.7, 2w, 10%
T PO FoR / 4 \1.2,1w,10¥
12 5 54 20 .06 Trokan 3,9 2wy 20%
. / B
13 9" |8.31 1,7 ©L 4 6.60 6.7 (1.8, 2w, 10%
L A S (2.2,20 LO%
{ (2.7,24, 10%
14 11 |9.80 2.6 8.207" 7.8 | 2x3.9,2w, 20}
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3¢5, SELECTION OF CAPACITORS FOR THE TRANSMISSION

LINZ SECTIONS

Each pye-section unit of transmission lines has two shunt
arms one at each end and each shunt arm has half capacitance value

of the section,

The capacitances of different section lies in the range

0.045 aF to 0.61 mF. as is seen from Table-5(Page 32).

For durability,relatively small size,ensuring compactness
of the system, paper capacitors were used. In addition to the capas-
citance rating attention was given to the voltage rating and tole-
rance of the capacitors. Although system exciting voltage was 132
V A,C, during %w%tcﬁiné operations the voltage surges may be scve-
~ral Yimes the steady value. Hence minimum working voltage of the

capacitors used was 600V, although most of thém had 1000 working

- ~

voltapge.

Exact values of capscitance for each scction was not avai-
lable. Hence by parallel combinaticn of a number of capacitors a
value close to the required value was simulted allowing 10% varia-
tions, The capacitors used with their voltage rating and numbers

are shown in a tabular form. (Refer- Table-5) (Page 32),
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TABLE-5 Lo

CAPACITANCES OF THE TRANSMISSION LINE UNITS:

Serialﬁ:&ur-}Capa01tance § Total valué‘f“wjuN%mber & values of
- Number - tion« 0T orie shunt of capacltance. |c@pﬂclto s used for
- nune | arm Y of one ars;, of\ oth arms C in mfd.
ber [C ip mfq; each sectlon .
N s C in mf4q, o
1 13 0.045 5 0,050 2x0,05,1000v
" ‘ M . \'":
2 1 15 0.07%78 0,072 {  2x%0.05,1000v
210,022, 1000v
3 2 | o0.067 1 o.072 2x0.05,1000v
2x0,022,1000v
4 1 0.090 0.10 2x0.10,1000v
5. 8 0.149 0,15 2x0, 10, X000V
. 2x0.05,1000v
. . )
6 : 6 0.172 10,17 A 2x0.12,1000v |
' : 2%0.05 lOOOv \

7 12 | 0.183 0.17 2x0.12, 19@6v
2x0.05;1000v

8 3 0.206 0.20 b 2x0:10, 16005
‘.._ ’ o p ‘ 2x0 .lO glO@'OV
9 4 0.206 | o0.20° 2x0410,1000v
‘ 2x0 10 1000v ‘
10 10 0.227 7;aﬂo.22 : gxo 12leOOv" oo
Y i . \ JIPRRS ago 10,1000v - ' }
\ ',_‘ ) \ () 4.,‘-;4\1‘“‘ ]\,.‘, o \ .
1 7 0p232 - | (0.22 25, 1271000t " RAUE

!‘; . vt o o A TG \ 22(@210 IOCOV coy :':"‘?‘-\

B [ oY Xﬁ@ﬁ&-wfwl L

12 3 5 \= O.§438_§ Ny 0.25 . ;J'jyn’j ) EXO 25) 600V - v -
IR i . - Bl - . 7

PR

. t’/

13 [ 9 b el 0i60 .o Exo 50,6007
. r ‘. . AL \.. k -.;<_1. L EXO 30 6OOV-\1 - ‘

i: ‘.': . ‘ ':. :-‘i I N ; ' L i} 2 s
14 T QsS A 2:&0“3’6 1 BQ0F
’; xp 12 lQOOv SR

o
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3-6;'DESIGN OF THE .PANEL BOARD AND MOUNTING OF THE COMPONENTS:

A panel board Wasldesigned_and constructed so that all
the circuits units and other aecessories could be readily connected
together in any desired manner to form a network representing a
particular ﬁbﬁgf system. The different sectiongl views along with

their specifiéat#bqs;are shown in Fignresof plate no.4(Page 34).

iﬁé transmission line units are mounted on the tapering
side of the triaﬁguhar board. Each pye-section network terminates
in a pair of inter connected socket on hoth énds. This arrangement
helps easy interconnection and insertion-of oscilloscope and other
-.measuring instruments inéluding exclting sources wherever necessary.

Each unit igs isolated but as many units can be connected together

as desired,

© 3.,7. DESCRIPTION OF OTHER COMPONENTS OF THE ANALYZER.

(1) Exciting Sources:

The 3-%, 50 Hz, 220v variable Speed génefator required
for the Analyzer will be the‘synchfonous generator of AEG genera-
lized machine set of Power-System Laboratory. A 125V D,C. shunt
motor is used as the prime mover of this generator, The field exci-
tation is also provided by 125V .d.c, The terﬁinal voltage of the
synchronous generator is controlled by a field rheostal in serics
with the generator-field circuif. An oﬁtput voltage of desired
magnitude from any two terminals of the generator can be éﬁplied

across any terminal pair of the Analyzer as desired.

The pulse generator for simulating lighting surge was
a Hewlett Packward (HP) square wave generator availagble in the

laboratory. The pulse magnitude can be varried from O0-7V continous,

R,
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The square pullse can be obtained at an input impedance of 400 ohms

tor 60 ohms, ag desired, The pulse repitation rate is adjustable from

5 PP3 to 20 KPPs.

(2) Arrangement for Different Loads:

For simulating resistive loads Laboratory load racks with 2.2 A

current & 2 KW power rating were uscd. The load variation in 10 ohms,

stepa‘from 0 to 1000 ohms was Possible, Inductive loads were simul-

ated with loadlng Reactors rated at 3 KVa, 240V and 254 with varia-
“.tlons 1nsteps of 0 5A 1A, 24 and 4A. Capacltor Banks with capaclt-
ance frmnoﬁ31nﬁ‘rated at 250 A,C. were used for capa01t1ve load si-

}Imulation. Varlatlon was Made in steps of % mF l mF 2 nF etc. asg:

.l t.

.. required,

’TBj“MeaEuring Instruments:

Cathode Ray Oscillograph: A special Tetronic-Oscilloscope with

storage facllltles was used Th1° facllltated the observatlon of the

nature and magnitude of the tranSLentsarlslnS as a result of simu-

_1ated fault cOndltlons and sw1tch1ng and 11ght1ng surges, Provision

was made for ellmlnatlng certain portlons of the trace fron the

H

screen, leavlng only the portlon de51red for observatmon. In addi-

“

tlon special arrangement 1s made 1n the sweep synchronlzlng circuit
to control the p051t10n of the trace on the screen. Storage facili.-

tles are prov1ded to fa0111tate taklng photographs for permanent

Trecords.

. : _ _ - ,
_An ammater and a voltmeter are also prov1ded for reeOrdlng

steady Stgte voltage and currents durlng normal 1oad flow and under
different fault cpndltions and switching 0peratibns.“ '

64j Photographic eguipnient: An ogcilliogcope Camera was used

- for- photographing the trace appearing on the screen for permanent
reCOrds. A o
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CHAPTER- 4

.-

VOLTAGE TRANSIENTS AND LINE SURGES IN

POWER SYSTEMS
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4,1, BAGKGROUND: ZC)

There are various ways in which a transmission 1ine may expe-
rience transient overvoltages greater than the working value. So it

is necemgary to provide protective apparatus to prevent or minimige

the destructlon of the plant.

Inteérnasl causes pfbdhcing a veltage rise are (1) resonance,
(2) switohing operatiodis, (3) insulation failure and (4) arching

cartha,

A very impbfﬁéﬁt external cause i 1ightniné.‘

4,2y RESONANCE PHENOMEN;:

. ) *
Over voltages due to resonance on power systems ars ugually ~¥
the form of (1) resonsnce or partial regonance at the system natural
frequency (Wn = %ra) conslsting of the systenr finductance and capa-

¢itanées. (2) Ferro resonsnce phendmena,

_ , (zo)
by 241, NATUR:L FEEQUENGY PRSCHANGE ~

The effect of this type of recsonance is most easily explained
by considering the voltage at the ééd of a lightly loaded cable of
short length. The alterﬁator and transformers may be represented by
their leakage inductance L, and the cable by a capacitance C. The
system is then as shown in Fig, lehere R represents the resistance
6f the slternator winding, transformer and cable, and r the resisti.
load. The total impedanece of the ¢ircuit is |

(1/3wC)r o

Z = R + Jul 4+ mcmomemmm =R + Jwl 4+ —~==m - eee (1)
1/T%C 41 1+JwCr

and the current is

1= E/Z, | e (2)
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and the voltage on the cable is

V:IX11/(1+JWCI‘)§ -c.o-o-o--.-(5}
gince the latter expression represents the lmpedance oi the parallel

combination of ¢ and r. Substituting foi I in terms of & we get

‘V/E = { M. R ) /(R 4+ Juwl 4 smmen= )
i 1 4+ JwCr 1+ch
.= P T ) ;-l: _____ e ] - ——— — -
1 + (R + Jul) (L/r + JwC)
2 e s e (%)
(1~ waLC + R/r) + dw ( L/r + CR )
1 R L

@

Figures l-a, and l-b. ((9)

The magnitude of (V/E) ie

AA
e

h/E = {{1- waLC + R/r)2+ WE(L/r+CR)2

nuo--(s’)
Let us consider the case of an unloaded" ' line first.In

this case r = , .80 that
2 222
'V/E‘ = ( (1-vLOf Sw C R™ }

. 2N
...-,.u-._.'(D)
Wt

If we consider that C ecan vary, by the 1nsertlon of diffe~

rent lengths of cable, |V/E4varies in. the manner shown in Fig. 1-b.
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The maximum value occurs when

- 1 ) : -
¢ = ki o e bin i = .-.—‘_.‘I——-—lh-'u-a:—.‘-.--—‘...m—.‘-.—» g _....:.........ni....._‘...-.
- : . ~
wL o+ Ra/L ' ‘.""“WZL.(;f RE/WELB) ——
i 1 - v A - wih
Wnen ¥ [VIXE £ e g ooy o  mm s S ST
' j wCR ( (1. + R?] WZT 2\ ),... WCR s

N
3 _
A resonable value of L in ag}ﬁfKV system is 0405 hen»y,

and the resonating capacitance is then

¢ e e ———————— e

( 2 - . 50)& x O 05 = 20::. i’Ifo

Which &s the capacitance of somc hundreds of miles of
cable. Resonansce in short lines will thus never oceur at the fandr -
mental fﬁequency. If we consgider tae 5th harmenic , which is cfter
p“m sent to the cxtenu of 2 or 3 percent, we see that regonaice
cecours fhe capacmtance reguired 1s

0 = mermmmm—m——— é__} .............. e = 8,1 mF
( 27 L,R50)7 % 0.0%

[

which islprovided by a cable of shout 30 miles, 1 we assumne @ 10

percent bharmonin the value of V5 is

- = V -
|VSI =fec| x 2m X 20 W/R - 0.10¥|E,| x 27 =
250 L/R,
where E, ig the fundsmental, and E5 the 5th hermonic. 1E we Take

= 5 ohms, we findthat

. _ |
[vo] =157 =x|B| .
S0 that the fundamental voltage of

= 33 KV

has a. fifih harmonic-of magnitﬁﬁe-
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O

big) = 52 BY (vus).
The peak vazlvs L licenr Lumzs, may thaon be
V2 x 85 KV

in place of the normal value of
2 x 33 KV.

The effect of a load ic scen by comparing eguations (5)
snd (). It is seen that the terwm (R/r) is an additive constzn.
in the first term on the right hand side of the equations chd
alters the condition for the neutralization of reactanée; ﬁhils%
the term (L/?) causes a considerable damping of the resonancs:
Tet us take r = 200 ohms, which corresponds te a load of 5000 K+

then with the values of L,C and E5 taken zhove, we find that

_ . :
4 1- wLC + R/ 2= 5/200

0.025

I

and w(L/r + CR) = wCr ( L+ 1/C Rr ) 7.2wCR = 0. 46 .

The 1lst term is thus negligible compared with the second, s thi.

we may take

' 1 Wl
T SE_ | e e [ PSP D e
[5/ Jl

wi l/l" + CR) 74 2uCR F o

So that V. is reduced by the factor 7.2 and has a magnitude of

>

52/7.2 = 7.2 KV, The resonance voltage has Deen therefore effec

tively damped by the load,

4,2.2. CONDITIGNS FOR NATURAL FREQUENCY RESUNANCE(q)

The natural frequency resonanceé May Occur in the =ysva™ o
under one or more of the following conditions.
(a) In transpission and distribution networks, if an
extended underground cable system a predominant capacitance ik
4

fed by long distance overhead lines and transformers of predominant
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inductance: In thie case, the natural frequency may easily be of
the order of a lower harmonics,(only 5th or 7th harmenics have
importance) of the gemeratdr voltage and thus moy cause cxcess Vol
tages in the entire system.

(b) Feeder cables of high capasitance, which are protected

against short circuits by series raactors of high inductance, may

algo give rise to resonance phenomena.

(o) Statie congensers, frequency 'ised to improve power facton

6f netwotks, also may form resonance circuits with the Jdsding e
nsfermers, particularly at no-load of the cirsuit, where ne resis-

tance damping is present.

Wwith every alteraticn in the curcuits of the svstem berause .-
faults And ever with every roriaticn of the leads by switching opar -
tions, the capacisances ard indudtances of an actual networi chango
substentially. In practice, it is found, therefore that disturbanc-.
by resonarce ociur at certain cOnditiohs in the power system givini

rige to evcessive overvoitages and nay again dlsappeor with chow

5

T T
~

G

in the éistribution of ths load cr in tho intereconnection of the

system cireuiis.

“Howmever, the most r;liable means for zvoelding amny resonancn
voltage and current comsists in the sencration of simuseidzl vol-
tage, as pure in form as'poésible. Henece it is desired that the
feeding alternators should produce no tonsiderable harmonics eithex

at load of nb load zenditions
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4,2.3. FERRO QESUNANC“(87) .
7t
kr LTy e G TIRITLAD T

el 1 R S A R,
Ferro re sonanu( CLouLrS wdcmﬁthu_fn 3 u*aLed 1nductance of the

x .-'\.

eyl

some transient condltlone FEdiltd 4n a temporary high current cau-

. . RS S : e .
sing the 1ron-to-saturate;’%hls causes the inductlive reactance to

decrea;e and approach thc bupacltlve reactance, crentlng a regonant

U
o7 e

condlfion called ferro re%onance. The system Voltage and current '

. . '"—’[r ey RIS

under thopc condltlons is n@t perlodlc but rathor fluctuates wildly

as the current sWENgE bggggand forth between lagging and lending
. ]U"‘r-
power factor as-li m0ves 1n and out of the resonanant condition.

4.3.1. SVITGHING guRGpsSEQ?

r‘=n L

A sw1tthing.operatlcn produces a sudden change in the circuit

condltlonu, anduls;accompanled by % transient state which leads from

MEEFIR ST

ohe steady sthtes to anoth-r steady states. The behav1our of the
NErc

system canfbe explalned with exactness only by means of travelling

Waves; bufkﬁﬂiéﬁﬁrt ~yetemr the behaviour is sufficiently well ex-

plained if wé consider the circuit to be composed of lumped resis-

tances, inductancepsand capacitances,

(30)

4,%,2, TRANSIENTS IN CIR@UITS'WITH,LUMPED_CONSTANTS

There is an$ihﬁé?ﬂsting case which we shall solve, the swit-

-

ching~in of an open circulted line.

;t R . L

—C
1y

Pt~

Tige.2=-A Switching in of éﬁ open circuited line.



Lya
We assume for simplic.ty iat the syst.m emf is constant aad

equal to E, The oqguation for tno gurront is

.‘-_s gi‘_ i - R::. - Q/n = E V uo'at.imognauuuu-(a)
HNers T e ....;-.d:.q‘......
wiers Jio= b
The voltage at the end of the line 1c
V = §/C, substituting for %, in terms of Q we got
2 ] 2 A £y ~ e - 3
L (dg/dt”) + R (47du) + /C = E, the sodution of
which ig
@ = CE + e*(R/2L) ¢ (A Cosd;t ~ B sing&'t )
- N T 2y Py 372 - Ny
Where A= (( 1/L¢ ) ~ (R7/LL7))7, end A & B arc constants witen

sre determined by the initial conditions. At the instant, t = O; -

switching-in § and i arc z3ros Thzse conditions give

A= -CE and B = A%/2LX .
So fhat
7= g/C =15~ Ea '{R/“L"t' ( Cos gt + ( R/ZLOAD Sindi)
! .Onloo-oon(?)
. % . ] .
arld j_ paied %"i‘“ s (E/(C*..T.)jl [ (R/E. ‘ 1— Sl'.'l O&t. Ae e ®® e oI —(lCﬂ)-

1f the resistance iz negligihle “hz wvoltage and currany rzduce

to

v =5 (1-cos ( &/JT0) ) cererena(9a)
end i = (2 {(7F ) sin (5 / [G0) ) ceeneen (208
Slnco ' o 0(1‘ 1/ (LC) il’.!.,‘this ;23884 7

The voltage in this cose oseillates sifiisoidally between O anl

2E, whilst the currentd a sine wave of peek value E / J e/,
i
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Fig. 2~B shows t.z vcltage and cu.rent for the case of

no resistance (curves A) =nd for some resistance (curves B)

9E| o

' dgwever tn'ls ‘dogr not I‘,_;g esent tre state of affairs with

A

exactnebu,'Fpr \ny transfer. of cnerpy must travel with a veloclty

ot

1ea§-than tﬁdt aft

qf r“i“"”tbd‘

ﬁ

L, oae thet the faroend of @ line is unaffec-

il
T

I i

"kﬁr }np i;nlte twmo thJC Lt tekes the energy wave to reach it.
“ﬂl
1t thcrefcre follows th at paru of +he line may be passing current

and malnfﬁlnlng =Y valtage Vhlle a2 further part has neither curreis

|

nor volﬁag . Thls uan Lo e:s pia;neu by travelling wave theorics.

AT i
'U |

X . ’ ,- I _“‘.:'),',7_.; o . l L J
§,3.3, TRANSIENTS DURLNG. SUDDEN INTERRUPTION OF A CIRCUIT

.

{30)

. T
Bt ;_,\r

%uppoéérﬁhﬂt a “cireuit has a currcnt 1, whlgh is suddenly
interrupted by, tbe ulrcult breakors S S (Flg. 3). The disturbance

L3

produces two travell:ng waves moving from §, S5 to the rlght and to

the left, The wa¥e travelling to the right'has a currentT-i ang g

therefore have a voltzge -E, where B= iz line 4 is therefore -I

volts above line B. The wave travelling to the left has,a'curi‘e"nt--iT

[

"‘- .‘:L- '
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and must therefore have & voltage % E, wicre B = iZ;[C i5 there-

fore + E volts above hs\ne, D -

b i S . ( - E 4 "'i )
T i ——=- L
e ez e el 6“.. - ‘TP'—'T_-'"

Line C f . Line A
L /. S
B . T ¢ e st

Tdas D, Line B

Fig. 3 sudden interrupiion of u circuity

These waves progress in a normal manner until they mect o>
changes in the line, when, they afe reflected and tranemitted o
well, It sheuld be noted that if only one break igs made; so that

B ahd D are alviays commong d, the voltagme between A and C ig 2 W.

The surge voltage E is supersimposed on the normal volfapns - .
that part of the line which romeins connected to the generator.

li.3,4, SURGES DUE TO_INSULATION FAILURE Q R HARTHING

oF & TovRe 207

Suppose that a lire AB, a% poientiel B, iz earthed at o poir™
P, The ¢ffect of earthing ie éo-introduce a voltage~ E to P, =..
tio egual waves of woltags ~E travel along PA &nd PB. The wave
travelling to the right has a current of ~ B/%; and that to th:
left & -7 - ~Ph.thesc currents pass through PAté earth. 5o ot

the current to earth s ZE/Za Figﬂh shows the wegves afld current @

in the sjystemy

TR IO 77
rigsl Surpes due tn o fatlure o

777
!

T
/ Ié insulations



As thes~ jev-5 “revel o the onds of the line they redus: bhe

voltage to zero and when they reach the open ends, reflected waves
‘l -

are set up which reduce the voltage to E-E-E, i.e.~E, and tho curr-.i’

is neutralized, Whcn the reflected waves reach P; the porticns of

the line miong wiich tihey have travelled will be changed to -E. Tho
current ac P can be reversed by s flashover in‘the opposite dircec.
tlon, and the result is a periodi. flash-over with reversa'ls of »u

tentigl on the liue and currents at P until the stored ewergy is

dissipated by danping,

4,%,5 : PROPAGATICN OF SURGES IN A LINE TERMINATED BY A FINITE

TMPEDaNcE(30)

Suppese that a travelling wave (E, 1) moves along a lin-
of surge impedsnce (2) and meeté é tcfminaéiqn of resistznce R
(Fig.5). If R is not equal to Z,Vthe end of the line can not have
a Voltage E aﬁd curreli i, since E/i = 7. There is theréfore a di -

turbance which producss o reflected wave (E! 1') moving towards tho

lefta
(F, i)
""“—‘—“f}
a - - @y
{z) ;g R
o : y- . l

¥ Fig.5 Line Terminatcd on a Reslstance Ra

The following relaticns exist

E- = iZ’
E' = 1'%
The total voltage zt the end is E + E' and the total cu-

rrent is i+ i', so that E ~ EB = R(3 + 1Y),
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These equations gi-e

7 (4-41)Y =R (4 . in)

So that it = {Cz-Ry (2 + RDL ceerenneena(112)

Elnd E; = e i'Z = /\:(R "Z) / (Z-{-R)) E l..l..ﬂl..q(’}’;b)

The totzl ~urrent and veoltage are

ivit = {22/ (z+R) 1 vevererasna(12a)

and .E-I-E' —_—(2R/(Z+R)>E |laou¢.0l00(12b)

If the line is open at the end , R =gQ so that the total

currert is zero and the totsl voltage is 2B, as found before.

If the line is shorted at the end, R = 0, so that the

current is doubled and the voltage drops to zero.

The case for a Finite re$istance termination is given by
equations (1) and (12}, when the termination is not a pure resis-
tance, the regult 3z still gi%en oy thesc écuations But they mist be
modified bylthe teroinated impedance ., A load in the line may also

A i . . . - .
be treated as = spocial case of 'termination' at a given point of

the gystenm.

4,3.6. SURGES_AT THE JUNCTION OF TWO LINES:

Figure 6 shows the case of two lines of surge impedances
2, and Zg. A wave (E, i) travels along the left-hand linc and nmeets
the junction., 50 far as a travelling woave 1s concerned the tight -
hand line can be considered to have an impedance ZB, so that the
case 1g the game as that shown inJFig.S; provided 7 is replaced

by Zy and R by g -
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The reflected wave is thus (E} i') where

% ZA‘-' ZB) /\ZJA -+ ZB)) i _c‘oauuuno(}b}a)

el

1]
1l
Faa T

AN

and E = 2/ (B ZB)) E veeeees(13D)

L .
B
The transmiticd wave mist.clearly have a voltage equal to the

totul voltage at the Junction and a current equal to the total.Thus

the transmitted wave is (git , 4i'' ) where
itt o= 4 o4 1t o= (2 ;A/ (ZA + ZB)) i aeeess(Lha)
L] — A I, Ly 1
and B =B+ B = (22 (2, +20) B e....(1hb)
(E,1) ' (E't , i )
—P e
[ S—
_ -
VAN )
"y

Fig.6 Junction of 2 lines.

The refincicd 82 toansdiited waves a% a point where a line
forks. ( 73..,e. Junction cf three lines). Fig.7 represents the arran-
gement schemaltically. The surge impedances arc Zi. Z1, and 22 reg-

pectively .

Fig. 7 Travelling waves at a junction of 3 lines.

Let the incident wave be (E,1) travelling to the right, the
reflected wave {( BE', i') travelling to the left, and the transmitted

waves (E'*t, i%'): and (BE'', i?") travelling towards the right.
f >
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The transmitted waves clearly have the same voltage as they are

in parallel, Ths veloticas ~ars given by équations (15).

E = 17

E'S - i'g

S R PR

Ere = 4,10 2, el (15)
- - [ ]

Bo= 0 g

a2 current at the fork must be equal to the current leaving,

i-‘-i! :. i1'= b i2|' l‘l-.ll.itod(l6}

The voltage at the Jjunction is

E+E'): E” .c.a---n-(l?)
These six eguations are sufficient to find E', B'', i, i', i!',

and ian for an ineident wave of magnitude E. Substituting for the

currents in tormes of the voltages we sce that equation (16) becomes

E R = By o (S Z
. ; Brryd ¥ { .._Z,| + 1/ 2}

adding this to cguation (17) we get
28 = B' YW (l+ 2/Z, + WD,0 4

So that the voltage at the fork is

E'' = 28/ (1+ Z/Z, =+ 7/%,) = 2E( 1/Z)/(1/Z+l/2:l/zg)

o-.oooo---(lg)
The transmitted currents are

LR T o A ] i1 - Rt
R / %, and 12. B''/7,

whilst the incident current is

i = /7.
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The reflected voltage is

E'i = Ei | I E 3 E(l/Z nd l,/z,l - l/za)
s — C ._.(19')
(/7 + 1/2, + 1/2,)

angd the current i=s

i’ = .. B'/%. It is secen that the reflected
wave is zerc when
1,7 =(1/2, + /%, ) ,
1 2
i.c. whoen the parailel combination of the surge impedances of the
outgoing lines at the fork is equal to the surges impedance of the
line aleng which the incident wave travels.,

bo3a7 EFFECT OF CAPACITANCE ON SURGE VOLT_x_GF(5O> L.

t. . i . .
Suppose that a wave {(E.i) meets &"termination composed of
the parailel ~ombinatiorn £ a aparvitance ¢ and resistance R as

shown in Fig.8.

Fig.8 Fig.9
The problem is the same as that shown in Figs5, except that R in

equations (12) must be repléﬁed'by

(1/pC) 'R/(l/pc + Q) y(lﬂﬂCR) ’

Where P = d/dt,
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The voltage at the termination is thusg

ET:_ w +E| = 2.{1/'\|1+PCB) ;. . ’XE ____B;'.......(EO)

7 + R/(1+ pCR)

It nust be remembered that P = d/dt and E is & voltage which

is zero until t =0 and E,after t =0. Solution of equation(20),

)

gives B, as

.J_JT o
i = E (1 - e-(( Z+R)/C ZR) 9 ,
T T
o
where B . . .
To is the voltage at the end when there is no capaci-
tance.

Fig.9 shows. the graph of Ej. The effect of the capacitance is

Tl
to cause the voltage at the end to rise to the full value gradually
instead of abrruptly, i.e. it flattens the wave front. Flatenning
the wave-front kas a very benificial effect, as it reduces the

stress on the line-end windings of a transformer connected to the

line.

4,3.8 EFFECTS OF SWI?@HING SURGES ON SYSTEM AND EQUIPMINTS

INSULATION (26,27)

The operation of system cirecuit breakers to connect and dis-
connect equipments and transmission lines creates switching surge
transients that could cause eguipment failure. The severity cof a
transient in a given switching operation depends on the circuit
breaking device as well as the ¢§?c@it pargmeteré.

The opening of theicqn£actglof a @ircuit-Breaker involves
current flow iﬁterrupﬁiqn, whigh-cregﬁes a recovery voltage across

the opening contacts. I the design of the device is such that the
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dielectric recovery across the cohtaects is stower than the recovery

voltage bulld up, o - :a.0dge will o oscunr sresting. a switching surge.

The characteristics of this surge ﬁoltage are a-high ampli-
tude, which may reach 3 to L4 times that of the system voltage and o
relatively high frequency. This voltage is, in effect, infected into
the eircult ot the brenker terminals and travels slohg the line in

both directions.

In practice resistance and crong effects quickly reduce
the magnitude ns the wave travels along the line, but the effect on
insulation at points close to the clrcuit bresker is of dmportance:

as also the possibility of restrike at the breaker contacts.

rith the advent of extra high veltage (Edv) systen the pear
value of *he restriking voltage may approach a dangerously high valiue.
The effects of the rastri%ing trensients are therefore oxtrimely
important from the insulation point of view; The severity of the
duty itpossd upon insuvletion is likely, in the case of these high

voltages, tc be equally if not wmore significant than that due to

induced lightning disturbesnces.

-

During op.ning a sircult bresker, the most severe rostrike
. - L] " 4 O
occurs when the voltages on clther slde of the contactis raach 180
seperation such 23 in the case of a near~end switching of a trons-

nmission line with the far end breaker open,

During .o closing operatiocn of a clrceuit breeker, the seve-
rity of the yransients depends not on the CB design, but rather on
the circuit pé}amé%éfé and the phase angle of the. voltage when the

CB completes the circuit. The closing operation of a CB is assumed
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to initiate = surge when Cl&ﬂinpﬁwith the vdltagé’is done at maxinun
value. The wost severc c¢losing switching surge can be initinted by
closing-in on =z system 1807 wut of phase with the system on the
other side of the breaker. This closing condition is egquivalent to

the opening condition of one restrike,

(27)

The busic traansient eguations for switching -surge

analysls are, for closing and Opening a switch, respectively,

i = ) PN IR R RN R, )
1'sw ebefore swW / Z(p)sw (1

and esw = lbefore - X Z(p_)sw Bew e s ag eug (2)
Where e is the negative of the voltage across

before sw

the open switch gt the instant before closing; and lnefore sw 5

[ .

the negative of the Bufrent through the éwitch;just prior to the
openings the switch. Z(p),, in both equations ig the impedance éf-
the system as sten through the switch terminals,

The over voltsge resulting from switching is the stcady
state voltage prior to gwiitching with the transient voltage super-
imposed, i.e.

Resultant voltage = steady state voltage o

+ Iransient voltages
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hby1, NATURE OF LIGHINING stmemg ‘2)1(26),(27)

iightning surges aorise as a result of the action of light-—

" ning dischaerge upon electrical installationes The naxinun possible

- @nplitude of these surges has no direct relat

ionship to the opera-
T

ting voltage of the &ystem and their danger increases with the dew

crease in the working voltage,
AA lightning.discharge EﬁkgggpfggéHﬁhgﬁ a cloud ig raised to
such a high pg?énp}g}ﬁmith respégtéto eé;;h( or to a neighbouring ”
eloud) that the i&sulgting property of the surrounding air is des-—
troyed , %his rais;ng of potential is due to frictional effects
cauged by atmoapﬁgpa??gﬁftﬂ;hancés'é%ﬁiﬁ%fﬁg the particles forming

the cloud.

. A lightning stroke to a line creates a travelling wave,
which 1s infact the static energy in moticn due to a concentration
of this ecnergy at one peint in a systen, Usually the discharge is
from gloud to earth, but where tall objects are involved, the dis-
charge 1s frequently from earth to cloud, The transmission lines
frequently provide the casiest path for the cloud charge to digsi=
pate itsgelf into the earth and therefore’ are f;eé;;ntly nit by

lightning{ oy
FEONE

The character gf the firge to be used in an analysis

e

depends partly on the initiaibﬁibcharge}hthat is, the amount of
static charge in the cloudj but £t ﬁiso depends on where it hits

the line and the type of the line.

Accordingly lightning surses may be divided into two kinds-
(1) Induced charges and e

o

(II) Surges dué to direct strokes of lightning, ,
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L.h,2, EFFECTS OF LIGHTNING SURGES. ON. EGUIPMENTS AND

SYSTEM INSULATION(a) (26)

Induced surges are éreated by discharge of lightning which
occur near the affected éieétricai installétion or transpission line,
They arc the result of electgdéiétic induetion: The current that will
flow during a lightning diécharge from a cloud toc earth or through

' ' crest

some structures to earth in most cases will have &/value of 10-25K4,

but nay reach values @ high as 200-250KA( corresponding power to
be dissipated 1s 1010Kw) and the tail of the wave may last a second

or longer. :
An induced surged will usually have an apiplitude of several

hundred KVs. The minimum short time (Inmpulse) clectrie strength of
the insulation (BIL) in installafions of 132KV and higher voltage

ig generally not less thaﬁ 300-600KV, that of 33KV iﬁstallations isg
of the order of 180-200KV, Becausé;of this, induced lightning surges
are a source of Serious‘daﬁgér for 33KV installations and lines,

but are not so qangeréus for circuits and instaliations with worm

king voltages of 132 KV and higher,

When a direct stroke of lightning strikes a transmission
line or an outdoor substation circuit gf-ﬁnit then the power to be
dissipated in the short time in whlch the dlscharge takes place may
be of the order of 10 10 KW. Thus it cauges a very large current
(upto 250KA) to flow, It creates an extremely high surge of voltagc ,
the value of which in ;ome éases will exceed the normal working ..
voltage by several tens of times, Direct lightning surges are
hence the most severe and dangerous form of disturbance experienced

by the insulation of transm1551on lines and equipnents assocciated

with them,
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In either of the cases (ilnduced surge or direct stroke surge)
the waves set up,can usually be represented as the dlfference of

two exponentlals( 6) thug

e = B ( o3 o70Y
Where a and b are conétants which determine the shape.. A wave

of this type is shown in the figure of plate no.54 (page-56).

Such a wave is used for testing purposes when it ig Recessary
to invegtigate the behaviour of power systems under gonditiong of
this type, The wave is designoted hy the time t,¢ taken to attain

maximun value, and the tize t,, taken for the $ail to fall to 509%

-2—!
of the meximum value, The wave chosen for testing purposes is gene-
rally 1/50 wave which implies that t1 is 1 micro second and ta is

50 migro gecond,

y5,17" ARSHING, GROUND FAULTS'(BD)

S
-
.

In th@ﬂﬁaFiy days éf 3rénémi$5i0ﬂ‘it was the practice to
insulate the neutral pqlnt ef thre@ phase ilnes, forfﬁaea én eartp
en one phase would rot put th; 11ne out of actlon; thls also e11~
minated the longitudinal (az zero SOquence) eurrent and resulteg
in a decrease of interference with communication lines,¢ Ingulated
neutrals gave no trouble with short lines and comparatively low vels

tages, but it was found that when the lines become long and the

voltages high (HV) a serious trouble was caused by ARCHING EARTHS,

- which preduced a severe voltage oscillations of 3 to & times the

-nonmal voltage. These 0501llat10ns were cumulative and hence very

destructlve. Arching earths are eliminated either by solid earthing

.,_’43_

of. the neutral or the neutral is earthed through an inductance
-~ f_)"
T
. A
{known as peterson coiIQ,

2y



PLATE - NO. SA
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50

Fig: Nature ' of Lightning Dislchorge.




here are two accepted theories ef arching earths, in one of
which the arc 1& extenguished at the normal irequency, and in the
other at the frequency of oscillation of the line. Let us congider

the normal freguency arc extinction theory for a three-phase line.

1 10,

— QU

3

U ‘_72"/}/777" S

¥ig.10 Arching ground in three phase line.

The fig.lO shows a three phase line. Suppose that line 3
arcs to earth when its voltage to neutral is a maximun-f, At this
instant line 1 and 2 have volitsges +% E. Before tﬁe arching earth
occurs the capacitances of the lines cause the neutral to be at or
near the earth potentisl, so that the egrthing of liné 3 cause a
sudden voltage of + E to be applied to lines 1 and 2. The ultinmate
steady state would then be for the lines 1 and 2 to be al potential
3E/2. But we have shown ( refer to ‘rt.4-3-2) that when an enf E is
suddenly switched into a circuit of low reﬁistance, the veltage in

the circuit oscillates between O and 2E with a frequency'l/(EfTJLC)

(refer eguation 9 and 10), where L and C are the inductance and

capacitance in the circuit. The voltaze of line 1 and 2 will there=~

fore oscillate rapidly between the original value of ¥% E and -
% E + 2E = 5E/2., The high frequency oscillation dies out rapidly.
The arc ig fed through the capscitances of the lines, as shown in

Fig.10, and will go oﬁt,when the sum of the caopacitance currents
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passes through zero., The capacitance currents lesd the voltage by

90%, so that when their sum I, + I, is zorc the line voltages arc

- -3 B/2 and E, =0,

If the arc were to renain exténct, the voltages would have to be

E, = - 38/2, E

1 2

these values plus E, viz E, = -KT, E2 = =% E and Ej=+ E. Thus the
faulty line 3 would h=ve a maximum voltzge again, and so arc to
earth again. In other words, when line 3 arcs to earth the capaci-
tance currents of lines 1 and 2 malntain the arc until the voltage
of line 3 attains its oppesition maximum voltage with respect to
the neutrél. Then at the instant when the capacitance currents would

allow the arc to go out, line 3 arcs again to ground., YWe s@6€ that at

-

- the instant that the arc is exténct the lines are at poterntials

-3E/2, - 3E/2 and C. The charges duerto these potentizls diffuse
rapidly through the system in af oscillatory manner, with the average
voltage 1/3 (<3E/2 = 3E/2 +0 )} = =FE as the uean position, This/iguis
volént to an insertion of an emf 6f %E in lines 1 afid 2; $6 that an
adddéd voltage +E is applied to these lines. ihen the arc restrikasg,
iines 1 and 2 acquire potentials 0f=5E/2 plus thas Hew volue=E, &b
that the naxipum voltage ig + 7B/2. Ve see therefore thal the healthy
ilines afe subjected fo é voltase 3% tires the norawl vilie: %s this
State Gor be maintalfied for a considerable length of time, in & kacun

sose 30 miniites, by the continied arching, it is very dabgerous.



CHAPTER-5

STUDIES WITH. THE Ta

TR MSIENT ANALYZER
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s

5.1l 2£NER£L BACK GROUND:

he Network can be energized by fivé external souréés in h$r;
mony with the actual power systen. In enérgiéing the nodel sys:em
with more than one s&ufces, proper care must be taken,'otherwise
any two sources ray become short circuited through the common gro-

urnd line.

For this study it was decided to energize the Analyzer at
point 13-14 by a 132V souurce obtained fron any two phases of a
3-8 synchronous generator. The inglyzer was utilized to perforn the

following sets of experinents.

(1) Study of .no load voltages and currents .

(2} Studj of switching transients fof differené typks of loads.
'(3) Study of short circuit transients,

(4) Study of lightﬁing surges‘by meshs of sguare pulses.

(5) Study of resonance phenomena during lightning surges by

initiating square pulses of varying repititionarate,

5.2, EXPERIMENTAL SET UP:

For‘Observing the voltage and current transients during swit-
ching operations and fault conditions the exciting source { the
three phose synchronoug generator of the ARG generaligzed ﬂachinerset)
waé run st a speed of 1500 rpm which corrésponded to a systeé-fre—
guency of 50 Hz. The generated voltage was adjusted to-132V by var-._.
ying the field sheostat and was fed at the terminals of se;tions

13-~14 of the Analyzer.

]

erent points of the systen was measured. Then the transient voltdges‘

Before the traisient studies the no load voltages at diff-

and currents at different sections of the Analyzer for varioug loads
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and ffult conditions were observed on the screen of a storage osci-

lloscope.

A potential divider arrangement in the ratio of 1:5 svhout

‘(i.e. output foom 2 k.ohms. was fed to the scope while the systen

yoltage was fed across 10 k.ohms potentiometer), This arrangement
facilitated direct observation of voltage transients on the screen .
This we's essential as only 60V could be cbserved directly on the

screen, where as the systew voltage raised upto 300V as obtained by

“the no load studye

An ammeter (0~2.5-5A4 range) having low reslstance was conn-
scted in series at different sections of the Anglyzer, This arrange-
ment provided an adeguate voltage drop for direct obgervations of

-
currents on the screen of the oscilloscope as well,

For permanent records the voltage and durrent transients
were stored on the oscilloscope screen and vhotographs were talken by

an oscilloscope Camera.

The experinental set up for these studies are shown in
the photographs of plate no.5(Page 61) . While the plate no.6(page
no.62) shows the close up view of the Translent iAnalygzer together

with the different apparatus of the laboratory test set upe

5,3, NO LOAD STUDIES:

Before the studies of switching surges for different types

of loads, the no load voltages =nd the charging current at diffe-
rent sggtigns of tie systert was measured., For neasuremnent a high

e .
e aupeter were used., The open

resistance voltmeter and a sensiti
oA T Bl ’ 3 s

cirguit volthgeind thﬁeﬁé;géng It is reporded in Table-6

(Page 63)4 . ¥ e'
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Note: The photograph shows_the transient amalyzer (1),

exciting sources- the synchronoug
the storage oscilloscop:(4) and
mental set up, N~

generator (2) , the square wave generator (3),
other equipments and accessories of the experi
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PLATE NO,6
Close up view ofthe Aﬁal}zer and the experimental set up.
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T T(a) Thé Transient Analyzer (d) Inside view of the Analyzer.

(¢c) Synchronous generator(2) and its primemover=-

D.C., shunt motor(3), Ammeters and voltaeters/i/
R L AR ol ool s )

R i . —

R o R Y B
(@) The square wave gemerator(4), (e) Resistive loads(8),Inductive
storage oscilloscope (5) and loads (9), Capacitive loads(7)
the oscilloscope camera(6) & potentigl divider(10)
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NO LOAD VOLTAGES AND CHARGING CURRENTS

63

Ho,of Ex¢i- Ne load %bitage j Diéfance ‘Gharg{E% burren%
obser— | ting ey - Jron the ' "
vation yol- ne z50- é Actual‘[Per “exciting ig;zml.%f??t i
tage at red at |value | unit | source (i ? ”Ei' ;
point points | folts ) vilue| (miles ) [ HPes ;;~%e $
+13—14 base 0 EZA
volts) 132V b,
- . ‘i\‘
u .. 1 '
1 132 (12-13) | 135 1.0231 6 i O.b2 1.0
2 | 132 (11-12) | 145 1,090} 30 0.38 0.90%
3 132 (30-11) | 270 11.290f 90 0.34 0.808
4 132 iﬁg%;Lo) 185 | 1.400| 120 0.30 0.715
5 g# 132 (9-3) 205 | 1.555 - 170 0.22 .52k
. ’ 7 )
|
6 132 (34 ) 215 1,63 200 0,20 0,476 |
7 132 | (4-5) 220 | 1.67 | 225 0,12 | 0.286
.
8 132 11(5-6) 225 | 1.705 285 Negligible
9 132 (8, Far 1230 . 1.78 1 325 and the value
o end) |’ , _
: - oy a - _ is always less|
. |20 132 (1-2) ;1210 \1.59 190 :
i i ' { than 0.14
1 L i
& i\ '

comparison only.

i
¥ 0

g

4

: NI v : 4
Note: Here 0,42 Amp, is taken as L p.yls of GU7Fent forthe salke of —
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Pl \TE NOL7
5+3.1 STUDY OF SWITCHING SULGUS wUk PEsIsTIvVE

1. Voltage Transients for resistiye lo is ( k= B;qoir > worited (A) at point
11-12 (30 miles) (figure a,b,c) ana {(B) =2t point 9y-10 (120 - iles) figure
d,e,f.).

I AL“ R ,
m"m mr{ v 8 Tttt 3 | m;
i Lfs.!"'llll”;'a"!’ Ly b i)
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(a) 5 V/em x 5 and O-.1 sec/cun (d) 5 V/em x 5 and 0.1 sec/cm,
at point 12-13(6 miles).

at point, 12-13 (6 miles).

(b) 5 V/em.x5 and 0.1 sec/cm,

(e) 5 V/en x znd 0,1
at point 10-11 (90 miles) at p01n{ 10-1% (20 mllegic/cm

_ L:h

e W v TR
Leatypa \ "1!#”"'
resladi

i il
e

b + et
iy

.?333

(¢) 5 V/em x 5 and 0.1 sec/cm
(f) 5 V/e~. 2 5 and 0.1 sec/cn.

at point 34 (200 miles) at point 3-4(200 miles),

Hote: The figures within bracket show

: the distance in miles from the 132V source,

- ——
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5.2 3TUDY CF 3 ITCHING U 3 s .

~ v .~

veliarze Teansiente tap o -3

oot oziles, v Figlu,b,edand 2 2 ovepe

(a) 2C V/ez= x 5 and 0.1 cec/em -

at point 12-13 (6 miles)

() 20 V/em x 5 and 0.1 sec/cm,
at point 10-11 (90 milesz),

() 20V/ca x 5 and 0.1 sec/cm.
at point (3-4) (200 miles).

gow e W

200 wrmg, ) armlied «f porat 4-5

sntasutn toe the some fiz.(d,e,7).

(d) 0.05 v/cm and 0.1 sec/cm.
at point 12-13 (6 miles).

(e) 0,05v/cr. and 0.1 se¢/cm,
at point 3-4 (200 miles).

(£f) 0.05V/em. and 0.l sec/cm,
at point 4-5 (load point)

c e e Ay R e g



- BLATE NO. 9

5.3.2 STUDY OF o0 ITCHING GURGSS FOR RESISTIVE LOADS

Current Transients for resistive loads { R = 80 ohms.) applied{A) at point 11-12
(30 miles) (figure a,b, ) and (B) -l point 9-10 (120 miles (figure c,d,e)

YT
L
i

(a) d;lV/bﬂ_End O.IJSec/cm. + (e} 0.0BV/cmrandio.l sec/cm.
a2t point 12-13 (6 miles) at point 12-13(6 miles),

i

|
b
| L
l ,

|

|

l 4

|

(b) 0.05 V/em. and 0.1 sec/cm, ‘ L
at point 9-10 (120 miles) (@) O:OSV/cm and 0.1 sec/cm.
at point 9-10 (load point).

(e) $.05V/em and 0,1 sec./cm.
at 3-4 (200 miles), (beyond
load point,)

Note: The distance shown is from the 132V source at point 13-1k,



Selb.1l, SWITCHING SURG '3

PLATE NO, 10,

FOR INDUCTIVE LOADS,

1. Voltage Transients for Inductive loads CX_ = 40 ohms, 24 ohms) applied
(&) at point 11-12 (30 miles) (figure a,b,c ) and“(B) at point 9-10 (120 miles)
(figure d,e,f).

(a) 20v/cm x 5 and 0,1 sec/cm
at point 12-13 (6 miles)

i,

;nmi,ml

PNHHUuhuii=l'”

(b) 20 v/em x 5 and 0.1 sec/cm.

at point 9-10 (120 miles)

~wnullllﬂ]ll” iy gﬂunu IJWI’

u : nhm

(c) EOt/cm x
at point 4a5

fmlﬁ:m 1 uI h[ﬂ

G

and 0.1 sec¢/cm.
25 miles)

| ’ltm

(d) 20 v/ecm £ 5 and 0.1 sec/cm.
at point 12-13 (6 miles).

7‘1'

4 "t-ft-: " -M'

{(e) 20v/cm 25 and 0.1 sec/cm.
at point 9-10 (load point)

“ﬁﬂﬁtsﬂﬂ -

. »uui nu trr Hu

(f) 20 v/em x 5 and 0.1 ses/cm. _
at point 4=5 (225 uiles).



PLATE NO., 11

S.4.2. 3TUDY OF SYITCHING LURG=S FOR INDUCTIVE LOADS,

Current transients for inductive loads (X, = 40 ohmas, 24 ohms) applied
(4) at ;01nt 11-12 (30 miles) (Figure a,b) and (B) at point 9-10 (120 miles)
(figure c,d,c).

: .-nluulﬂﬂ!f!ll~‘ﬂ 7??““‘“”1

dUWIHHHE sz mim

a llmfumlihn
| B
| .
I — ) ~ —
(a) 0.1V/czz and 0.1 sec/cm ac (¢) 0.05v/cm and 0.1 sec/cm
at point (12-13) (6 miles). at point 12-13 (6 miles).

i

1}

’Hid

(b) 0.,02v/cm/ and 0.1 sec/cm (d) 0.02v/cm and 0.1 sec/em.
at point 9-10 (120 miles) at point 9-10(load point),
(beyond load point) . .

Note: it point 11-12 the load (x - 'O °Bms) and at point 9-10 to the load

(XL = 24 ohms) were applied.



PLATE 12
Se4 STUDY OF SWITCHING SU.Ge5 FOR INDUCTIVE LOADS.

IC. Voltage transients for inductive loads ch = 60 ohms) at point 4.5 (225
miles) (figure a,b,c ) and 2.C.

(a) 20v/cm x5 and 0.1 sec/cnm. zd) 0.05v/cm and 0.1 sec/cm.
at point 12-13 (6 miles) at point 12-13 (6 miles),

-

(b) 20v/cm x 5 and 0.1 sec/en. (e) 0,05v/cm and 0,1 sec/cm
at point 9-10 (120 miles) at point 9-10 (120 miles)

(¢) 20 v/em x 5 and 0.1 sec/cm. .
beyond load point). at point 3-4 (200 miles).

current transients for the same (figure d,e,f).
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PLATZ RO. 13
5.5 STUDY GF SYITCHING USURGHS MUR CAVACITIVE LOQADS,

1. Voltage Transienta for capucitive loads (c- 10 MFD) applied (&)
et point 11-12 (30 miles) (fig. a, b) and (B) at point 9-10 (120 miles) (Fig.c,d) .
2. Current transients for the snme when applied at point (9-10) (fig.e,f).
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(a) 20 v/em x 5 and 0.1 sec/cm. (b) 20 v/em x 5 and 0.1 sec/cm.
at point 12,13 (6 miles) at point 3-9 (170 miles).
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P diand

(d) EOV/cm x 5 and 0. 1 sec/cm.
at point 3-4 (200 miles).

(e¢) 20V/em x 5 and 0.1 sec/cm
at point 12-13 (6 mkles),
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(e) 0.IV/em. and 0.1 gec/cm. _ {£) 0,05 V/cm and 0.1 gec/cn
at point 12-13(6 miles) at point 3-4 (200 miles),
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PLATE NO,14°
5.6 STUDY OF SWITCHING TRANSIENTS FOR R-L LOADS.
1. Voltage transients for R-L loads ( R-80 ohms, = 60 ohms)

applied (A) at point 11-12 (20 miles) (figure a,b) and (B) point 3-9
(170 miles) (fig.c,d) and (@) at point 4-~5 (225 miles) (fig e,f),

- {

(a) 20v/cm x5 and 0.1 =ec/cm (b) 20 v/cm x 5 and 0.1 sec/cno.
at point 12-13 (6 miles) at point 4.5 (225 miles).

m hiii‘ '

(¢) 20V/cm x 5 and 0.l sec/em. (d) 20 v/em x 5 and 0.1 sec/co.
at point 12.13 ( 6 miles) at point 4-5 (225 miles).

‘*!nmumm;qmuuuuuuuw N
et

(e) 20v/cm x 5 and 0.1 sec/cm. ££) 20V/cm x S and 0.1 sec,[cz.
at point 12-13 (6 miles) at point 3.4 (200 miles)

Note: At point 3¢9, the R-L load iz R = 60 ohns, YL = 40 ohms)
The distahee in miles within bracket is froz the 132v s0urce,



BLATE NO, 15
5.6 SWITCHING TRANSIENTS SOR R-L LOADS.

1.D. Voltage Transients for Double R.L loads (R = 60 ohms, X. = h0 ohms) at
point 3-9 (170 miles) fixed and R=-L load (R = 80 ohms, X, = 50 ohms) at point
11-12 (30 miles) switched. (fig.a,b,c). 2A. Current Transients for R.L loads
(R = 80 ohms, X[ = 60 ohms) applicd at point 11-12 (30 miles{ (fig.d,e ).
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(a) 20 V/cm. x 5 and 0.1 sec/ém. (S)'éof)éé x-édghd“b;i'éec/cm.

at point 12-13 ( 6 miles). at point 10-11(50 miles).

(¢) 5V/ct x5 and 0.1 sec/cm.
at point 4.5 (225 miles)

(d) 0.05v/cm and 0.l sec/cm. (e) 0,05v/cm. and 0.1 sec./cm
at point 12-13§6 miles) at point 10-11 (90 miles).



PLATE NO. 16
5.7 STUDY OF SHORT CIRCUIT TRANSIENTS,

1, Voltage Transients for short circuits.

(A) At point 11-12 (30 miles) (figure a,b) and
(B) at point 9-10( 120 miles) (figure c,d,e).

Y i i AW e T
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0 e |

_E;S-Ed?/;m x 5 and 0.1 sec/cm. (¢) 20V/cmx5 and 0.1 sec/cm,
at peint 12-12 ( 6 miles). at point 12-13 (6 miles).
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(b) 20V/em x 5 and O,lesec./cm. | (d) 20v/cm x 5 and 0,1 sec/cm.
at point 9-10 (20 miles). at point 10-11(80miles).

(e) 20V/cm x § ang 0.1 sec/cm.
at point 3-9(170 miles),



PLATE NO, 17
5.7 STUDY OF SHORT CIRCUIT TRANSIENTS

1C. Voltage Transients for short circuit at point 4-5(225 miles) .

(éj_ESE/cm x5 and 0.1 sec./cm
at point 12¢13 (6 miles)

i

‘f’. fﬂ ‘ uu ot

(b) 20V/cm x 5 and 0.1 sec/cm
at point 3-9 (170 miles).

(c) 20V/cm x 5 and 0.1 sec/cm.
at point 5-6 (255 miles).
Note: The distance is from 132V source at point 13-1k,
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FLATE Nio, 18
Se7e SLUDY OF SHUNT 210Ul 3 euiGInNTS
2e Current Transients for cudden short eircuit (A) at point 11-12

(30 uiles( fig, 2,b) and (x) .+ voint 9-10(120 wilesl (Fig.c,d)
& (L) ot point 4«5 (225 riles) (fig., e,f).

.
-
+
4
-
-
+
-
-
4
[

(a) O,Iv/cm and 0,1 sec./cn, (b) 0=IV/em and 0.1 ééé/cm.
at point 12-13 (6 miles), at point 9-10 (220 miles).

(e) O,IV/cm. and 0.1 sec/cm. (d) 0.05 V/em and 0,1 sec/cm.
at point 12-13 ( 6 miles), at point 3-9 (170 miles).

(e} 0.,05V/cm z2nd 0.1 sec/cm (£) 0,65v;gﬁ_;nd-6;1 ,;c);;;__”ﬁ
at point 12-13 at point 3-9 (200 miles),
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5¢8ela IMPULSE W .VES (LIGHTNING SURGLS) _AND RESONANCF

PEENOMEN 4

For styding lightning surges and associnted fesénance pheno=-
mena a square pulse of Laxlmgn amplitude of 7V peak to peak having
-an input impedance of 60 ohnms. was applicd from the sguare wave
generator. The variation of the width of the pulse was nade as
required by the symmetrlcal swltch The pulse repitation rzte was
varied from 20 ppslto 60 pps. For these studies the 132V exciting
source at point 13-14 of the Anslyzer was not energizeds Instead
like the usual practice was replaced by a Q.B pfe. R-L (R = 80 ohns,

XL = 60 ghits.) load, . ' . S -

I

Only the voltage surges were observed on the oscilloscope
- sereen énd photographs taken by the oscilloscope~camers as was doilc
during switching surges., The lightning surges were observed for the

following three conditions.

Condition-l: No load connected to the system except the

‘sinulated disturbance.

Condition-2: 132V sourde at point 13-1h replaced by a 0.8

pf (R = 80 ohms., = 60 ohms) load.

X,

Condition-3: lBZV source replaced at point 13-1% by a O. 8

pf. lozd together mlth another 0,85 pwf.(R-=100 ohms, X = 60 ohus)
load.at point 3-9.

For studying resonance phenéména, the osmeillogram at 13~1k
for no load‘condition was recorded when sqguare pulse was applied
at point 9-10. Then-thé.reﬁitation rate of the input pulse at point
9~10 was gradually 1ncreased in stops from 60 pps upto )OO pps,and

simultaneously the oscillograms at polnt 1%~ 1qwere recordeda
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3,8 STUDY OF LIGHTHIHNT SURG.. TUR DISTUSR.ONJE AT FOINT 9-10.

Y.hs Input (voltage ) pulnes ( 7 ¥ neqd to peak and 60 pps) (figure a,b)

1.8 Cutput (volta e} palsen =% roint 11-12 { 90 miles from the disturbance )
(Pigure c,d,e)

(a) 2V/cm and 2 m sec/ em (b) 2v/cm and 2 m sec/em Input
input pulse before injection pulse after injection at point 9-10.

(¢) 2v/cm and 5 m sec/cnm (d) 2v/cm and 5 m see/cm output
input pulse at point 13-12 pulse at point 11=12 for condition
for condition 1 ( no-lozd) 2 (132v source at 13-14 replaced by

0.8 p.f. load),

[
l
|
i
i
|
t
I
!

(e} 2v/em and 5 m séc/cm. output pulse at

' point 11 12 for condition-3 ( condition 2 amd 0.85 Pef.lond ot
LI aft wat. -
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5.8. STUDY OF LIGITNING :UNG S FOR DISTURBANCE AT POINT 9-10.

1.2. Output volt we surprus ot the far end of section 8 (205 miles
froz the disturbancel.

(a) 2v/cm and 5 o sec/cm.
output pulses for condition-1
( no load)

(b) 2V/cz and 5 m sec/cm output pulses for econdition
-2 ( 132v source repleed by 0.8 P,f load).

(c) 2V/cm and 5 m sec/cm output .
pulses for condition-3 (condition 2

e 2 N R -~ = -
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5.9, SINUL .0t G0 LIgliman
r ' s

1.4 In ut pul o 7 v owp R 7

2. (B) Cutput volt (e

[UTe s

(fig.c,d) ond (o) ont ub v, V4o

turbence ) (figure e,f),

(a) 2v/em and 5 m sec/cm
input pulse before injection.

(¢) 2v/em and 5 m sec/cr.
output pulse at 17-14 fer
condition-1 {(no lo-4d).

{e) 2v/cm and 5 m sec/em out=
put pulse at roint 4~5 for

. kJU ;Ju,)l R

T S M A I T T e gy - e S

ST STURBARC AT POLIY 1l

P opps, invut fupedsnece 6O ohms) (fip.a,b)

AL point 1%-1% (180 miles from the disturbance)
point 4=5 (6% miles fron dis-

KA BEFVIR

PTG

(b)-éé/émwéia“éuﬁmg;c/dm input
pulse after injection at point 1l=2.

-(d) 2v/c¢cm and 5 m see/cm output pulse
at 13-14 for condition-2,

(£) 2v/em and 5 m sec/cm output’
Pulse at point 4.5 for anmditing »



PLATE NO.22

5.10 STUDY OF LIGHTNING SURGES FOR DISTURBANCE AT POINT 12-13,
l.A. Input pulses ( 7v FPy+ 20 pps input impedance 60 ohums,) (fig.a,b),

2 B. Voltage surges at point 4-5 ( 220 miles) from the disturbance )
(figc.d’e) . ’

(a) 2 V/em and 5 m sec/cm, (b) 2 v/em and 5 m sec/cm. ingnt
input pulse before injeetion, pulse after injection at point 1z2-172,

(¢) 2v/cm and 5 m sec/cen. (d) 2v/cm and 5 m see/cm surgeg f-r
surges for conditionel condition-2,

A4S b b ikt gy
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(e) 2 v/er and 5 m sec/cm.
output surges for condition-?,,



PLATE NO. 23,

5.11 STUDY OF LIGHTNING SURGLES FOR DISTURBANCES AT FOINTS 2=l & 12-17.

2.C. Voltage surges at proint 8 (far end) ( 120 miles from the disturbancs
at point 3,4(fig.a,b,c). .

2,D, Voltage surges at point 13%-14 { 6 miles from the disturbance st point
12-13 ) (fig'dsﬁif)¢ o

(a) 2v/em and 5 m sec/cm. (d) 2v/cm and 5 w sec/cm. voltasv
voltage surges for condition-1 surges for eondition 1 .

(b) 2v/cm and 5 m sec/en, . (e) 2v/ecm and 5 = see/cm
voltage surges for condition-2, voltage surges for condtisn~-z.

(¢) 2v/em and 5 m sec/cm (f) 2v/cm andS5msec/cm
voltage surges far condition-3. voltage surges for condti-n-2.
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PLATE NO, 24,

5.11, STUDY OF LIGHTNING'SUBGES*?ORTbiSTUREANCE AT POINT 3-4, _ -

1.A. Input pulses(7 v PP» 20 pps. 1nput impedance 60 ohms.), (Fig. a,b).

2. B. Voltage surges at point 11-12 (115 miles from the d;sturbance)(fig.c.abefﬁ

(a) 2v/cm and S m sec/cm. ‘ (b) 2v/cm and 5 m sec/ca@.
input pulse before injection. input pulse after injection az

(¢) 2 v/cm and 5 m sec/cm.. o (d) 2vfem and.5 m see/cz.
voltage surges for condition-1 Voltage surges for condition-Z.

(e) 2v/em and 5 m se¢/em. -~ . , SN
Voltage surges for condition-3.' - : P Lo :rw
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PLATE NO. 2%

5-12 STUDY OF RESONANCE PHENOMENA AT POINT 13.14% FOR DISTUREANCE AT FOINT 910
FOR NO LOAD CONDITION,

(a) 2v/cm §nd S:m sec/cn. (b) 2v/cm and 5 m sec/cm.

Output surges at point 13-14 Lo 5
for no load condition. (Input Output surges (input2@0 pps)
20 pps.)

(¢) 2 v/em and 8 m sec/cnm. (b) 2v/em and S = sec/enm

Output surge (input 280 pps) output surge (max.smplitude,
(amplitude increased) (for input 320 pps.){near reccrancs

. (e) 2v/em and 5 m sec/cm, (£} 2v/cx ond 5 # seefem.
Output surge (amplitude decrecced) Qutput surge (fu-ther decrez-ed,,
(Input 400 pps). (Input 500 ppsj.

Note: IN 211 the ceses input amrlitude 7 v pp & input imyedance 57 ohr-,
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AWALYSIS OF RESULTS
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6.1, ANALXSiS OF NO LOAD (STEADY SILTE) VOLT GE AND CURRENT :

P iy

The no load (Epen circuit) voltase and the charging current
for the system are shown in Table-6(Poge-63). fhe tabulated result
shows that the voltages at different Sectlons of the systen increns.s
with increasing distance from the soufce, although the exciting
voltage 1ls kept constant at 132V, Fé;jexaﬁple at point 3-9 at a
distance of zbout lzgﬂmiles %hél%oltage rises to 205V and at the
point 8(far end) at aﬂdistancé of 325 miles this value is about
2507, .

Thé.ﬁaggmum charging current of 0.42 Amp. is ob%gined at

voint 12-13 only 6 miles fro: the source. Thereby the current con-

. oa f

tinues to decrease and becomes negiigiﬁﬁe at points near the end.

of the system. For example at point 9-=1L ;-126'$;lescqway, this value

Al

is 0.30 Amp. and at point 3=L, 200 miles from the source, is only
0.2@ Anp. AT point 5;6; at a distance of 25% milesstho cherging

1

current is elmost negligible., R

The rise of no loazd voltage and the decay of charging current

with distances is shown graphically in vlate no.29 (Page- 8504
B - e

The rise in voltage 4n''an open circuited line with distance

e

1s due %o ”Eeffénti Effect's Ferranti noted that on a long line
which iS‘light;y loaded or is at no load condition, the receiving -
end voltage is greater than the sending-end vqltage. Let ug consider
a single phase unloaded line. The current is due to the capacitance

of the lines and is given by

I-= jwc_lEs,
Where W= }1% radians / sec.

and ¢l = line ‘capacitance.

g
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The voltage drop 1s

jwLlI = - waLCi2 Es,

ond so that the receiving end voltage is

Eg + WBLClEES = ES€1+WEL012)3

For the iBaKV Eagtern grid’of Bangladesh Power Network we

have, 6n average.,

L= 1:95 mh/mite -nd ¢=04145 mF/mile.
The distance of Sylhet z6ne from the sending station Kaptal is
225 miles. If we assunme that only the Kaptai hydro systen sends
power to the farthest end of line of Sylhet zons, than the noload

voitase rise due to Ferranti effect is calcula’ed as follows:

i}

WZLC12E
s

(3182 1,95 x 103 x 1.45 x 107 0x(325) 332KV,

AE

]

38,5 KV.

\

which mesns Shahgibazar- Sylhet Zome of the grid will have

133KV + 38.5 KV = 170,5 KV,

However the corresponding rige in no load voltage as obtained
from the curve of Page 85 is higher than this values This is bocauss
the agtusl systen is not evenly distributeﬁ and has a number of

cables over river crossing increasing the systen capacitances,

The rise in voltage for a lightly loaded or unloaded systen
is very dangerous for the systern, because it createé severe stress
on the system and zpparatis insulation, levels. hus it is expected
that the grid net work should be always adeguately and evenly loezded

as far as possible to ninimize the Ferranti effectg-voltage rise.



LY

87

6.2 ANALYSIS OF SWITCEING TRANSIENTS FOR REZSISTIVE LOADS:

The system was initially ir the unloaded condition. The resis-
tive load (R= 80 ohms) was suddenly applicd at on instant correspon-
ding to point X on the oscillogram and again guickly di.sconnected

atah.instant corresponding to point ¥ on the oscillograti.

Let us consider the case when the load was applicd at point
11-12, only 30 miles away from the 132V source. The corresponding
voltage transients at points 12-13 (6 miles away), at point 10-11
(90 nmiles away) and at foint 3-4 (200 miles zway from the source) are

shown in oscillograms-a,b and ¢ of plate no.7(page 6L),

A close observation of these oscillograus reveals that as we
move away from the source, the noload voltage increases mere and
more because of the charging current (Ferrenti effect)s From the
oscillogram-a it is observed that the noload voltage érops (point ¥)
as soon as the load is applied at. .nd fhen continues to decrease
slightly and within about 0.2 sec, reaches steady value. Agein when
the load was suddenly removed , the voltage instantaneously doubled
(poinf Y) and continued to rise and within 0.3 sec. reached the st-
eady no load value. Oscillograms’b and ¢ showed the same characte-
ristics. In these cases although the no load voltage valucs were
rauch higher, the load voltages were equal to or even less than that

of oscillograii-a.

Fromn these it can be concluded that beyond the losad,’ “the
system voltage remalns more or less constant, but the no 10ad vol—

tage continues to increase as the distance from the sources 1ncrea—

ses, because of Ferramti Effect. as disgussed earlicr.

If the OScillogﬁams;d,e,f of plate no.? and oscillograns=a,b

¢ of plate no.8 were compared with the oscillograms-a,ﬁ,c of plate-
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No.7, a peint of interest iz as follows: hen the load was applied
at a remote point froﬁ the source, during the switching on or off,
the transition period decreases, that is the vollage gquickly (by
less than O.1 sec) reached the st:ady value, Further the magnitude of
the steady load volt&ge was greatly reduced, as the distance from the

source as well as load increased.

For current transients consider the photographs-.aya,c,d and
e of plate no.9. {Page 66), Oscillograns-a,t and d show that after
switching-@n the load the curreﬁt instantaﬁeously nore than doubles
and then the peczk settles to a slightly less valuc within very short
period (about O.,1 sec). During the switching-off condition, the
cufrent instantaneously falls to a value less than the noload char-

zing current and then gradually riscs to the noload charging valuz ..

Let us now congider the cases-b and '@ of pléte no.,9« These
oscillograms show the current vaves shapes beyond the lozd point and
are very far away from the source. Here during .. switching-on, the
load ... current unlike the cases‘a,c,d?instead.of rising instanta-
neously falls to » value much below the no-lo=sd charging condition,
On the other hgand duriﬁg the switching off, the condition reasches
the no load steady value by O«2 te 0.5 secs which indicates a corres-

ponding “:. longer transition period.

OsciTlograms~d,e, and'f of plate no.8 reveal an interesting
phenomena. Here the lozd is very far away (225 miles) from the sourca
but current is obgerved only 6 milesiaway frowi the source =t point
12-13. The gurrent during the ewltching on condition juups to very
high pealk vaiue for one er two cycles only =znd then faills to value
less than noload charging current end then gradually (by about 0.3

sec,) takes the steady no load value. During the switehing-off con-
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condition azain there is a jump but this time, the transition
period is less than the p?e;ious care (only 0.2 seq)The current

as obgerved at a distance of 200 miles frow the scurce at point
3-4, the current still jumps to a high value during switching-on
condition, but here the transient period is extremely short (only
about 0.1 sccond) and finally settleg to z steady velue higher than

the noload condition,

A nore interesting fact is revealcd by oscillogram-f of
plate no.8, The point of observation here is the loazd point, ond
during switching on conditigﬁ the current instantanceously beconizes
zero and goes out of track and azain during switching-off almost

instantaneously rezches the steady value.

643, ANATYSTIS OF SWITCHING TRANSILNTS wO0R INDUCTIV: L0.DS:

Plate no.10 (Page no.,67) illustrates that the position
of tha load plsys an importsnt role in de=ernining the steady sta%e
vzlue of voltage at different points as well as the time required to

reach this steady value.

rorlinstence compare the figures-b and e, both give the
voltagé 3?7point 9-10, but because of positicn of load, in figﬁre—b
the steadi load valu; ig appreciable and t:les sbout 0.25 sec. to
reach the steady valuezwhile in Fig.;e the steady value ig negligi-
nble. In toth the cases during switching-out the voltage rises sharply,

In 1st case the load is 90 wiles away wheress in the second cane e

load pointl coincides with the point of observation,

Tor current transisnts plate no.ll shows that for points
within $he lowud after switchizi~in, the current almost doubles ins-
to ‘
tantaneously and reaches/s stuady value by 0.2 te 0.3 seconds wiich

ig only 151ightly less than the. steady value while during switching -
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out conditiun it very quickly rises to the steady no load value.
For points near the load or beyond load, the no load charzing curr-
ent itself is of small value and during switching, instéad of incr-
casing shearply fallslto a value which is glumost negligible and du-
ring s&itching out very quickly ( by about 0.,1-0.2 sec) reaches the

no load steady values

6., ANALYSIS OF SWITCHING TRANSIENTS FOR CAPACITIVE LOADS:

Plate no.13 (Page no,70) shows ar lnteresting result, Unlike
resistive and inductive loads here duridg switch;in, the voltage
instantaneously rises to 4 high value and gradually settles to a

more higher value and'during switch~eut condition it gradually

returns to the stéady nc load value but without any sudden Junp.

The current tfansients unlike resistive and inductive loads
rises at all points whether the point 4in guestion is within or
beyond the load points Here also the currents during switching-in
gquickly riges to a high value and instead of dc:.reasing like resig-
tivé or inductive loads gradually increases slightly and settles
to a steady value. But during switching-out it shows bhoth types of
behaviour, instantapeously reaching to lower value, then arriving
te the no-losd charging value either by decreasing or increasing

slightly,

6.5. MUILYSLS OF SWITCHING TRANSIENTS FOR R-L LOADS:

The voltage transients for R-L loads as shown in piate no.
14, (Page No.?l),‘CIOSely resembles that for individual resistive
and inductive loads. One important featurec heré is that when the
load is applied to a far point ( reference Fig. d and f of plate

No.14) from the socurce, the voltages during switch-in and switch-



out abruptly - changes and comes to a steady value passing through

a very short (less than C.1 sec) tramsicnt period. But for a load

near the source (ref.fig.a,b) the voltage during switch-in condi-

tion instantaneously lowers gsusual and then scttles to a further
SECs -

lower value after 0.2 - O.}churing switching-cut the voltage shau-

rply rises and then gradually reachos to a higher steady value.

(reference Fig.a,b).

An interesting feature of this R-I. voltagc treansients is thatb
depending upon the positicn of the load ani the point of record,
there may not be any apﬁruciablo difference between no-load voltage
and load voltage i.e. the syétem.rem&ins g5 1f it has not been dis-

turbed -(refercence Tig. C of plate no. 1h4),

f'or two R-L lozds i.e., when one E-~1 load ig switched-in or
switched -out keeping a second R-L load connected to the system at

sone other points (Fig.a,byc of plute nec.15), then the change in

the voltage conditions of the system is very small.

The current transients as shows in fig.d,e of plate ne.l5
shows a transient of the same nature as those for resistive and
inductive loads. For the case~d , in which the current is observed
at point near the source and within loads points, there is a pro-

.nounced and very sharp risé (Point X) for switching -in condition .
It then gradually decreases.séttling te a high sateady value. Again
during switching-out condition (point Y of Fig.--d), the current
instantanecusly falls to a value lower than no lLoad value and there-

by continues to rise to reach the steady ne lozl value.

In Fig. e (point x) of plate nae.l5 it is:seen that during the

switching-in condition, where¢ the current i3 observed at a point



beyond the load point, the current ingtesd of rising, sharply falls
and then coﬁtinues to decrease for about 0.2 scc. till &t reaches

a very low steady value, Here during switching-out ccnditien it
quickly rises but takes a much longer periocd (0.3 to 0.4 sec) to
reach the éteady value. |

6.6, ANALYSTS OF SWITCHING TRANSIENTS FOR SHORT CIRCUIW
CONDITICN;

Consider figures-a,c and d of plate 16(page no.73). In all
these cases the voltagé,fransients are within the scurce and the
short circuited point. Figure-a,é shows that alth;ugh the no-logd
voltage for both of them arc almost equal, durlng and after switche
ing-in condition, the load voltape differs considarably, In this
case of IMig.-a, the short circuited point is only 24 miles away and
in the case of Figure -C the short circuited point 1s 124 niles
away , hence in the latter case the load voltzge is only slightly
less than the no leoad voltage. In figure -a during switching-in
the voltage instantanéously fails to almost half =and then within
0.2 sec. reaches to the steady value.At poiat ¥, during switching-
out, it suddenly rises and continucs tc risdé upward till attains

the normal nolda& value.

Figures -b and e show. the voltage OSciilograms at points
beyond the l.sad point. Here during switching- in condition {(Point X,
the voltage quickly falls to gero without: passing through any tran-
_ after
sition per-iod. But during swhtching-ocut :ondition / sudden clea-
rance of the fault (point ¥) voltage sharply rises to amappreciable

value and then gradually‘feachas the normal value by about 0.2 se-

cond,



The current transients as shown in Fig.a,b,c,dye,f of plute
no.18 (Page n5.75) reveals soue interceting points. ALl the threc
oscilllogram&-a,c,e, show the current translents at point 12-13.o0niv
6 miles from the source. But becsuse of different distancas of the

short circuited points,-they are different.

In oscillogram-a wherz the fault point is only 26 miles
away the value jumps ﬁb 4 to 5 times (point x) during swi:ching -
in condition and within very short time(0.l sec.) reaches to a
steady value which is about.? times the normal value. Oscillogream-
b shows a similsr prenomena but as the distance here is azdout 115
miles from the faulit condition, the mognitude is greatly lecreassd
(about 2 times ) as cenpared with oscillogram—a. In cscillogran~c,
in which case the Tault point is gbout 220 niles sway , daring

switching—ir condition, the c¢current decrcases instead of Lncriase.

The oscillograms;g,d,and £, show a behavicur opposite to
thosaréf a4b,c; because of the change in positicn of the recorded
osbillcgramsa Ozgcillograns -b an& d are taken for points beyond
the fault, heﬁce her; during switch-in condifjion, the currents

sharply tzkes zero value;

The oseillogram-f compnired with the opcillogram-e, shows
an opposite behavicur. Here ingtead of decragzee, the current in-
creascs after short circuits, although this point of observation

is beyond the short circuited point. '



647, ANALYSIS QF LIGHTNING SURG ~8 FOR DISTURBANCES AT
DIFFERENT POINTS OF THE 3YS1:

Oscillograms=a andg b of plate nc.l8 (Pape no.77) show the
input pulses. In Figure 'b' it is observed thot after injection to
the system, the front side of the inwnut pulse is dipped down, The
voltage surges at point 11 12 at different loads ave shown in Figu-
res-c,d,and e¢. The dipping of the input pulsc is due to the pis-

natch of the syster impedance with those of the inputapuiSE.

Several significant points of interest are brought out in
oscillogram-C, There 1z a pronounced voltage dip after the 1st crest
and then the voltage agaln reaches a 2nd peak value which is egual
to the lgt peak. The 2nd trough is not go pronounced as lst one,
again there i1s a 3rd peak whose magnitude is slightly grester than

the steady value. Thus the oscillogram-c shows two osclllations

of appreciable magnitude while the 3rd one is negiigible, Anotiher

iﬁphftﬁnt point is that the pesk to poak voltage rises to 9V from
6V i.e, rises by about 50%. The surge magnitudes and the oseillag-

tion frequeney are shown in Table-7(Page no, - 97 ).

Oscillogram-d reveals that during losd condition the surge
greatly reduces in magnitude from 6V to 4.5V wvesak to peaky Here
only one crest and one trough eppears on the surge. For two loads
connected with the systen, t@e amplitude of tﬁe pulscs furher -
reduces although a sharp defined one crest and one trough still

remains.

Plate No.,20 (Page no.78) shows the surges at the far end of
section 8 at a distance of 205 miles from the disturbance at point
9-10, Here (Uscillogram-a) during no load the surge rises to 11V
peak to pesk (about 80% increasedd angjﬁas enly one trough and is

less pronounced then the crest. OscillbgraMeb indicates that
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although 1st creost is more pronounced than oscillogran-a, but sub-

sequently the surge greatly reduccs, and becomes only 5 to b volt,

For two loads connected to the system the lst crest is well
defined and there is a minor 2nd crest, but the over all auplitude
of the surge further reduces.(becomes less than 3V, =although the

input- pulse is about 7V.).

Plate no.21 indicates for disturbance eccuring at point
1-2, .th(—} surges at a point 13—1l+~ (180 miles a\rJay)and at i’}oin‘b -’—|-—5

(65 niles away from the disturbance). These oscillograms reveal

same features as those of oscillograms of plate no.20 with the -~
ei&éption that the .input surge impedance at point l-2:matcheés with
the gysten impedance, so that the input pulse remain un-affected

after injection at point 1l-2.

The oseillograms of plate no.22, 237and 24 illustrate the
input-pulses and the corresponding surge voltages ahd their natire
of oscillations for disturbances beiiig injected at point 12-13 and
point 3-4, The important difference of these surge oscillograus
with those of plate no»lgiiéo and 21 is that bécause of the de=
creake in_ input pulse réﬁi%ation tate from 60 pps to 20 pps; only
one cycle of the pulse appearg on the Serechs The dver all natire
of surge propagation is same in both the cases., But these oscillo-
grams, are more distinct and hence are . more informative in

nature. o ‘

The variation of surge magnitude with distances for no
load as well as loaded condition of the system are calculated and
is shown in tabular form (Table-7)., The fregquency of oscillstions

of these surges as they propagates along the system arce shown in
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6.8, ANALYSIS OF SURGE PROPAGATICN: VOLTAGE PEAKS AND FREQUENCIRS

OF OSCILLATIONS :

The nagnitude of the surge peak as it propagales along the
tranesmission lines for injection of pulses at different points are
measured from the oscillograms and shown in Table-7. The input pulse
of 6.8V peak was lst applied at point 12-13 and the surge voltage.

saks were recorded at varying distances from the point of distur-
bances, The sdrges were observed lst for the noloadlcondition of the

system and then repeated when the system was loaded.

Next the input pulses was applied at points (3-4) and (9-10)
located some where near the middle of the transission systemss The
output surge voltage peak was noted as the disturbance was progre-

ssing in both the directions.

The tabulated results, were plotted as the'surge voltage Vsa
distance'curves ¢ The curves of plaie noe 27(Pasge Noa98) represent
the system at noload and those of plate no.28 (Page no.99) when the

system is loaded.

A1l the curves of plate no.27 reveal that the surge peak
;—-——-—._____,_.—————

increases with the increase of distance when the system is unloaded

\_.-—"'———_____.._

- TTEm e

(i.e. no 1oad i connected to the system.) Curves 2 and 3 of plate

- P

——
no.Z? show arn 1nterest1ng behuv1our of the sjstem. When thre surge

- TR e w— =

voltage reaches a junction point, the surge propagates in two di-~

e SN o

fferent paths with great change 1n thelr peak vgfues. Thlm results

B T e o e

because when the surge reaches a junction point the clrcu1t Ppara-

meter as well as the surge impedances are also changed. Thig creaw

[T A

tes a difference in the magnitude of the voltages to be transmi-

,tted and reflected back.a
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TABLE-7

SURGE VOTLTAGE PEIK ValliRg wTTH DISTANCES

i

[ . " N T
lio, of F Pulse injected § Input peak §{Surge volta- | Distanceﬂ.teak J Per unit,kspeak for { Per { Dig-
obs:r— at points value ge neasured fronm Tar no value i 0.8 pfe Unit 1 tance
vation | (V) at points {injected Joagd . base load =at value | fron
points ) 5.8V or (1%-14) | base the
(Milesg) 5.8V -V 6.8V or | Toad .
E ‘ 5.8V, {(miles
1 12.%3 6.8 1314 6 7.2 1.06 6.0 10,383 0
2 12-43 6.8 11,12 2k 7.6 1.12 5.C  10.735 30
3 12-13 6.8 9-10 115 18.8 1.295 4.8 0.706 120
I Ll 12-13 6.8 1-2 176 9.2 S 1.352 S5k 0,795 180
5 R 12-13 £.8 L.s 220 Q. b . 1.38 5.4 0.795 225
6 g 12-13% 6.8 (8 farend) 320 19.6 1o 5.6 0.824 325
1 -4 6.8 3-9 28 17.3. | 1.072 2.8 ] o2 170
2 Bl 6.8 9-10 B 8.1 1.186 32 | 0,461 120
3 34 6.8 " 14-12 170 Fu 2 1.355 3.6 | 0.53 30 -
I 34 . 6,8 13-14 200 Gl l.382 2.8 Ovhl2 0
5 Bl 5.8 b-5 _ 28 76 C1.12 6.2 | 0,913 225
6 Bl 6.8 (8 farend)] 132 7.6 1.12 6.8 1 1400 325
7 Belb 6.8 1-2 38 7.4 [ 1,09 5.8 0,853 180
1 9.10 5.8 3-9 50 8.0 1.7 bol {1,105 170
2 9-10 '5.8 45 180 8.4 1ek5 648 1.172 225
3 9-10 5.8 (8 farend) 210 8.8 1.515. ol | 1.275 325
4 9-10 5«8 11-12 9 { 8.0 _ | 1.38 -ohlh 1 0.758. 30
5 910 5.8 13-14 120 7.8 } 1.345 L 3L 0,517 o
6 1 9-10 | 5.8 (1 farend) 70 8.2 1.415 ] 6.4 11.05 190




VOLIAUGE PEAK (P.U.)

DUKLE

18

V7

16}

—
~
[

o
T

-
28]
I

1k

10

JUNCTION

JUNCTION

PLATE NO. 27

NO LOAD CONDITION

BASE 88BY FOR- (1)

)

(1). DISTURBANCE AT POINT 12-—13
(2) DISTURBANCE AT POINT-3- 4
(3) DISTURBANCE AT POINT-9-10

& (2)

BASE 5°8V FOR —(3)

|
100

150 200 250

DISTANCE (MILES)

300

350



(P. W)

-

P

PLATE NO. 28

SURGE VOLTAGE PEAK

I I
0 50 100 150 200 250 300 350
' > DISTANCE (MILES) '

13
: 8 FAR END
( //0)
////
12} 45y -~ (3)
oat
//,
///
11 & (3-9)
//
/-
/s
Ve
e
/
4 - 3- (8 FAR END)
/ N - i
[\ // \\ ///
B , IoN(6-5) -7
Iy . I - (2)
ol L j o
095— \ , !t
(13-14) ,7(3) (1-2) 1
/ 9
! y o (8 FAR END)
i / b 0O
. \ 7/ Il J (4-5) e ——
e IR -2 p | o777 (1)
A | I(_//
(11 -12) e
s
P (1) e l| ’f LOADED CONDITION
07 - T L LOAD AT POINT (13-14)
/ (9-10) »
/ , ' : ,' | DISTURBANCES AT POINTS
ff II,‘[ (1) — (12 — 13}
0'6 - K (2)— Q=4
/f ' H (3) —(9-10)
/ (11-12) e BASES — 68V FOR (1) & (2)
! ”
It Ve 1 5-8V FOR (3)
0% - f/ "“'-.‘_-\_ Q‘Z) J‘]
- ~ . (9-10) I
Lo oo I
K .
‘(13 -14) TN<y (3-9) JUNCTION
O'é# | l ] ]




100

The curves ofrplate no, 28 shows the surge propagation
charabtéristics when the systeﬁ is loaded. These.curves are Ccohl-
plex and the nature~0flpr0pagation of the gurge as the distance
inereases are stlill more complex. Because t%e nature and position
of the load greatly influences the magnitude of the surges and the
armount of transmission as well. In the loaded system there is a
marked difference in fhe nature of'the surge propagaticn ét a Jjunc-

tion point.

A comparison of the noload curves of plate no.27 with the
ioad'curves of plate no.28 clearly manifests the more complicated
nature of the propagating surges for ioaded system to those of the
unloaded systems. The behaviour and the rate of decrease of the
surge peaks for both the loaded and unload system can be easily
explained by trgvelling waves theory however that is beyond the

scope of the present work,

SURGE OSCILLATION FREQUENCIES MEASUREMENT:

For easy visualization of the nature of oscillations of the
surges, the freguencies of the surges were measured from the oscle
llograms and is recorded in Table-8. The table shows that for dis-
tufﬁggges at point—(12-13) at one end of the system, the frequen-
cies of oscillationg are 130 to 145 cps, for noload condition.

When a load is applied at point lBelQ, only 6 niles away,the fre-

)
gquencies of oscillation remain slmost unaffegted, Next when the
disturbance was applied at point 3-4 the oscillation freguenciles
increases and lies in the range 290 to 325 cps and for loaded con-
dition the surge voltage has no appreciable osciliations, Yet ano~
ther disturbance at point 9-10, sorewhere at middle position of the

of
system was applied with input pulse repltation rate/60 pps.instead
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\ TABLE-8 L o
r \ “rRaE 0SCITLLATICN FREFUENCIZS
No, § Input Trm. =~ L S
of fpulses jropls  _ —or ! eeemeemee ) e =TT R Gt ance of
obs~l injec- tati- Face & D-eo7n § Freds | rzeg: " load from
er~ | ted at |on s Ot | e frowm \ e e e , the point ol
va- | points |vate |ap wbe In-qload | Pe o 4 cnsurement
£i- . n) .. l\,, v NGRS Loas @ s(11 .*ﬁ“)
. U pelnts | \.\l‘h\_ : : point miles
on ; ~ (13-1)
—= T T e e Ceps) .
! : il e by e A e A
1 12-13 | = 5004 T i\\‘fﬁ““f"“"d"“
: ] ° SN 0
2 12-13% 20 Tl i 2%, 200 145
. ) ; . A0
3 .12u13 20 3.10 ! 115 i 1h3 "355 1 0
?‘4 [.12-13 | 20 Lz 7o U143 143 N £ 80
15 1213 || 20 bis 220 f 143 200 \\\\\\9ﬁ5
6 12213 | 20 | (8 fardna) 320 | 13% 1h3 3oy
p : ~
1 Fulp 20 39 25 286 - 170
& -4 .20 1112 170 1 - 323 ' - 30
3 3-4 20 13=14 200 308 - ¢
b 3-4 20 W5 28 286 - 225
5 3-h 20 (8 farg¢na) 132 323 ~ 325
6 34 20 1-2 ) 38‘ ~ - 130
1 9-10- | 60 3.9 | 50 | - 170
{2 1.9-10 60 beg 108’ 286 200 225
i 3 9-10 €0 8 L ML) CUICH T 200 325
,,& 9-10 | 60 |11-173 90! 323 | - 130
5 9~10 607 13—14_ 120 323, - 0
| . bl
L) o [ ST S
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RESONANCE PHENCOMENA,

Pulse with varying repitation rate injected at point

9.10 and observed at point (13~1l4) for no load condition of

the systen, 6%V PWC‘;"'P“&) Wf&lw .

No.of Pulse Surge Remarks
observation repitation - amplitude
rate O
. . ppe. - A
4 i H
1 20 6 . 8 Amplltude
increcnses.
P 270 892
3 280 11,4
b 320 12.3 rosonance
5 Loo 1.5 amplitude

decreases
6 500 10,0
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of 20 unlike the previous cases. These oscillation frequencies

are slmost sinmilar to the case for disturbance at point -4 having

input pulse repitatiocn rate of 20,

6.9, ANALYSIS OF RESONANCE PHENOMENA,

Oscillogram -a of plate no.25 (Page H6,83) shows the oscillam
tions occuring at peint 13-14 at noload conditiﬁn whefn the distur-
bance occurs at point 9-10 having o repitation rate of 20 pps and
% volts peak value, The point is about 120 miles away from the dis-
turbance point. The répitation rate was then incrgased ifl steps and
the corresponding output pulses at point 13-14 recorded, and is
shown in Table=-9.

It is observed that the highest amplitude occurs at about
320 ﬁps (reference Fig,d of plate no.25). and. the amplitude decreases
for both higher and lower rapitation rates (figure bycye and £ of
plate no. 25) . The pulse repitation rate of 320 is almost equal to
the frequency of oscillation for this condition as recorded in Table-

8.(Page no.10L1).

Tn this case the system frequency is 50 HZ and thus %20 7
is near the 7th harmonicgof the fundamental frequency. From this
result, thus it may be concluded that at point 12-1k4, the system
natural frequency consisting of system capacitances and inductances

is nearly equal to the 7th harmonics.

Finally we can conclude that as a tranesmission system posse-
sses resistances, inductances and capacitancesi a near resgonance
or partial resonance condition may occur giving rise to a very high
voltage surge (3 to 5 times or even higher) when the system natural

frequency equals to the 5th or 7th harmonics of the fundamental

during a disturbance.
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7.1,  CONCLUSION: L T L LRI
- o - 2oy

From the studk. o£ the sw1tch1n§ voltagé surges for reﬁlstlve
T I f’\)’p 'R_OF

e
and lndgctlve loads ang short c1rcumt}gondlﬁlons, 1t wps observed

el

that the most severe cases occdf fbr the fauit:éohaltlons. The- open

f‘.x ’0’ N

rating voltage drops considerably for swmtchlng =on of heavy loadu

from the light-load and noload QOndltlonS. On the other hand sudden
i,

switching off operatlons of hbavy lOddS, a sharp voltage rise occurs,
Pups, s
The switeHing current transmenxﬁ.for fault’ conditions only are im-
DA ’ : Jj\r,
portent,

: -f,kl o~ - ’ Oi": l'f
The magnltude as well Sithe durations/oscillaticns in &

system for llghtnlng dlscharge~&s more Dronounced for a light- loaduh

"JI

system, For anaﬂequat81ﬂoadcdﬂsvstem the mubnltude of the surge

Ofha, -
il "f\.." 3 T,

and its associated osc111H%iDnb decay very ‘rapldly as 1f Progress

S
on both sides from the disturbance point.

Only the 5th and 7th harmonic oscillations of the fundamen-
talffrequency are important for resonance over voltages. These may
arise from the distorted voltoge wave shapes because of transforuer

satgnation, or the non synosoidel Wave forms of the alternators.

7.2, FUTURE RESEARCH AREA:

Thelffansient studies of a power syétem is of great impor-
ténce , for with switching processes and lightning discharges pe-
culiar phenomena appears which greatly disturbs the the regular
operation of the system. Thus it was félt that a study of the fran-.
§iept phenonenon of the existing power net work of Ba ngladesh woulg
be of values With this view a Transient Anslyzer was designed and
built and for the first time a through and useful studies of the

transients of the eXisting system were carried out and some valuable
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informntion régarding swit-hing and lighthing surges obtained .
Hdﬁévér iﬁﬁig‘sﬁggggted that fur?hef research work in this field

is to be undertaken for'iﬁprbVed and reliable “operation of the

systen, S¢me of them are:

(1) Study of the transient recovery voltage dharactoristics
of @irouit Breakers. The acticn of a circuit brealer may be sinu-

lated by arranging various recurring synchronsus switchca,

02) Study of ferroresonance phenomena due to transformer satu-
ration and itéjeffecf on the system performence’, A singlé phase 1:1
turn ratio trépsformers having speeial saturation chﬁﬁacteristics

nay b@?ﬁt;}izcd to simulate those of large power transformers.

i,

e
L

(3) study of lightning arrester switching surge performance.

This may be done by providing miniature tyrite arregters for simu«

Jag
e

lating arrester of almost any voltage rating.

C(4) Digital éomputer Programie simulation for transient stu-

dics and

(5) Co-ordinsted use of Transient inaglyzer and Digital Computer

for simulsting complex switching and lightning surges.

' \."4},'”. ..

Li}
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Oy NVIRST. N OF LINE CUiST 08 TO P R UNIZ (P,T.) A

Voltage, current, XV. and Ismpedance in = circuit are
often expressed as a percent or paer unit of a selected base or
féféfence value of each of these quantities. For iusiaince if a
base voltage of 120 KV is chosen, voltagcs of 108, 120 and 126 KV
become 0.90, 1,00 and 1;05 per unit or 90,100 and 105 péf%ép%(%)

3

regpectively.

The per unit value of any quantity is defined as the
ratic of the guantity to its base value expressed os a decimal.

THe ratio 'in percent is 100 times the value in per uait.

Voltage, current, EVa and flupedances are so related
that sclection of base values for any two of then determines the
base values of the remsining two., Usuzlly base KVa and base voltage

in KV are the guantities selected to specify the base.

For singlé phase system or three phsse systeils where the
term current refers to line current, the tern voltaze refers o
voltaze to neutral and the term KVa refers to LVa per phase, the
foll&wing formulas relate the various quantities.

Base current in Jmperes = _Bese KVa .l
- - T Base Voltawe in KV
o v iy 2
(Base Voltage in XV)

Base Impedance in ohis o
Base MVa

Base Power in KW = BRase HVa

1l

Base Power in My Base MVa

Per Unit (p.u.) Impedsance of a circuit element

_ Actual imped=nce in ohms

Base impedance in olhms.



_ . . . @
Since three phase circuits are solved as d single iline with
a neutrsl return, the bases for guantities in the impedaﬂce dla~
gran are KVa per phase and KV;iijrliLe tﬁ‘neu%iab.'ﬁut d;ta are
usuzlly miven as total three phass XVg or MVa end 1ing to line KV.
SAMPTE CALCUBLTION OF &CTUAL' VALUZS OF R,L & C AT MI0 BASE OF 132V

AND 200VL FROM P.Us YALUGRS iT 132 KV AND 10@ MVA BLSE.

It

Bése Ippe dance 7y (vase KV}g/vBase IiVa ohitse

(132V§3)2/(1oo/3) =_1?&.o orms.

T

Physical ohrms= p.u., values x systen base ohms.

o p.u.mhosrh
Physical mhos = p.u. mbds'%k system base chos (¥ ) = = il s
: bage Z.
b
Physical resistance R in ohms. = p.u. value X 17RO

p.u. values x 374,0 x 10
31h

Physical inductsnce L in mh =

Physical capacitance C in mF‘:V_P‘u‘ mhos x 10

e ko x 31h

{1) Tongi-Ullon Section

z,. = (0.0112 + jO.0k37) x 174 ='1,9488 + 37.6038 s

R = l‘\95ﬂ/1 I—‘ = ""“‘X‘L"““"'""" = 7.6038 = 2}'*'.2 ulho_
w Z14
30.004g" .
v/2 = T = 5 2.816 x 1077 mho
| - -5 L
0/2 = —PlZ ¢ 10% ar - 2,816 x 30~ 4 10® = '0.09 ur.
| i 31k A

2. Ullon- 8iddirgsnj Scetlon:
7

R:L%ﬁ,L=H/W=&W%%=2m§MW”

-5 5
2,105 x 107 7x10
0/2= =5

= (0,00835 % 30.0362) x 174 = 1.452 +] 6.3 2

mF,

B/2 = §0.00366 /17h = 32105 x 1052,

i

- {

In the similar way porameter values, were calculated for all the

pye section units.
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MEASURMMVNT OF INMDUCLANCES

I. AMMETER- VOLTMETER M THOD;

Inducténces of about 20 o 500 milliheonriecs con be nleasured
by thig method. It ig suiltsble for iron cored colls, sincae the full
‘normal current to be carried by the coll cian be passed through it
during mezsurement. in imbrovement upon this method is done by

coennecting a non-inductive reszistance in series with it.

4 suit:zble current of normasl 50 HZ frequency, is passed
through the coil and this ig measured by an &.c fmmeter, While the
voltage drop across the coll and the non-inductive resistaince is

neasured by a high resistance voltmeter. (for Tig. refer page 115}
. g Pag

The d.¢. resistance r of the coil which will be the same as

the asc. resistance, to a close approxinmation, as the fregquency is

iow is also measured. Then the ilnductence L of the cell is given
2

b y ’ ¥ : ——

2 2y / ey VL
- h = | . -
L = Xi/ w :}( Zboil r Q// w enry'a:2001l/w w

inere 7 _ _coil = ilmpedance of the c¢oils amde u?:gUTéﬁ
wie = I R ) , - w
é'-: {xugwu£4mg%., 5C He -

coil
For a iren~core coll of low resistesnce to reactance ratio

the zbove relations hold good because Xﬁjﬁr;-'

2. MOBITI D HAY BRIDGE FOR MBASURTMINT OF INpucrancs'2d)

The Hay bridge diffgrs froé the Maxwell's Bridge oaly in
having a resistance in series with the standard capacitor,in%tead
of in parallel with it. On. the other harnd in the Modificd Hay Bridge
the unknown inductance is shown as parallel components instead of

_ B - )
series onese This arrangement results in a simple formula for the

unknown inductance in terms of the bridge poramcterse.
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- PLATE NO- 26
|

Circuit diagram for measurement

of inductance.
I Va Voil
—WMWWWW——— T — v —
R ex, L r

ic Qv
Sovrce.

Fig. A, Ammeter Voltmeter Method

(1- 100k Q)

Datector
(0s&illoscop?)

\_/ )
A. C.Source(LF Oscillator)
Fig. B. Modified Hay Bridge Method.
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For circuit dlagram of this bridge refer Fig.B of plute
No. 26 of pape nos 113, For no current flowing insthe detector, —

iie. at balance

7.0, = % 2, . ' ~(1)

The impedances'for this casze
R x jwh
pis x

1
Z, = - o, = R o=
1 - ! c
JWLX + Rx 3 T Wb
F; _ T ~ 17 - T _’___(,']\'
42 = RA and Zy = Rﬂ {Q,
And substituting in enuation (1)
LIy - s
JwlL_ = R '
( l - X) > x (7 - ] ""}“-'--) = R R o e
. - , T WCT N A {2
[
%JWLX * Rx)
L R
XX : ) .
or Fwl R fp + . = = IR wh_ o+ R R.R . -&ﬁ}
T

Eguality of two complex number reguires that the real parts
be equal on both the sides of the equation which gives the unknoun

inductanc¢e and the resistance of the inductance coil as

I, RN A
x AQN T ang R e .,Cg)
RT .

This bridge was assembled in the laboratory with decade resis-

tors and decade capacitors with the vslu a5 shovn in the circuit
diagram . The detector used was an oscilloscope while & L,F.
Osclllator was the exciting A.C. Source. The bridge thus formed

was tested for known value of ipductance and was found to give
fairly accurate value. Then the inductances of all the reactors;ﬂfggﬁiw”qfﬁh
construct d was measured, the result was found to be falrl'fg;curate 4 .
e;"r Ao'o ,/ﬂ’ ©
. o

~#L @%q "’"/
\'-,ﬂﬁgﬁ,/f

as obtained by the voltmeter imnatey method.

THE END | T-S?'
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