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ABSTRACT

A 'l:ransient Analyzer has b~en dGc,i~:ned; built and

tested. The design calculation,~. and construction details of the

network .c9L1ponents are presented. Subsequently the LlOd01tran",

sient analyzer was utilized for studying voltage ,and current

transients at select0d points of an 0xisting pOW2rsystc~ for

simul1ited fault conditions, switchj.ng 0pllHations and. light!\ing

surgos. A sample investigation of reSonance ph8nonena is &lso
presen ted by ini ti'at ing pulses of varyinG repi tation rate. The

magnitude of switching ahd lightning surges 2nd their effects
on the syster;, performwce is also dis~ss,ed •.The- studieS inclu~

ded comparison of transient voltage mag~itudes with protective

insulation levels of the system and the apparatus. An alternative
!. .

appr,oach- the Digital method of transient studies On a system
,

was .also investigated. Suggestions for ir"provement of the exis-

ting system are giver! and future res0,orch area is defin0d.
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TRANSIENTS: BASIC CONCEPTS(1)

DurinI' switching and similar other processes a

circuit or I'- machine 0"1' a transoission line) before coming to a

steady state passes through a transition period in which the curr-

~nts and voltages are not recurring periodic functions of time. For

ex~cple, immediately after the establishment of a circuit the curr-

ents and voltages have not, in general, settled into their steady

state Values. The period required for the currents and voltages to

adjust themselves to their steady-state modes 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.

1••a~" - NATUEE OF TRANSIENTS IN A POWER SYSTEl-i(2)

Internal (switching) transients arise during sudden change

in the operating conditions of the system. For example by Q switch-

in or switch-out or sudden change in load, the occurrence of short

circuits and the interruption of short circuit current, the opera-
tion of Gircuit Breakers(CB) to connect'and disconnect equipments

and transmission lines~

External (lightning) transients occur as a result of the

action of lightning discharge upon electrical installations. These
surges may be because of induced charges or direct stroke upon the

system.

In all 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 accompanied in general by tr~~s-

ient periods and transient overvoltages appear because of sudden

liberation of a portion of the stored energy of the system. Such

•
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transient dis~urbances nearly always occur throughout the power

system giving rise to excessive ~~rrents and yoltages.
',' ..

r',

EFFECTS OF TRANSIENTOVERVOLTAGESON;r~_V_J~~ __S_Y_BJlli1P2RFOR-
HANCE AND I11PORTANCE OF TRANSIENT STUDIE~. (;3),<4)

The switching surges under.d,if,ferent conditions.may be 3

to:4 times the nOrmal. voltage rating while Jhe. liL';\ltningsUrges

may exceed by several tens of times the working v?ltage seriously
affecting the system.

So an overvoltage protective device must function en any
transient overvoltages (switching or lightning) of. sufficient mag-

nitude and limit that voltage to a value lower than the value cQrr-

esponding to the dielectric strength of the insulation being pr9n

tected. Other nOrmal swit ching SUrges can be contr oIled by iLlpro"-

vingthe design of the circuit breIDcers to give a reduction in the

restrDcing transient voltages. Two factors far the proper selection

of circuit brewcers are the transient over current flowing j~niedia-

tely after the occurrance of faults and the CUrrent which the Prea-
~~:~):

kers ~nterupt after 2 Or 3 cycles later. These currents also s~~ve

to determine the required setting times for the different relays. Of

the system.

It is therefore of vital importance to know what these sys~

tem transient over voltages and currents are in magnitude and dura-

tion far the design of an effective protective relaying system far

increased reliablity of system operation, selection Of proper ra~ing

of circuit breakers and ascertaining the corresponding insulation
.,'~.

, - .

protective level at different parts ~f tho system, These in turn

are also important in deter.mining thea1.lOYiable apparatus insula- •

tion levels, that is making
.-) .

possibl~ a reduction in insulation,
I"'"

'lot
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~articularly that Of largepoVior transformers, to obtain reduced

system costs 'without'&acrifice of reliability •

..,;.~\T~,US'although in the early year's of el0ctrical enginee-

power system were designed according to the requirements of

regu1ar sustained operation, experienc'e showed that with switching

processes and lightning discharges peculiar phenomena appeared
"which greatly disturbs the regular operation of the system.

Hence in the design and the operation of electric systems.
the transient phenome"non has assumed, in general, the same signi-

ficance as the regu13r performance in the steady state.

!4oreover",some of't.he transient phenor:;ena,like short cir-

cuits in a network, instability of the synchronous 'generators and

lightning disturbances ontransmissiort lines, have become of such

outstanding ilOlportancethat the layout of Elodern power systems is

predominantly determined by these cOhdi tions.

\,A thorough and useful study Of the transient performance

of Bangladesh Power Systems have not been undertaken sofar, although

stability studies have been done occasio~lly.

The object of this work is to design , and build a Trans-

ient Ahalyzer and to study the transient performance of the exis-

ting system for improving its overall performance.
)

,.
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BACKGROUND:-------~--
10. -:~.i1.n 2arl;)1 years of clectric&l engineeriYig, power B:r-s-

tems were designGd ace ording to t~:lerequireil1ents of regular sustai-

ned oparatio:,.1" E-"'\-"I8ver,'<-lith th-3 passage of time, eX}JcrieEce shor/ed

thtJ.t with .sWitC:1ing prOcesses in the circuits {'tndduring ~~ightnil1g

discharges and under similar other intensior.lnl ar accidental condi •.

tions peculiar phenomenR appeared which could greatly disturb the

regular ope~ation of the system.

NUll1ero",sinvest;igations were endeavoured to clar:'-fy scier;-

tifically these phenomenon and new tools were developed and put to

use in studying'many of the circuit transient phenomena previous~y

avoided ~imply because of the prohibitive amount of tine required,

for arriving at t'he-d'esiri;d understanding with the means then avai.'

lable.:~hishas resulted in the publication of mUch technical lite-

rature in the CoUrse of recent years. Some of the relevant works of

interest in this connection, are described belOw.

,

1.4.2. 'TranSient Recove~y Volta~es on POwer Systems, Part -1-

Analysis and Tests of the Ontario BYdro System" By Dandeno,

. " ' " (5)
P.L ; Wattson, \'/ and Dl.llard, J.K.

This paper publ,ished in 1958 describeS thediffeC'ent

methods of dete~mining the transient recove~y voltageS at a point on

a syst-em. The .transient recovery cha~acte~istics Of 230 kV air-blo.st

circuit breakers Md 115 KV compressed o.i1' breakers of'the Ontario

Hydro Systeo were studied by an ANACOHrepresentation viith an Eiopha-

sis of the effect of system parameter On recovery characte~istics •
•

A muthod has been shown by vthioh the cOnditions of" 1'''00-

vr;;ry voltage 0'~ the Ontario Hydro 230 KV systeo Can be detert1:i.ned.



5
The results have been presented in as sinple a Oanner as possible,

consistent Viith conveying the ma1tinum 1llIlountof in'formation. These,.

and simmlar data on the transient recovery voltage of present and

future systems, provided a basis for selecting the requirements to
which the power circuit brecl<ers should be designed and teste~.

"Transie'nt Recovery Voltages on Power Systems, Part It.

Practical Hethods of Dete'rminatio'n"by Griscom, S.B; Santon,
D.M. and Ellis, H.M.(G)

This paper published in 1958 classifies the types of ciri

cuit breakers transient ,recovery voltage problems into seven main

types or caseS. These are 'further broken down into sub-cases when

this is necessary to handle the range of parameters. Methods of app-

roximate solutions to examine quickly circuit breakers
, ,

voltage situations have been presented.
recovery

"Switching SUrges on Energizing a Transformer- Terminated
(7)Line." by Jonson, I.B; and Schultz, A.J.

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).tr<lIlsmissionlineS and of lines terminated in transfor,-

mers. ,This' study reveals the existence of transi'mt energization

voltages sufficient to cause operation of modern lightning arresters.

"Surge potentials on Underground Cable Sheath and Joint

Insulation" •.by Watson, IV; and Erven,C.C. (8).

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 measurements
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and investigations are done with transi'mt voltages on sheath in-

sulation. On the basis of this 's:tUdY;''it is c~Jnclud"d that insula-
" ,."

ted shoil,thcDatings and sheath~j oint insulators ere punctured in

service, apparently by transientvoitages. It has been shown that

the discontinuities causE,d by sheath crDss-bonding result in 15%
f

of an applied SUrge on a conductor, appearing on the sheath at a

joint .and 30% across the shelith insulator. Bonding transformers

result in higher transients~ Protective devices appear to be requi-

red at each joint. These maY be lightning arresters Or surge capa-
citors.

"Field Measurement of SVQtching Surges on Unterminated
, ('

Transmission LinesiJ
, by Hcelroy, A.J. & Others .9) •

In this paper published in 1963, field,measurements ,ere

presented for switching surge, line to ground veltages at both bus

and receiving ends of unterr.lino.ted345 KV trans:Jission li'les.of
intermediate length, when energizing and reenergizing. Varied and

representative configurations were studied. Effects O.fsource con-

figuration and breaker",pole closing sequence.,and pre,:,striking are
demonstrated. An estimate of overvoltag~ probability is attempted

as well as rationalized description oliwaveforms. Comparison tests

on 138 KV lines were also conducted.

"Field Mensurements of 345 K\T .1ightning Jci+ester Switching
, (10)Surge Performance", by MCJ:et'oy,A.J.and others •

" .

This paper published in 1963 presents the ligl:rining

arrester switching sUrge vOltages and. currents , ilea.imreddUI'ing a

field test programme on a ~45~V,system. SUrges were produced by •

~ergization of a transforn~r terrrinated line and by ul~ra high
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7

speed reenergization (UHSR) of Brrester terminated lines.Arrester

Spark over levels" are 1.1 to 1•.7 per unit of arrester rating and

arrester follow-current peaks were 135 to 940 ili"peres.This paper

also shows that reduction in insulation, particularly that of large

transformers, to obtain redUced system costs without sacrifice of
reliability has been made 'possible bocause of the improvement in

the protective characteristics of lightning arresters.

1.4.8. "A Switching Surge Transient Recording Device". by'
(11 )Perry, D.E. and Others •

This paper published in 1968 describes in detail how a

sViitching surge t:-ansient.re~ording .~evice has b,een designed, built

and' tes,ted. It ser,;ed as a continuous, 'unattended monitor of power

system switching transients. Rather than reproduce the transient

"

, , ,
.:'WaYeI"ol:'!ll":;",herecorder senses and rec.ord!?the.positive and ne ga tiV8

'.,l'uak magnitudes of the transient to with in 4. a p8r unit overvol tage
.,i'Li!1i't,:the'=ir.1UrJ 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 operation of the recorder is described and a portion of

the data obtained during laboratory and field tests is represented.

"Determination of Transient Recovery Voltages by Heans
(12)

of Tr1insient Network Analyzers". by Colonbo, A and otherS

This paper published in 1968 describes the results of a

statistieal study of recovery voltage transients in large HV (245

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

rent countries. Some TNAs.'operafed' at s,ystem frequency (50 Hz Or

60 Hz) whereas others use<l.',higp.erfrequencies (480 Hz) allowing
r: _..~.

•

"
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oconouics in D.1Greactive components. Ifhe other l':lain difference

was in the m~thod of simulating int~rruption and representing

t'le system compo:1ents. The results obtained by the five Tj'fAswere

not consistent and the causes of the discrepancies were investi-

gated.

1.4.10. "Digital Computer Solution of ;;:lectro1!lagnetic Transients

in Single and Multiphase-Networks". by DOOl~el:I.H. (13).

This paper published in 1969 describes a general solu-

tion method for finding the tine respons8 Of e1ectroIlagnetic tran-

sien ts itl 1ll'bitra!'y Sing1e- Or mu1ti-phnse networks with 1uuped

and distributed par'atleterst A cOtlpUteI' progrilJ,1Lleusing nodal adLli•.•

ttance matrix method has been used at the Bonneville Powet AfuJi-

nistration (BPA) arid the Munich Institute of Technology,GerDany,

-fOr"analyz:i:ng transients in power systeI:.1S and electronic c"ircuits.

Anong important and useful featUres of this progra);lLleS are the

inclusion Of non-linearities, any nUDber of switching during the

transietl>tin nccordance with specified switching criteria, start

from any non-zero initial cohdition and great fl'eAibility in spe-

ci fying vol tage and currentex:i:i tations of various wave forms 11 •

Switching Surges OnNorthern I j3 States Powet: COQpany's

345 KVCircuits'-by Alexender, G',W; rUelke, J.E.; and

. ' (14)
TroJon, H.T.. •

This paper published in 1969 reports the results Of

field tests conducted oil the Northern States Power COl;lpany~s345~

KVtransmission system which investigated the effects of various

systeo switching operstions on transient over voltages. Following.

the field tests a transient network analyzer we.s used to duplicate



j. '~". ', •• . ...~.t. ...'
9

the field tests and then explore the rJaxiflun ,switching transients

"-llhich systen' ~£..'.l"'C'..i1,'.; tar.? could prOduc0 <>

,:I.~;I ,; ~

"c' d' t 'il U f" . t 1 ..o-or :_na.8. Se..',.0,r J.r_anslen Ana yzer and Dlgl tal
- J, ~

conput~l:' for Swit.cq.:i,.ng-Surge Studies: Transient

valent' of a Com;ple;>c,)ietwork". by Clerici, A.and

Equ:i.--
(15)

Margio,L.

Clerici, A.D.

On the bDsi~"'of t,fahsient network analyzer (TNA: and
;'), ..,'.:.' " C .

"di;!f'Vtal, CO!"puter t~st~;' this pap"r published ill 1970, disc\,sses the
• . '. .".• J;' <, .

P'oss;i.ble, correct ovall,lation of switchin; over voltages by r.eans of
• ,', '. ,_:' ) v

s'co-ordinated use of analogue and diGital flethods, taking into acc~

ount both frequency and voltage-dependent paraneters. Special enpha-

sis is placed on the transient equivalence of a conplex network,

its digital coLlpUtation , snd its representation on the TNA.,Atten-

tion is focussed on the range of frequencies involved in the tran-

,sients following closing operations of lines of intermediate Or

long length.

"Estil:'.ating the Swit ching-Surge Per forl:lance of Transrli-

. L' "b H"l' R & Oth (16),SSJ_on lnes,. y 1 er.J.an, A. • ers.

This paper published in 1970 describes the resuJ,ts of an

ANACOlVIStudy to investigate the frequency 'functiOn df the occurrence

of a switching surg'e. A siI'lplified method to estimate the switching

surge flash over probability of a transmission line is developed

and presented in a series of curves for a 550 KV systen.

"Influenc-e of Shunt Reactors on Switching Surges", by

(17 )
and Others.

On the basis'of transient network analyzer studies this
•

paper published in 1970 discusses the influence 'of EHVShunt reactors
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on the ovcrvoltngcs occuring during h!iEfrike:I'" qperj.;'!tions on trans-

r.'lission systetls. The comp.?,rative il:1portand&::"of'line losses and

relil,ctor losses on the decay of the trhpp.t')'d<;cA'm-ge ,io1 tages that

osctllate with frequencies dictated by lipe, capacitances 2nd shunt

reactor: inductances is analyzed. D:1phasis is ¥~~,ced on the i:lflu-

enbeon these oscillations of different types of faults and line

asynmetries.~he overvoltages following closing and reclosing operQ-
., Fn 1 ">,

tions on o.ifferent EHV sys teLls wit" and Viithout shunt cOJ'lpensatior.
;,( C;, '";~ ',;r.':'c

are also analyzed; detailed investigation 0;; "i';lo 500 KV lines allo-
'-J.:

we,d to draw sone conclusions about the effect of shunt reactors in

redueine; both 10Ilxinized overvoltccges and their cUL1ulative frequency

distrj,bution and the influ,\mce Of shunt cor.:pc'1sation On optiniza-
. '. ,

,tion of pre~insulation resis~orso8one possible Doans reduQ~~g re-
'., '-"'''. . ""-r',,

closing surges on shunt. compensated lines 't..re' also 'pre's'811:t"a,ci'. '

"Dynanic fOv<:::rvoltagesarid Ferro-resonance Found in Swit .•.

chiY!.~

A.and

Surge Studies for Ir'an 400 KV Systerc", by Clarioi,

. 0. . " T H (18)Dl r~CKsen, ur.C ••

Thi:" paper published"ln 1.972 describes the nost signi-
" GI.' •• ,I;).' (,

fiGant results ora study perforned for the 400KV Reja Shah Kabir

(RSK) hydro 81ectricproject in Iran. Enphasis is placed On dynD.c1ic

overvoltages and ferro resonance caus"d by saturD.-ci'on of the genera ..

tor transforner. ,!,he effect of ohWlgGSin genera100,,'.and transforCler

reactances on ,ferro resonance is presented and.discussed closing,

reclosing and, fault <?learing over-voltages together with the trttTIs-

ients fOllowing load rejection are described. The possibility of

usine; singl" phase reclosing is also discussed.

•
)

"



1.4.16 '''Overvoltages on a Serios-Compensat'ed

the 10,000 MiN ITAIPUPro,ject, Brazil'

11

750 KVSysteb for
(19)

, bY' ~rhanssouli3,P

This paper published in 1975 sUmnarizes the Gost signifi ..

cant resul ts of 'a 'transient network iUialyzor study porforrled fbr

the ITAIPU transDission system ih Brazil. -This study considers an

installed c2pacity for 10,000 MWto be transmitted over 900 IGc

from the Itaipu Power Plant to the Sao Pnulo load area. Fault ini-

tiation, fault clearing, energization and reclosing overvJltages

on two possible 750 KVa.c. schemes are lilainly described. &lphasj.s

is placed on sane spe cia,l transients whioh can be 'associated with

seris-cot:1pensated schemes and which ce:.n be of iraportance to insu-

lation co-ordination, reclosing ahd e..quipnent specification. Heth-

olis for controlling these transients 1)X'eals'o P,:"Oposc;d."

•



SCOPEOF THETHESIS

The scope of ~~s thesis lies,
'" j

in th e dGSlg"n 0 f a Tt"c1hsi

i

ent . Analyzer for represe'nting the Eastern Grid Network of Bsngla-

desh Power System and Study of the transient performance of this

systen.

In order to achieve the above objectives the necessary

studies and experimental works were as follows:

(~) To investigate the causes, nature and effect of tran-

sients on the design and performance of a power syste~l.

. • - I'

(II) To make a comparative study of the methods of
. -- tran- ,.

,
sient studies- the T;'"ansient A'J.alyzer and the Digital COLlputer.

(III) To determine the pe.rameter values of the lines at a

"''Suitabie new base from their per unit values of an existing power

systeEl of Bangladesh- The Eastern Grid Network.

(IV) To design the different components of the analyzer

and representation of the system On the analyzer.

(V) To study switching surges fOr different types of loads

using the analyzer.

(VI) To study transient voltages and currents during short

circuit conditions with the analyzer.

(VII) To simulate and study lightning surges and investi-

gate for possible resonance phenomena at high frequency.

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

all performance of thesYl;ltem during swi tclring and lightning surges.

--.~.- .~.;,

",

•



C H A ~ T E R- 2

METHODS AND TOOLS FOR TRANSIENT

STUDIES

•
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The and-operat~on of po~er systems require
continuous and comprehensive analysis to evaluate existing system

performance and to ascertain the effectiveness of alternative plans

for enDuring continuous reliability and future expansion.

The computational task of determining power flows,voltage

and currents resulting from a single operating condition for even

a small network is all but insurmountable if performed by manual

methods. The need for computational aids in power system engineering

led in 1929 to the design of a special purpose analcg computer ca-

lIed an a.c. Network Analyzer. This device made possible, with rela-

tive ease and precision, the study of a greater variety of system

operating conditions for both present and future system designs.

TRANSIENT ANALYZER STUDIES:

Since 1939 the special A.C. Network Analyzer (called the

Transient ~nalyzer) was used to study the transient behaviour of a

power system during a disturbance resulting from fault conditions,

switching operations and lightning surges.

The Transient ,~alyzer consists simply of reproducing in

miniature the actual system to be studied. In this miniature sys-

tem faults of various kinds can be applied, switching can be done

for load variation and for simulation of lightning surge. Results

can be obtained quickly and making physical observation possible

on oscilloscope screeA. Permanent records can be obtained by pho-

tographic means,

Becaus,e of its simplicity and directness, these Ana:).Y,zers.

were found exceptio,nally useful in studying the behavi'Qur of :l,&."&~,

•



complex power systems. By the middle of 1950s as many as 50 Anolyz2},s

were in oper?ltion iT,.U.•S.A.. and C.:~N,j\DPc .;~.!J,di'>,OrB indispensible toeJ 8

for power $yptem wo:pks"

DIGITAL COMPUTER STUDIES: (ZO)------ ,-----~----_..
The availability of the large scnle digital computec's in the

middle of 1950s provided equipment of sufficient cnpacity and spe0d

to me'et the requirements of mnjOr' pOvvo:t' s:rstems,f for transient stu'"

<lies. Since 1957 in U.S.A. the LB.M. 704 Digitnl Computers are U3[ '.~,

instend of Analyzers in incrensing numbers for load flow studies,

fault calculations, stability and 'transient studies,

For transient studies a load flow ~roGramis made fL,st to

obtain system condi tions prior to disturbance. In transient analy".,
(load now)

sis art iterative solution of the algebric equationsjdescribinc the

Netr;ork is combined with the numerical soll:tions of the differen~

tiel equations describing machines behaviour.

The system operations programme modifies the system data at

specified time during the transient analysis to simulate fault con-'

di tions and switching operations associated with a system distur-

;:;OHP1\RISON : TRANSIENT ANALYZ_ER_J~lD DIGITAL COV1PUTE'Q.

The :Lnvestment for a Transient Analyzer is almost na-gligible

compared with a high speed digital computer. Yet the dig:Ltctl compu.,

ter is replacing the Analyzer becaUse the latter is restricted to

specific prOblems" whereas the digital cOHputer c,an he used for a

variety of engineering studieS. In many c'ases,the lnvestment in Ii •

large computer is justifi"d for the operati ons it performs in accotm-

ting procedures aJld pay roll preparation if th" engineerinE~ use
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alone does ll.ot justify .the investment •.

In Analyzer. study no solutJ.on of netl"lork or differentia.l

equatioJiis aI'" required except the physical representation of f.he

system in the miniature form•. Further the Analyzer provides pbY'"

s:Lcal obsorvation of the transient phenomena on thb oscillos-eopo

screen and facilitates easy permanent record.,s by photogra?hic

means.

The d,igital computer clln not giye a continuous hi3tory of

the transient phenomena b.ut rather a sequence of snapshot pi'ctu-

res at discrete tine intervals. In this caSe unlike the Transient

Analyzer numerical 'answers ar~printed when.the prob:!-e!:lis solved
~,),.

and p.artial answers can be pr'ifrt'ed du.'ring the s('lution to indicate

progress being. made toward completing the sohltion.

There is no doubt that in future, the correct evaluation ..

of switching and lightning surges taking into account complex

sources 'and both voltage and frequency dependent system paramoters

will be .achieved !:lost ec'onomically by means of digital computer

programs. Howev~r c~nsidering the minor investment in Analyzers
I'

and the high flexibility of analog methods in the study of elec-

trical transients and cost involved in the preparation of sophis-

ticated and complex digital prOgrams and .in their running, the Ana-

lyz.er methods willi. be !:lost convenient for the present and" also for

a number of years to come.

.. .



CHAPTER-3

DESIGN pF THE TRANSIENT ,ANALYZER _

,
..-', '.'



power factor Or other' lumped react&nces;,"
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It is ~mall scale, single phase replica of the actual systen

in which the voltages, currents and impedances are reproduced to a

..suitable and smaller scale., The results of the investigations per-

formed tlay'then be converted to actual values of system voltages

and currents using the appropriate scale factors.

An analyzer consists of the following c:ain corJponent parts:

(1) Exciting SourcelO: A thre.e-phase,' 50Hz, 220 V,1idjustable

speed, variable voltage'synchronous generator foren~~gizing the
.. j

miniature system'. A wave form' 'generator for simulating lightning

surges is also used for study of transiant phenomena.

(2) Trans~ission line units, fOr simulating transmission line

behaviour under transient concl.i,tions. Each unit consists. of. a con-

stant lumped pye section whose series arm represents the inductance

and resistance of the line while the two shunt arms 'the capaci tanco.

(3) Load Racks ~onsistirig of resistors of suitable ohm+p"
. ..-'-~ .

'rwg'e'cand current rating to simulate various resistive loads." 1.osscS:,'
.,'

in transmission lin~s'or losses of other kinds.

(4), Variable Loading Reactors {or .sj:mul.atinc .loa-o.s of lagging
_.,' .~._. ' ,I" , -

;_~.!)'7~

(5) Capacitor Banks-.rfor simulating thecapaeitanc'/ of trans-• , , 4
, '. ~,:,f ~l ::-~_

mission; lines and for representing capaictances used"'~i't1fer" fOr the, '-. - . e,

improvef[[ent of power fac~or .or raising volt8ge in }WY"P'7rt of. the
, • L •

power system.

"'"
(6) Various'R.e,c.urring SynchronoUs Swit.ches for performing the

desired switching operations in the~iature system.

J
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(7) A Cathode Ray Oscillograph for observing the nature

and magnitude of the transient voltages and currents resulting from

an imposed fault Or switc~ing condit~on •
. ~"

(8) Oscilloscope-Camera:.- A DeemG for photographing the

trace appearing on the oscilloscope-screon when a permanent record

is desired.
IJ

• 3.2.1 EASTERN GRID NET,IORK.OF BAl'\fGLADESHPOilER SYST:EE(.21)•

i
At present the 132 KV grid system is divided into two

parts~ Eastern Grid and Western Grid. An interconnection between
.' the two grids is yet to bo completed. A simplified one line impe-

dance diagram of the Eastern Grid is .sh-ownin Plate No.1 (Page no.

I, 18) •

The grid consists of five major generating stat~ons (at

Kaptai, Siddhirganjj' Ghorasal, Ashuganj and Shahsji bazar) and in-

ter connected by two long transmission lines. The 170 miles long

Siddhirganj -Kaptai 132 KV transmission line links Kaptai Hydrosta-

The one line diagram also shows the per unit values of

tions with Siddhirganj steam stations and has three sub-stations

located at Siddhirganj, Comilla and Nodanhat and supplies power to

the load

and Sylhet.

transmission line parameters (R,L,e) by equivalent jye -section net-

works on ioo MVA and 132 KV base. In the pye circuits the series

The 161 mkles Siddhirganj-Sylhet 132 KV transmission

Srimongal, Fenchuganj and Sylhet and transt~nts pOwer to
t-r't~Ij7-~

centres located at Tongi, Ghorasal, Ashuganj, M~ensingh

Shahaji Bazar Power Stations. It h~s three sub-stations located at

load centres located at Chi ttagong, Feni, !Comilla and Dacca.-

line links Siddhirganj Power Stations with Ghorasal, ilshug=j and

•

•
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branch h~s an impedance (Z) equal to the total series impedance

per phase of th, line. The two shunt arms, one at each end, has an

admittance equal to half the shunt admittance(Y) of the line to

neutral. The series impedance (Z) consists 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 fer the transient studies.

(22) (23)3.2.2 CONVERSION OF CONSTANTS FOR REPRESENTATION ON THE M~ALYZER

To operate at a low pewer level the system base voltag~was

scaled down to 132 volt from 132 KV and base volt-ampere rating from

100 MVa to 1~0 Volt-rrmpere. The new base impedance Was 174 ohms.as

obtained, by calculation and with these base quantities the line 1'0.1'0.-

meters R,L sndC were calculated from their corresp,onding per unit

valUes. The values of the constants together with their per unit

values are shown in TABLE-l (Page 20). For detailed calculations

refer to Appendix-A. A new diagrm.l of the Eastern Grid in terms of. . i .

pye Section networks is given in the figures of Plate No.2(Page No.
21).

Thus a three phase system is represcaLed on the Analyzer on

a single phase basis. 132 Volts od'the Analyzer represents 132 KV'

line to line and 100 volt ampere ,on the'Analyzer represents 100 MV@,
,. ')". ~.-, -, ')

th,re,ephase on the system.' The scales f.qrvoltage and Volt-i:unper;J.

are then 1: 1000 and 1 : 1,000,000, respectively. The scales for cu-

rrent and impedance follOW automatically from the sc~les chosen for

voltage and Volt-ampere. In this case the base current of 0.76 amp.

on the analyzer would represent 438 amp. on the actual system and

the base impedance of 174 ohms on tho analyzer would also represent

174 ohms on the actual system.(Appendix-A). •
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TABLE-1

~'lJS!'IISSIONLINE CONSTANTS

0.2315 !
j

0.1490 i
!
1

24.20

20.80

60.00

38.60

101.3 0.6135!
i

59.50'Q'; 2270 I
" I-:~IJ

119.0~, 0.455~/i
~ .• I
,-' !

o .1{',)O;
"il I• t

0.04"'';1'~j
0.07881

I
19.90 0.07781

i

) Line GonstaJl ts
on 100 Va,132V

base
L :;W C/2,';-
(r:th) (IiF) i

-----+-
!

0.0900 i
I

i0.0670 !

3.90 47.30

0.95 11.52
I

2.61 23.25

~

b12" l'R
(ohm )

0.01127 4.40 53.50 ,0.2 e6c :
I

6.01127 !4.40 53.50 0.20 Go
- !,
0;01330 5.18 62.80 0.2L fLIO

0.00935 3.66 44.60 0017 20 ~
i,
i

0.03350 8.31

0.'0::1/21tO,' 4.89
, :,'{"./.

/"

\ ",:..., >-

I

0.0437' 0.00490

.

R

P.U.Values on 100 1'lVa,~
N 132 KV Base

I0,,(?1120

. .
0.02525

.J"

0.09835

0.02100

0.00750 0.0359 0.00425 1.31

ocation
f Section

ng~-Ullon
10n-
ddhirganj
ddhirganj-
Or sal

orsal-
huganj

ajibazar-
ir;10ngal

-,-

inongal-
nchuganj '..().028lfo 0.1082 0.17150 4.94
nohuganj-
Ihet 0.Q10''30''o'.06970.81500 3.18
ddhirganj-, ,.: ,.'
nilia ! 0.04'\28I- '0.1830
nilla- I .

ni 10.02810 0.1072
ni-
danhat 0.05640 0;2150 0.02485

., '.'

danha t- . :),. \
andragona 0.02240'J"O.08f5 0.01000
a.\1draghonal- ,j \, I
:::~at- 0.00545 -O.026~ ,0.0024~

lishahar 0.01500" O.d~2b 0.00L00

danhat-
ikalbaha

•..•...•.
Sec'" Length L
tion in 0

Num- miles
ber

1 12.80 [ro
2 9.50 Ul

lsi
3 28.50 Si

Gh
4 28.50 Gh

As
5 32.02 As

Sh
6 22.59 .Sh

Sr
7 30.47 Sr

Fe
8 19.67 Fe

Sy
9 '51.30 Si

Co
10 30.19 Co

Fe
11 /60.75 Fe

Ho
12 24.20 !"Io

Ch
13 6.50 Ch

I ILl

K~
15.00 Mo

Ha
15 8.50 1'la

,.S'
.

i

"
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(24) (25)3.3.1. FO~IULn PND DESIGN PROBLEM NIT~ IrtON-0JRE INDUCTORS:

oal
The inductance of a ooil Or cirCUit,

'''''''M'. i~~;;' :'D~/
L .~.. = tf4uAl '"

\ ",' ,.'

ill t''l.'rusof its physi-

Where
L '" induotance in henry.

N " number of tUrns

R ~ reluot~ee in MKS unit

f! 1< VF ~J:1e:i'mQl;lrule inMKs 'unit
,I '. '\ .'." ">~~.!.\ .')"'-,':',.",

'1 '" 'len~tll of the :magniti~ Ile.tt; in l'1J:~tre
- :.., \" -

fJ. " p'l!;';)leabiHty of thi;l medilJIl! and :!.r;I given by

Jl = PO'1:
\'I!1aro

~o = permeability of free space, 4 ~ lO.~him
'r - relative permeability of thi;lmedium, ~d va~1ec~~m

~ 2000 to 4000 for iron COred gail.

for calculation of the inductance of iron cOX'ed CQUs. '!lilt !,eMl'!n

is that the inductanoe Of any iron Gored coil 1~ ~ ~unction Of the

oUt'rellt,borHlUE;i;lthe reluctance (and in ttWn the pe,\,Plle,lJ:P.;l,ty)va ••

~ie~ with flux, vmioh in turn depends upon current.

So' the design of coils with magnetic oores is normally carr ••
. ,ied out by a cut-and-try procoss~ A typical procecure is to start

by assuming a core-section on the basis of previous experience. The

space available for winding is allotted to the various coils to be

wound on the COre and a tenatative selection is made of wire size ,/



and winding dc~ails in accordance with the insul~tion required

current to be carried, flux densities desired , The space available

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 OF CORE MATERIALS AND WIRE SIZE FOR THE INDUCTORS

The reactance units constitute a large portion of the bulk

and weight of the Analyzer. So it is important that the~ be made

small. ~he value of the inductances of the most of the lines lie

in the range of 20 mh to 60 mh whereas the range of resistances is
1 Ohm, to 8 ohm only. Hence the reactors should have a reasonable

ratio 6f resistance to reactance so that they can closely resemble

the actual transmission lines. Further the reactance should be al-
most independent of the magnitud7 of the current in the reactor.

This problem of conflicting requirements has been solved by using

low base power (100 VA) and high grade laminated silicon steel as
the core of the reactors.

The analyzer is designed to operate at actual systeu frequency

of 50 Hz and has a base voltage of 132V, hence the base current is
\

0~76 ltnp~;During shurt circuits and sv~tching surge simuiation the'

cUrrent may riSe momentarily to seV:eral.'tirnesthe base va.1Ue.Hence

fa -mee1:'tliedual' rEiquii:'~ment;of relat:tvery high' ctrrreri£'arid 16.i

resistanc'e rating, super e~abledcopper wire of SWG'No.-::2is selec-

ted. It has a st.cady cu;'rent ratirig of 1~60A.mp. (~hi~h is double '

fhebase value) alid a resistance value of 15":80 ohms.' per lOOO' ft.
~t 25°C.



24
3.3.3. JIPPROXIMl;TE TURNS CALCU~ATION 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-

tions, about 0.025 inch thick per lamination. The dimension of each
lamination is shown in fig.A of plate no.3 (Page 25).

The average length of the magnetic path,

The total thickness of 25 sheets which is also equal to the
cOre h~ight of each inductor

Th = 25 x 0.025" = 0.625",

Width of the flux path in each sheet

Wd = 0.55"

So approximate area of cross section 'fOr magnetic flux

A = Th x Wd = 0.625" x 0.55" = 0.344 ,sq.inch.

The relative, permeability U fOr iron COre material var~esr ,

from 2000 to 4000. We shall take the average value, of U
r

as

fr = 3000.

and free space permeability

IL = 4I 0
x 10-7 him.

" '

Hence the permeance of the iron core comes out to be
; i fA,P = r---- 4 X 10-7 X '3000 X 0.344/(39.37)2x.-~- _

6.75/ 39.37

The inductance L is given by
2__ ,N "A---7:=-
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Hence the number of turns required for each of the induc-

tances is given by

N = J-~--
Using this formula the approximate number of turns for

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

(Page 26).

3.3.4. FORMER SELECTION AND ACTUAL WINDING OF THE INDUCTORS

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)

Actual winding of the reactors were done by an automatic

winding machine. During winding a suitable margin Was kept between

the actual no. of turns wounded and the number of approximate turns

obtained by calculation. The laminated iron sheets were inserted
and two screws were driven through the holes in the sheets so that

the reactor becomes tight and compact. A final measurement of cross-

sectional. area of each of the reactors was made to take into con-

sideration any variation in the number of the sheets. The table-3

shows the number of turns of the reactors under different condi-

tions together with values of inductances.

3.3.5.~ASUREMENT AND CUT AND TRY PROCESS FOR GETTING THE

REQUPI;I'E VALUE OF INDUCTANCES

.Mea$urement by Ammeter Voltmeter method (For details of

.
I,.
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PLATE NO - 3

Reactor cote and forma
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T

I. 15" I116--------j .
Fig. A. Reactor Core:(Rectangular steel laminaitionl.

Thickness of the steel sheet 0'025:

I-I!" I
r
~1+

1
Fig. B. Fomafor Reactor winding.



26

'rABJ"E.,2----

APPROXIHi',TEYUli:'3ERs>:t TURNSFOR THE INDUCTORS:

Serial l S~c- Value Length Area of Pertle- ~Number
Number tion of in- of cross ance of

num- duc-ta" t1agne- section p in turns
ber nee' tic path A(sq.inch) mks N

L(nh. ) lC inch) unit
xlO-7

l-- __ ,_.._'...•-1'-._. "-"'--- f---

1 13 11.5 " 6.75 0.344 4.89 154

2 15 19.3 6.75 0.344 4.89 198

3 2 20',8 6.75 0.344 4.89 206

.4 1 24 •.2 6,75 0.31+4 4.89 223

" 5 8 38.6 6.75 0.344 4.89 288

6.75
,

6 ,- 44.6 0'. 341j- 1j-.89 302
0

"

7 I' 12 47.3 6.75, 0.344 4.89 310 ,
8 3 53.5 6.75 0.344 4.89 330 I
9 1+ 53.5 6.75 0.344 4.89 330 I
10 .i.0 t : 59.5 6.75 0.344 4.89 348

I
I

11 7 60,0 ,- 7') 0.344 1+.89 350 I
\

12- 5 62.5 G.7) 0.31,4 4.89 360 !
13 9 101.3 6.75 0.344 4.89 470

14 11 119.5 6.75 0.344 4.89 490

--~ _.,l
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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 quickly

and fairly accurately by passing a normal current of about COne Amp-
ere through the reactors by a voltage source.

The current flowing through the reactors was measured by

an ammeter whil.e the voltage across the coils was measured by a high

resistance voltmeter. After each measurement of voltage and current

for a particular reactor, the value of inductance was calc'llated,
then according to requirement the number of turns of the reactor

reduced the measurement of voltage and current and corresponding

inductance calculated. The process was continued for each reactors
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 measured accurately by this bridge. It was observed that

the values obtained by this method was inconformity with the values

obtained by Ammeter-Voltmeter method. The variation WaS only I l~~.
The result is shown in Table-3 (Page-28).

SELECTION OF RESISTORS OF THE TRANSMI~SION LINE UNITS.

3.~.1. Measurement of the self-resistance of the Reactors by ffueat
Stone Bridge.

The a.c.resistance of t»e reactors at the low frequency of

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

The d.e. resistances of all the reactors were measured accu-
rat ely by a wheatstone Bridge. The result of the measurement together

l



TABLE-3

NUl'IBER OF TURJ.'JS OF TEE REACTORS UNDER DIFFERENT CONDITIONS \'!ITH
THEIR INDUCTANCE VALUE.

....•..
, ,

9,."3ed
e '

..i
I,
I

I

Ber- Bec- Area of Numbcr o( turns N Indue ta.",ce L in
ial tion cross From Used for Final Actual Measur,no. no. section for- winding value value valu,

"- sq. mulainch.
-- ,

1 13 0.314 i51f 200 125 n.5 12.1
"

2 15 0.324 198 250 102 19.9 19.3
3 3 0.346 206 250 214 20.8 21.2
4 1 0.314 223 275 133 24.2 24.2
5 8 0.309 288 350 "\" 260 38.6 38.4
6 6 0;358 I"~350 '1 44.6 44.5302 219

9.368 " ..

350 47,3 47.87 12 310 250
)

c' :<:'37~ '/~;~'i

8 3 0.309 330':" "1' 220 53.5 53.5,
\ 1,

33d'i Hi', .. "2209 4 0.331 ""',375 53.5 53.5
J';) l"~ "

'I' ,:::400,10 10 0.314 348 : "• .32T 59.5 59.5,
~:~.::;';:\ ~9011 7 ci.3~2 250 ." \" 243 60.0 c 60,21
.. ',ito I,

' , ' 1, -,' ~' , : i..' '42, f6012 5 0.346 ~2.gq, 62~5
i ~;1::.(~~ ' .J ,. \c,

0.,314 ~30 \13 9 470 ! 550 101.3 101,.8
" i~bl';~'

<
575 " ,:9 ' ,i,"14 11 0.3,~6 480 },1.9.0 ,n .-5,

'I Ii':: I

I . -...
"I

,
I,;'; \I' . '.- ,." "

r ;'1
:':':' \ ! "i :',. , _ .. ..

~;' ,

(- .

;\ : .1 ,"

/
-.," ..,

.;: • i
~ I. .;,~ ,'.:'

{f,'\ r"

II
"ff

•• c" • '\ • I!' \

, ',
, "
\..
'\
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with the resistance ¥alues of each transmission l~ne units is
shown in Table-4 (Page 30).

GRITEllIfl FOR SEUGTlcN OF GARl30N RESISTORS USED •.
•• ,', l.

flnexterna1resistor of requii:-edvalue was conneoted in

series with eech reactors to obtain the actual resistances of each
line units, In /teneral, for this pUrpose WirD, wound resis.i;Ot-ilwould
be preferred - But for non-availability Of suitable 'Wire wound re-
sis tors we had nb alternative but to use oarbon resistors.

In selecting the carbon resistors attention was given to
its wattage rating in addition to the resistance valUe. Thi. WaS
tiecessary sO that the carbon resistors could carry tht')normal cu-
rratit without much heating. Precision resistors were searched for
oloselysimuieting the resistors of each unit. But we had to remain
saiiiafied with available lO-20%.tolerance resistors, thus allowing
minOr variations.

EXact resistance values required for each unit COUld not
be obtained. By series cOmbination of a hUmber of resiatbr$ • a
value very near to the required value of the unit Was simulated
accepting 10% f1uctuatit>ns. The resistOrs Used in different cOmhi.

nations and the difference between aet.a1 ~alUe and the simulated
valuel3 are an shown in Table ~4 (page 30).



TA13LE-4
R"cIST'NC" OF rrRA1"l Sl'.IISSI eN LINE UNITS... ':::"0 ___ :'...1 .r.:

.--------Seri- Sec- Resis- Resi"s-'6nrlce E~ternal Carbon
al tion tance of of each resistance resis-
no. no. eo..ch unit induttor required tance

R in ohm.s. unit
R in adJ.ed

R iii ex R in
o~ms-:-_ _?1:~m8•__ ~ __ . Jlb.m.u-.

1 13 0.95 0.28 0.67 0.68

2 15 103 0.40 .0.90 0.82

3 2 1045 0'.42 1003 1.00
!
i

4 1 1094 /0.46 .•' 1.48 1050

5 8, 3.20 0.70 /2.50 12.,70
!

6 6 3.60 !,I d.73 2.93 3.02
<1 , I '

, , !

,"0 94' _l ~'

7 '12 3.90 ~~:. 3~00' 303

8 3 4.40 0.80 3:~60' 3.3

9 4 :11040 . 80 ' 3,.60' '3.3
v. I'

4.90 3.85' 3.8610 10 1005'
..f.:-i

" I 4.~~ 7 4.94 1,0 3.9 .3.90

,12 5 5-.20-' 1.C)6 '. I 4.14I 3.9
13 9 8.31 ! ,1.7 ' . .j 6.6/0 6.7.,

I !

- ~~'"/
14 11 ,9.80 2.6 8.20 7.8 ,

30

Types & lIo.
& tolerance
of carbon
resistors.

lw.lO%
lw,10% I
lw,20% i
lw,lO% I

I
2w,10% I ,
(2 2 2 .. 0"-' n"'1• , _'.7,~.. !_~_,',':':'\
(0.32,lv/20ft,\(

!

2w,J,.O%
2w,lO%

2w,lO% I
(3 3 2 1~n'

(0:5,6J,~',i~F
( 2. 7 , 2w , Ib5~
(1.2,lw,10%
2w,20%

( L 8 , 2w, 10 0

(2..2,2W 10%
(2.7,2W, 1 0

. 2x3. 9, .?w, 20~

I---_._ ..•.

, ,.
'; i

(



31

3.5. SELECTION OF CAP/,CITORS FOR THE TRANSI1ISSION
LINE 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 mF 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 cRpa-

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 ,sw~t'chingoperations the voltage surges may be sove-

ral limes the steady value. Hence minimmn working voltage of the...... .-. "..

capaci tors used was 600v, although most of them had 1000 working
voltage.

Exact values of capacitance for each soctj.on Was not avai-

lable. Hence by parallel combination 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).

/

(



32
TABLE-5

CAPACITANCES OF THE TRANSMISSION LINE UNIT$:

Serial Seo'-. papas:itanceNumber tion ..of \one shunt
num- arm ,

\;
.-',. ber C iit mfd;

"
,"'-

-" ...•.

1 13 0.045
2 15 0.oip8

3 2 0.067

4 1 0.090
5 8 0~149

\6 6 0.172

7 12 0.183

8
\ 3 0.206

9 4' 0.206

1J0 to 0.227'. "j

11' ,1, 7 0\23~'\
,

'-.:-
\ \ \ . ,",
\

0.~438 .'\,.12 :< 5 \
0.)-2.':,'-;, .

13
I 9 '6'.6io

~'"', ,,
I,

\I,

14 11 0..•.455.-
\ ;.

Total value -."""\",~H'lIber&, values of
of capaci taJl,Qe\ ,qii'V<:tcito~s used for
of onG aiin,.(:I':r.,;I' 'b'iitharms C in mfd.lJ~\each sect ion" " .
C in m:fcL f2- ,.

0.050 2xO.05,1000v
1',

0.072 2xO.05 ,1000v
2il(0.022,1000v

0.072 2xO.05,1000v
2xO.022,1000v

0.10 2xO,'10 ,1000v
0.15 2x0 .10,1.;L000v

2xO.05 ,1000v
o".'{).17 <. 2:x?"12 ,JOOOv \2xO.05,lOOOv ,

.'- .'
, fi'\.C;i~.:-~'-0.17 2xO .12ilPo6v

, 2xO.05,J:OOOv
\',-

; , ,
" 2xO;lO,i600v0.20

2xO.1.0 "lOOOv

'. ,\ 0.22\, .

\
\0.22

"

0.25

. ,

\\

(
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3.6. DESIGN OF THE ,PANEL BOARD AND MOUNTING OF TI,ECO~mONENTS:

A panel ooard Was designed 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 pOwer system. The different sectionel views along with

their specificnt,ions are shown inF~esof plate no.4(Page 34),

The transmission line units are mounted on the tapering

side of the triangular board. Each pye-section network term~nates

in a pair of inter connected socket on both ends. This arrangement

helps easy interconnection and insertion of oscilloscope and other

measuring instruments including exciting sources wherever necessary.

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

as desired.

3.7. DESCRIPTION OF OTHER COMPONENTS OF mE ANALYZER.

(1) 'Exciting Sources:

The 3-fJ" 50 Hz, 220v variable speed ge'nerator required

for the Analyzer will be the synchronous eenerator of AEG genera-

lized machine set of Power-System Laboratory. A 125V D.C. shun,t
motor is used as the prime mover of this generator. The field exci-

tation is also provided by 125Vd.c. The terminal voltage of the

synchronous generator is controlled by a field rheostat in series

with the generator-field circuit. An output voltage of desired

magnitude from any two terminals of the generator can be applied

across any terminal pair of the Analyzer as desired.

The pulse generator for simulating lighting surge was

a Hewlett Packward (HP) square wave generator available in the

laboratory. The pulse magnitude can be varried from 0-7V continous.
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The square puJLS!ilcan be obtained at an input imped",nce of 400 ohms

'9r. 60, Ohms. as desiTe'd. Th'",.pulse repitation rate is adjustable from

5 PPS to 20 KPPS,

For simulating resistive ,loads Laboratory load racks with 2.2 A

. ()urrent & 2 KWpower rating were uS0d. The load variation in 10 ohms,

steP!3' from 0 to 1000 ohms was possible. Inductive loads were simul_

at,;d"with loading Reactors rated at 3 KVa, 24DVand 25A with varia-

tions insteps of 0.5A, lA, 2A and 4A. Capacitor Banks with capacit-.''[ -I • " •.

ance from 0-31 mF rated at 250 A,C. were used for capacitive load si-

mulation. Variation Was made in steps Of ~ mF, 1 mF, 2 mF etc. as

requffired •: '.' -". .

'(3J' Measuring Instruments:

Cathode Ray Oscillograph: A special Tetronic Oscilloscope wi.th

storage .facilities was used. This facilitat.ed the observation of the- ~-- -- -

nature and magnitude of the transients arising as a result of simu-

.+a,t;ed fa111t conditions and switching. and lighting sur ges. Provision
. :-,~

w~s made for eliminating certain portions of the trace froD the,

screen, leaving only the portion desired for observatmon. In addi-

tion. special. arrangement is made in the sw~ep ~ynchroniz{ng circuit

to control the position of the trace on the screen. Storage facili-' . ' '. ,

ties are provided to facilitate taking photographs for permanent

rGco.rds.

An ammeter and a v'ol tmeter. are also provided for recording

steady state voltage and currents during normal load flow and under

different fault conditions and switching operations.

(4) Photographic equipment: An oscilloscope Camera was used

forphotographipg the trace appearinG On the screen for permanent
recOrds. .."-,<' '

" !
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~h~r~ ~r~ yarious ways in which a transmission line may expe~
rience 1irrmsj,en1;Qvervoltages greater than the working value. So it

is nocos••ary to :\p:rovideprotective apparatus to prevent or minimiz,e

the destruction of the plant.

Internal causes producing a voltage rise are (1) resonance,

(2) switohing operatioz&, (3) inEl~lntion f~ilure and (4) archi.llg

earths,

A very important external CnUseis lightning.

4•.2.. REsOl'L'lNCE PHENOli,.EN,\:

•Over .voltages due to resonance on power systems are l1slJqlJ~T "7

the form of (1) resonance or partial resonance at the system naturrrl

frequency (Wn~~) consist;"ng of the syster: m.nductance and capa-

c;;'tOnces, (2) Ferro res,)n,mce phenolilel1a.

( 70',
4,2,1, NA'i'lJR;oL..£BEQlIEll.c.'L.PEilOTiAll.GE ~ .

The effoct of this t,Te of resonance is most easily explained

by considering the voltage at the end of a lightl:t 1.oaded cable of

short' length. The 'J1ternator 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. l~,here R represents the resistance
)

of the alternator winding, transformer and c8.ble, and r the resisti'.",.

load. The total impedance of tl1e circuit is

Z = R + JwL +

and the current is

r '" E/Z,

(l/JwC)r--_ .•._-- ..•---
l/JwC +r

~ R + JwL +
r

••• (1)
l+JwCr

----------_---(2)
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and the voltage on the cable is

v = I X r!(l+JwCr) j ...•........ (3)

Since the lc.tter expression represents the impc~dance 01 the paralleJ.

combination of C ,md r. Substituting f01' I in terms of ~ we get

\V/EI = ( -''------:--------) ! ( II + JwL + I+Jwc;:: )
l + JwCr

l
- -~--~-----------------~---------

l + (R + JwL) (l!r + JwC)

------(4)

t
L

r
2

lV£1
+1E. C l' V

I l-I
~ 0

(9.)
FigUJ:'es l ....a. and l-b.

I

The magnitude of (V!E) is

=
_1/,

?_ 2 2 2 I"
(( l - VI",C + R!r) + VI (L/r+CH) -)

Let Us consider the case of an unlo~ded\ 1 line first.In

this case r = , ,so that

= •.•• ,.o •.... {6), '

If we consider that C can vary, by the insertion 6f diffe~

rent lengths of cable, IV!~varies in the manner showil in'Fig. l-b.



The maximum value pccurs when

c = ..•• M_____ =
1

__ ._i... •.•• •••_:-_ ~ .

2_
'Ii; 1.J

When t IV;i:EI
1 ", 1----- ..--------2----.-2- ..'-'%- ,'~, ---w(m~..--

VlCR «1 + R -/ w2:L ) y-

___w:~
•..•-~ .

1>?V--J
A !'esonable vC)l'l(>of L in a~KV

and the resonating c,o.pacitanc e i,s then

C =
.

__202 NF.

Which its the capocitance of somo hundreds of miles of

cable. }(GBOnaUD.Ce in shOrt line.s w~_ll thus never occu:::"at the f~l::(>-'

men to.]. froquency, Ig 188 :r.o'l16:..dGr t:1C 5th' harll.1.onic. , .viThich is eft-e:::.

present to the extent of 2 or 3 percent, we soe that resonn~lc8 C<?':l

occur. rho capacit2nce required is

c = 8,1 mF'

which is providod. b~ra cable of snout 30 m~les. liE we aSSWL,C 2. :.0

percent hormonic: the v2lu8 of V5 is

IV 51 = fE51 x 211 )( 250 L/R = 0.10)(1 El.I x 21"'" ,<
250 L/R,

where E, i.s the funcbmental, and E5 the 5th harmonic. I~ Vie tc,ke

R = 5 ohms, we findthat

So that the fundamental. voltage of

E = 33 KV1 hqs a fif~h harmonic of magniturle-
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-J2' x 85 KV

in place of the normal value of

..J2x33KV•

The effect of a load is seen by comparing equations (5)

and (6). It is seen ths.t thc term (R/r) is an additive conGL:n:;

in the first term on the right hand side of the equations end

alters the condi tiol1 for the neutralization of reactance; wh~l,s';

the term (L/r) causes a considerable damping of the reSOnal1C0.

Let us take r = 200 ohms, which corresponds to a lo",d of 5000' K."

then with the values of L,C and E~ taken nhove, we find th~t:J
?

.,' 1- w~LC .,.R/r ,"'= 5/200 = 0.025

and w{L/r .,.CR) = wer ( J.,. :L,Ie Rr ) = 7.2wCR = 0.46 •

The 1st term is thl.1::5 n8g1igible compayedvV;lith the second, se th,:.

we may take
1

--------_ .. -_._-- =
1.~--_.._----

7.2wCR

So that V
5

is reduced by the factor 7.2 and has a magnitude of

52/7.2 = 7.2 KV, The resonance voltage has been therefore cffec".

tively damped by the load.

4.2.2. CONDITIONS FOR N NTURAL FREQ,UEtlCYHESONI\NCE(4)

The natural frequency resonance may occur in the ",y.,~".•.

under onc or more of the followi~g conditions.

(a) In trans~ission and distribution networks, if an

extended underground cable system a predominant capacitance is,
fed by long distanc e overhead lines and tra.nsformers of pred,omin"nt
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inductanGe; In this case, the n~tural frequency may easily be of
, .

the or der of a lov,rl:'JI' ~armoniC5- (onlJr 5th or 7th hD.rmonicshavE:

i.m~brtance) of the gcner~tbr vOJ..'tage and thus mc:.ycause excess Vo}_...•

tagcs in the entire system.

(b) Feeder cables of high ca~a~itance. which are protected

against short circuits by serle3 raRctors of high inductance, mR;T

also give rise to reson~n~e phenomeha6

(c) Ste,tic cotl'fiensers, frequency ';.sed to improve power L~ct():.'

'of netwo~k8, $.lst'l may form resonance circuits with the ::6~c1:Ln@ -;';::,c .. ,

l1sfbrmers, particularly at 110.-.-10(1Q of" th~ circuit, where no re,""{:i-,s.

tance ~a~pihgis present.

W-ith every alteration in the curcuits of the --S~Tstem berB~J.S8

gubste~tial1y. :tn pract.ice.~ it is found; th'0rcfore that distu~:,be~ncr:..

in the (cistribution of the> load 01" 5,," th" intDr'eonnection of tl18

,system cireui ts.

"Homever, fhe. mo:s\: reliable meO-ITSfor avoiding any re Son&nc">

voltage aridcl.lrr ent cOnsists in th"gcil'CNl. t ion '0 '[' sinusoido.l '1'01-

tage ,ils pure in fOrm as possible. Hence it is desired that th9

f'ee'ding al ternatorss'hould pro duee no considerable harmZlnic s 8i th"".'

at load oi"n() l'oad ~omhtion.
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of theFerro 1'8 sona;:h.: l-;
.,~".':'\~:"l~"i.r'o.:.~,"'-,,~;'':I'-,'~~(~i:,:::'~,;~t;...:~~-',,,','

O(:C'l.i.~'S vvddi1; tll-'"u ,un:;:a:t;;urats:d inductance
, ':".: '''''._ \.-:,,~:.rh"

,. • ,_,,", ~_, ', ;r-" ., , , •.': ~;' o. : ' "', ,: ,,' ,",- ,,',
transformer sis gr"a cer ~;;h;;'ri-thc'~cir<iu:L'fcEip d.c:Ltanc~e to ground and

some transient condit:l.2iris';-r'e~'ults in a te;;~orary high current cau-

• ," -'~'-;);; ..'H. ;" :~::'r'. ' ,,' i' . .
sing the ~ron' to saturate ;th~s causee,the ~nduct~ve reactanc e to

,,'.f'r"':f,' .' '.G:•.' ':-~!.':/;J"'T.:;-- _ " -' •
decreas,' and approach ~th'e~'-l::a:p'acitl"'e.,reacta'1ce, creating a resonant

.OH"", <':~{, ';-~,3~';j';','," ",'" ," ,.~.:'. ','~..'.._oP ,.-.

condition' called fer~ro' reiionaric'e. The system ~voltage and current"
_(,_' '"'''' .._: .__,-:~.;_" ~ .'. ~1,1:C.; :::Ie ~,1, :'"! ,':" •

under th~seconditl~ns is h9t»eriodic but rather fluctuates wildly
- ,'I.,r.,,:.:JL'I',' -

as the current S~\'l~f bp,Ff,'7-nd forth between lagging and ieading
. ') '" .~..

power' factor , aE;,Jt, Lo<)veE;in and out of the resonanant condition,
"':;xc; ~'-C,,-.

,'7._

conditi9ris, ail'd,'Ars,.'l;lccompaniedby"", transient state whi'ch leads from
'. ):~. :!.;,.';; :

one steady st~t~s to another steady states. The behaviour of the
. : _~,r, r . _

system can 'be 'e'~lained with exactness orily by moans of travelling

wave B; but! in" ;,~h'~:..~t~Y2+J"r[if" ~~J:'.8br:l1a•.-iour is sufficiently well ex-

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

tances, in(luctanc~ and cnpaci tances"

4.3.2. TRANSIENTS IN CIRCuITS WITH ,LUHPED CONSTPJ~TS(30)
.... " ..

There is aninteyesting case which we shall solve, the swit-

ching-in of an open circuited line.

i
LR0--/ 1

f ~'
"Q::rC

O~~ /. 0..--' ~-j
Fig.2~A switching in of an open c~rcuited line.



<- R:'. .;. Q/r. .. E ".." _ ( 8 )

The voltago at ti.le end of tho li:-18 ic

V :;::Q/C, subGti~utir:Z f.Jr ._; in terms of Q w.e got

L (d~/i't2) + R (,,~/dd .,. I~/C= E, the soihution of

which is
~(R/2L) t ,Q =' CE + '" \ A Cosctt .,. B sino(. t )

Where ..I =' (. ( l' /LC ) ._ (R2/ll,L2»). 'Ii, cO.".. _'-. ' & B '.+ t""- ~ H. ar'O conSval:.~

are determined by tpe initial- conditions. At the inst&ntj t :;::O~

switching-i~ Q and i nrc Z3r08 ~h883 c~nditionsgive

A = -CE and B = Pl/2L'X ,

So th",t
J = Q/C = E _ EQ. -(H!2L){ e Cos o(..-t + e R/2L~) Sinv(',,)

Md i ,. fl ••••. ,oo •• C1C).

to

and

Since

v = E ( I-Cos ( t/.jLC) )

i = (E J (C/L";>') Sin (t I j (JLC) )

C<.'" II ~eLC). L, this case,

•..•• ,.....• (9-8.)

................ (102:'

The voltage in this case osc'illates sirltlsoidal.ly between 0 anJ

2E, whilst the current~~a sine w~Ve of peak value E I JeC/L).,



Fig.~ '2,..B ShO'NS t~~"Jvf,ltage and cu...'rent for the case of

no resistance (curves Il) and for some resistance (curves B)

,Ill J

Co.)

. ", :.,F,';I.:,. ;'
Suppos'<b~h"t"a 'cir:'euit has a current i, which is suddenly

"

theories ..by travelling wave

. .' '. ,.

mairit'l..hin'j,.ng \i';'yo'lta.~~-whilst a further part has neither currci"".:.t

-.' .,',.~...~\ "'~...../
volta.g~'.'" lJ::.his ;'q.a!J. be expl~ned

, " ,7 i, •
":S:L: I, '.

TRANSIEM~J2.UH!.!'!.G SUDDEN m:riERRUPTION OF A CIRCUIT
C3O

)

nor

and

"'.'

,,~'i::::

interrupted blf, the circuit break"rs S, S (Fig. 3). The disturbance
. f. L

produces two travelling waves mo'ring from S~ S to the right an~ to

the left. The wave travelling to the right has a currentr-i tlllq muse;

therefore have a vol tr,ge ~E, where E= iZ; line A is therefore ~E

volts above line B. The wave travelling to the left has ,a curr(int ..i,
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~d. must theI'0.fore have £, vol tagc t E-; wllc-:-e E = iZ;[ C is ther:} ....

fo!'e + E vol t3 above D.\ne i;> .

(E, ... iJ-~/ (o.E, ;~)
'." ,.~~._-.'_....-~ &-".-~'~~..~>,--:.
LinB C Line A, I

L I •...".<---- ,.Q 0._. <;-_._ .•.. -

These waves p:::-Ogross in a 110r111",1manner until they ineet e" ....

changes in the line, when, theY al'o reflected and transmitted e.:'

well. It shpuld b" 110ted that if only one break is made j 8" th,,';

Band D iJre always cpmmon.e...d, tho voltage between A and C is 2 'S.

The surge vc'ltage "E is Super' 1mposed ort the normal volb'Gc .:...

that part of the. line ,.hich r0:nalns connecteCl to the generator.

SURGES DUE TO INSULATION FAILURE OR EARTHING......._.- .._ '-;6') _-- -----.- ..
OF A J,Il""F.-.J I

:P. The effect of earthing i.E to introduce a voltaGe"" E to P, "'.

two equa::" "aves of 'TO}.tag~ -E travel along FA and FE. The "."?-':O

tra.velling to the rig:1t has a current of .. Elz, and that to '01':,

left .i.
:-'> ~~lesc: cu::-r8:ltS pa.ss through P tb earth~ so ';:1(".'"';

the Currellt to earth is 2E/Z. Fi1Y'4 shows the WEl.llVeSnitd curre:J.t

itl the syEitem#



As thes'" .IL.-,..-., .l-.r[.ve:1_ ~::) -:':".ec~nds of the line they reduC:"3 the

val t:""!.gG to zero and when tiley l"'eacl1 the open ends, reflected v.-o..vc.s
\

are set up which re<:c:ce the vo1.to$e to E_E:-E, i. e.•-E, and. th~ Cl'.r:c"..:':"

is neutr[l.lizGri? \NhCl1 til,.) reflected waves reach P, the portions of

the J_inc aJ.cng l,.hici, tilCY hb.vG trnvelled wili be changed to . ,E" ~'h0

curreilt n,:C P c.sm be:. TCVQ~":'.68c1 b;i a rJ_.::,shover in the opposite d~_rC'::,.

tion, R:tlCt -chc result i[~n. :.?erioc~~_',,:fla.sh.~over with reversa."_s of ):~I

tentil11 on the line and currents c,t P until the stored. enel'gy i."l

dissipQted by da~ping.

rRQ~~GJ\.'~ICNOF SUP"GESI}Lf<._LIN:.~...l;_ERHINL~EDBYJLXI}II'rE

.IMPED.1IN.G..F;. ~ 30).

Suppese t'lQt Q t"C\velling wave (E, i) moves along 11Ih,-,

of surge impedance ( Z) and meets a torrn:1.nation of resist&ncc R

(Fig.5) " If R is not equal to Z~ the end of the line CGn not have

a Volte.ge E a:pd c..:;.rJ.~e:1"~ i, since Eli = Z; There is therefore a di,:---

left.

(E, i)

:'>-
(3'--"--' ---.' --~--'-----~--l

(Z) J R

G._. -'-- 0 .J

x Fig.5 Line Terminatod on a Resistance R~

The following relations exist

E = iZ,

The total voltage .at the end is E + E' and the total cu•.

rrent is i+. i', sO that E.,. E' = .R(i + i I ).
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Z (i ..~'\ = R U -,-i I )
,

R»)i.0 • ,l z.Rf {Zi.. - +

"'; ~ .0 i'Z = /"1 . R "Z) / (Z+R») E~ \\

The tot3_1 "terrent and voltage are

and

i+i' = ( 2 Z/ (Z + R») i

E+E' = ( 2R / (Z + R» E

•'••••..•••• '"( 12a)

•• ~.•••••••• ( 12b )

If the line is open at the end, R =~ SO that ",;hetotrJ.

current iR zero and .the total voltage is 2E, as found before.

If the linp is 8hort2d at the end, R = 0, so th2t the

current is .doubled an~ the voltage drops to zero.

The case for a ~initGresista~ce termination is given by

equations (11) ane; (12), wh'onthe i;ormin",tionis not a pure reGis ..

tance, the resu.l-t; ~.:: .st: 1:. ~j.ven oy the.ge equations 'Out they must be

modified be- the termi'1a~ed impedance, A load in the line may also

b t t d . 1 f:lt ° t. "ot ° • t fe rea~G aF:~. sp'Jcla. G~80 o. crffilna lon = a glven pOln o.

SURGES AT THE JUNCTION OF TWO LINES:-~-,._,-----""--._--------_.- ~,._----------

~igure 6 shoVG the CQse of two lines of surge impedances

ZA and ZB' A wave (E, i) travels along the loft-hand lino and meets

the junction, So far as a travelling wave is concerned the tight -

hand line Can be considered to have an impedance ZB, sO thl't the

Case is the same as that shown in Fig.5; provided Z is replaced
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The reflected. wave is thus (El i') where

r ZB)
< ,

l.i = ,'. Z .- n~ + ZB») :i.
A A

Cllld E; = (, ZB .. Z ) / (Z + ZB» E
" 11. • 11.

'.' ••.•.• (13a)

••••••• (13b)

toL,l vol tQge at th" ~un~tion a;.1da current equal to the total. Thl's

the transmitted wave is (E' , i" ) where

and

•••••• (140.)

••••• (14b)

(E,i)
f;>

(E" , i" )
----;E>~

!iii
""'"'l.p. (10; r/)

-------- -@~-----------
Fig.6 Junotion of Z lines.

forks. C:~."e, Junction of three lines), Fig.? represents the arran-

gemel')t schem"tically. The surge impedances arc Z, Z1' and Zz res-

pe cti vel;y "

(Eli) ----p. ?'
--~.-~.-.~---~_.--
Z,(E', i').oEt-- ~

(E", iZ")' Z2

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

Let the incident wave be (E,i) travelling to the right, the

reflected wave ( E', iJ) travelling to the left, and. the transl71ittcd

waves (E", i").
1 f

and (E", iZ' ,) travelling towards the right.
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The transmitted waves clearly have t.h" same voltage as they are

E = :.Z

E':: - i'Z

•• ~•••••• (15)

E't

Th3 current at the fOrk must be equal to the current leaving,

so that

i + i1 = ":: i
1
': + i2"

The voltage at the junction is

•.•.•.•.•.•.•.•.•" ...•(16)

E + E', = E" ••••••••• (17)

These six equations"are sufficient to find E', E" i i' i", , , l'

and i
2
" for an incident wavc of magnitude E. Substituting for the

currents in t!:'}."II.G of the vo:.";':agesvr.; see that equation (16) becomes

adding this to cql1.ation (17) life get

So that the voltage at the fork is

E" 2E/ (1 Z/7 Z/Z) --2E( 1/Z)/(1/Z+1/Z+11/Z_~)= + u1 + 2 '

•.•.•.•.....•...•.•(18)

The transmitted currents arc

Whilst the incident current is

i =E/Z.
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The reflect~~voltage is

E' = E" .. E

and the current i_s

_._---------------- •....• (19.)

i: = .. E'/Z. It is seen that the reflected

wave is zero when
liz =(1/z1 + 1/Z2 ) ,

i.e. ~hen the parallel co~bination of the surge inpedances of the

outgoing lines at the forlS is equal to the surges impedance of the

line along which the incident wave travels.

Suppose that a wace (E:i) neets ailtermination composed of

the p[tr~{Jlel ~,lmhination !-:: a .;e.pabitance (j and resistance R as

shown in Fig.S.

f
-(E:i) To
--~ 0/-----

______ ~ ___l

Fig.S

The -problem is the same as 'chat shown ill'Fig-.5, 'jxcept that R in

equations (12) must be replaced by

(l/PC)R! (l/pC + R)

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

E = E + E' =T
2"'.;\,1+ pCR)

Z + iV(1+ pCR)

It must be remembered that p = djdt and E is a voltage which

is zero until t '"0and E,after t =0. Solution of equation(20),

gives ET D.S

E
T
= E

T
(l - e-«( Z+R)jC zR) ~ '

o

where ETo is the voltage at the end when thore is no capaci-

tallce.

Fig.9 ,shows.the graph of ET• The effect of the capacitance is

to cause the voltage at the end to rise to the full velue gradually

instead of abrruptly, i.e. it flattens the wave front. Flatenning

the nave-fronc aas' a very benificial effect, e,sit retluces'the'
stress on the line-end windings of a transformer connected to the

line.

EFFJg:T£QJ!:. S~iIT,dHING SURGES ON SYSTEM pJlb EQUIFIHHTS.

INSULATION(26,27)

The operation of system circuit breakers to connect and dis-

connect equipments and transmission lines creates switching surge
transients that could cause equipment failure. The severity of a

transient in a given I;:iviitching operrltion depends .on the circuit

breaking device as well as the circuit paraQeters.

The opening of theoontacts of a 6ircuit-Breaker involves

current flow interruption, which creates a recov-e.ry voltage across

the opening contacts. If the design of the device is such that the
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dielectric recovery across the -:;ohtacts is slower than the recovery

voltag(} DU:":.d1).:?~ D _ '3w .•."i~i:.: '.-;il~_ ~.'~ct._::.~rct"ti~g. a switching surge.

The r:h(lractoristics of this surge vol t&ge are a -high ampli-

tuc,e, '-ihi~h may ra~ch ;; to4 times that of the system voltClge and Cc

relatively high frequencY, This voltage is, in effect, in~'ectod into

the circuit c.t the bret'.kcr terminals and travels alont; the linG i.n

both dire ctionso

In practice resistance and cronn effects quickly reduce

the magnitude as the wave travels nlong the line, but the effec'c on

insulation at points close to th", circuit breaker is of importance:

as w,so the possibility of restrike at the br0aker contacts.

I'!ith the ae1Ye'lt of extra high voltage (EHV) system the pe Ij:

value of 'hho res~ri.king voltage D1ay nppro~ch a dangerously high vCliue.

The eff-ects of the r?:::;t~:,:Lkir..g tr-ansients are therefore cxtr8E1cly

important fron the i'1sul.",tion point of view; The severity of the

duty ir:~p08')d upon in,sll.::.,Cltion is likely, in the CDse of these high

volta.ges, to be equ.ai~l;r :;.f not mor,e 'significaht than ~ha:t d.uo to

induced lightning disturbe.nccs ..

Durinf. Clp.:ning n ~ircuit brco.ker, the most severe rOGtrikr;

. • t" 8 aoccurs when the voltQgGS onc~ther s~de of he contacts reach 1 0

seperotion such 28 in tho case of a near-end switching of a trons-

.mission line v~th the far end brew<er open,

During .nclosinG operation of a circUit breaker, the seve-

rity of the trtillSiellts d"pends not on the CB design, but rath"r 011

the circuit par:)f"eters and the phase angle of the voltage "hel') the

CB completes the circuit. The closing operation of a CB is assumed
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to initiate n ,slE'ge vvhen Cl,)Binc v.'ith the vo"ltage is done at mnxiOuIl. ) ,
va1u8o 'rIlle most severe .closing Syritching surge -can be ini tinted. b~l

closing-in on a system 180'- out of phase with the system on the

other ,side of the breakcr.~ This closing condition is equivalent to

the opening condition of anG restrikeo

The basic traasie~t equations(27) for a,dtching -surge

analysis are, for closing aad opening a switch, respectively.

i " "before / Z(p) .••••••.••.•• (1)sw sw sw

and e " i x Z(n) • ,•• ,••.••••..• ( 2)sw before SVI ~ - 8\'1

Where ebefore S\V
is tl:e negative of the voltage D.cross

the open switch at the insta:r.t before closing; and i' isbefore sw

the negative of the current thro'lgh tho swit'ch.just prior to the

openings the s~itch. Z(p)s~ in both equations is the impedance of

tho system as soen through the switch terminals.

The over voltage resulting frow switching is the steady

state vol t.3.ge I'lrinr tn SlNi~ching- '.'1i th the transient voltage super-

imposed, i.e.

R" sUltant voltnge " steady ste,te voltage .•

+ Transient voltage.
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4,4,1, NATURE'OF LIGHTNING SURGES (2),(26),(27)

Lightning surges arise as a result of the action of light-
ning discharge upon electrical installations. The maximum possible

atlplitude Of these surges has n,p direct relationship to. the opera~
r ~.\_

ting voltage of the system and their danger increases with the de~
crease in the working voltage,

:~ "q r.:: '., :"~'
A lightninl6j'discharge fllk&s place 'when a cloUd is raised to

~ ~ ( _:_\;'.l

sUch a high p}?ien~jiF't';,withrespect 'to earth( or to a neighbouring
"j"' .;; • -

cloud) that the insulating property of the surrounding air is des--':-, -, 1\.

troyed , This raising of potential is due to frictional effects•
caused by atmospheric d,il'tl.!r'bancesa'ctirfg'.~~'the particles forL1ing

,',';-.':'~II'.1t, '.'

the cloud •

..A lightning stroke to a line create.s a travelling wave,

which is infact the static energy in motion due to a Concentration

of this energy at one point in a system, UsuD.~ly the disch~rge is

from Qloud to earth, but where tall Objects are inVOlved, the dis~

charge is frequently from earth to cloud, ~he transmission lines

freqUently provide the easiest path fOr the cloud charg~ to dissi~

rate itself into the earth and therefore' are frequently hit by

lightning,

The characterqf the aUrige to be used in an analysisn~c,
depends partly 0)1 'i;h.,inH,;L'a1'T)'d~6charge,"that is, the amount of

st&tic "harge in the cloudi' but £10 also depends on where it hits

the line and the type of the line.

Accordingly lightning surges may be divided into two kind.g..

(1) Induced charges and

(II) SUrges due to direct strokes of lightning. j
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4.4.2. EFFECTS, OF LInHTNING SURGES ON EQUIPMENTS AND

~YSTEM INSULATLON(2};(26)

Induced surges are created. by disc:harge of lightnirtg which

Occur nem' the affected electrical installation or transmission line.

They are the result of electrostatic' induction. The current that, will'

flow during a lightning d.ischarge from a cloud to earth Or through
crestsome structures to earth in most cases will have il.JValueof 10-25KA,

but rlay reach values at, high as 200-250KA(corresponding pOwer t'o
be qissipated is 101°icw).and the tail of the wave may last a second
er longer.

An induced surgo! will usually have an amplitude of several

hundred KVs. The minimum short time (Impulse) electric strength of

the insulation (BIL) in installations of 132KV and higher voltage

is generally not less than 300-600KV, that of 33KV installations is

of the order of l80-200KV. Because of this, induced lightning sUrges

are a sOUrce of serious danger for 33KV installations and lines,

but are not so dangerous for chcuj,ts and installations with wor-
king voltages of 132 KV and higher.

When a direct stroke of lightning strikes a transmission

line or an outdOor substation circuit or unit, then the pOwer to be

dissipated in the short time in which the discharge takes place may
10be of the order of 10 KW. Thus it causes.a very large current'

(upto 250KA) to flow, It creates an extremely high surge of voltage,

the value of which in some cases will exceed the normal wor~ing

voltage by several tens of times. Direct lightning surges are

hence the most severe and dangerous form of disturbance experienced

by the insulation of trans"'ission lines and equipments associated
with them. "',
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In either of the cases (induced surge or direct stroke surge)
the

two
waves set up .,can,usually be represented as the difference of

. . (26)exponent~als ,thus

Where a and bare const,9J1ts which determine the shape •.A wave

of this type is shown in the figure of plate no.5A (page-56).

Such a Wave is used for testing purposes when it is neCe~sarV

to investigate the ~ehaviour of power systems under gqndij;ions qf

maximum value, and the t:i.mf3t~, takf3n for thf3 taj.l tq fall to 500,6
pf the lllaximuo vat.uf3• The wav~ chcsen f(lr testing Purposl9P ~s gene"
rally 1/50 Wave which implies that t1 is 1 micro second a!ld t~ :Ls

50 micro "econd.

It.5.i;''lffieijJ;I'/,V'lROUBP FAjJLTS: (Wi
~- ... - .•. ",..- ..•;' ',,:,,7~.:... -. -" .-. --, ~.

""':' ..
;l;!1j;lle.8ar;Ly d!1if!3,@:f treJ1Eim~l'Isi,onH,.Vias,the j;1ragtiqe t"

-, .~. .' .
-,..... "tr?_,.
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in a decrease of interference with communiqation l:i.pe$*Insu~ated
neutrals gave no trouble with short lines and comparatively low v81~

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

voltages high (RV) a serious trouplf3 was caused by ARCHrNQ EARTHS,

which produced a severe voltage oscillations (If 3 to 4 j;imf3pthe

nor~al voltage. These oscillations weJe cumulative and henoe Very

destructive. Arching earths are eliminated either by solid earthing
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oJpthe
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is earthed through an inductance
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Fig : Nat u r e Q.t Lightning Discharge.
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Yhere are two accepted thcorie" of arching earths, in one of

which the arc is ext~nguished at the nornal frequency, and in the

other at the frequency of oscillation of the line. Let Us con"ider

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

1

2

Fig.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 naxinum-E, At this

instant line 1 and 2 have volte,ges +)\, E. Before the arching earth

occltrs the capacitances of the lines cause the neutral to be at or

near the earth potential, sO that the 'e~thing of line 3 cause a

sudden voltage of + E to be applied to lines 1 and 2. The ultimt,te

steady state would then be for the lines 1 and 2 to be at potential

3E/2. But we have shown ( refer to fcrt.4:-3-2) th,,,t when an enf E is

suddenly switched into a circuit of low resistance, the voltage in

the circuit oscillates between 0 and 2E with a frequency' 1/(2rrJLC)

(refer equation 9 and 10), where Land C are the inductance and

capacitance i!1 the circuit. The volta~e 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 is fed through the capacitances of the lines, as shown in

Fig.10, and will go out when the sUE1of the c~,pacitance currents,
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passes through zero'. The capacitance current,s lec'd the voltage by

900• so that Vlhentheir SW'l 11 + 12 is zero the line voltag8s aro

E1 = - 3E/2, E2 = -3 E/2 and E3 =0.

If the arc we"e to reL12in extenct, the voltages would have to be

these values plus E, viz E1 = -~E, EZ = -~ E and E3=+ E. Thus the

faul ty line 3 would he-ovea maXi;;lUl:lvolt <.;e again, and SO arc to

earth again. In other words, when line 3 arcs to earth the capaci-

tance currents of lines land 2 maintain the arc until the voltage

of line 3 attains its oppasitioa ll1aXimUElvoltage with respect to

the neutral. Then at the instant when the capacitance currents would

allow the arc to go out, line 3 arcs again to ground. ':'Ie sf"" that at

othe instant that the arc is ext<inct the lines are at potentials

-3E/2, ~ 3E/2 and O. The charges due to these potentials diffuso

ra];>l.dlYthrough the system in Gn osci1Iatory IJanner, with the avero,ge

voltage 1/3 (~3E/2 ~ 3E/2 +0 ) = ~E us the dean position. Thisl~~Ui~

"alent to an insertion of an emf of ~E in line s 1 "nd 2; so that an

added voltage +E is applied to these line.:;;. c'hen the [XC restrikes;

lines 1 and 2 acquire potentials of-5E/2 plus thlhs nel" vaiue-E, so

that the maximilin"oltsge is T 7E/2. WGsee therefore that the healthy

line s are stibj octed to a vol ta';e 3~time s the norai'll vultie. f,s this

state can be t:laintained foi' a cohsiderablG length of time; in d kho\m

cose 30 mihUtes, by the contihued arching, it is very dangerousi
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ENERfL BACK GROUND:

he Network C2,n be energized by five external sources in h"r-

the " In energizing themony with actual pol,'-'er systerJ. rJodel sys :.eFl

with F,.ore than one sour ees, proper car e must be taken, otherwise

any two sou~ces nay become short circuited through the common gro-

lind line.

For this study it was decided to energize the Analyzer at

point 13-14 by a 132V souu~ce obtained fron any two phases of a

3-~ synchronous generator. The imalyzer was utilized to perform the

follov~ng sets of experirJents.

Jl) Study of'no load voltages and currents •

(2) Study of swi~ching transients for different t:VPGS of loads.

(3) circuit
.....-

Study of short transient s.'

(4) Study of lightning surges by means of square pulses.

(5) Study of resonance phenomena during lightning surges by

initiating sqUare pulses of varying repitiltionarate.

EXPERIMENTfL SET UP:

For observing the voltage and current transients during swit-

ching operations and fault conditions the exciting source ( the

thrGe ph:ose synchronous generator of the AEG generalized :'lachineset)

was run at a speed of 1500 rpm which corresponded to a system f1'e-

quency of 50 Hz. The generated voltage was adjusted to l32V by var~

ying the field Eheostat and was fed at the terminals of sections

13-14 of the Analyzer.

Before the traisient studies,

, erentpoints of the system was measured. Then the transient voltages

and currents at different sections of the Analyzer for various loads
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60
and f Lilt conditions were ob'Serve'd on the screen of a storage osci-

lloscope.

A potential dividl;lr arrangement in the ratio of 1:5 G'} •...,ut

. (i.e. output fODm2 k.ohms. was fed to the scope while the systeD

vol tage was fed across 10 k. ohms potentiometer). This arr nngement

facilitated direct observation of volto.ge transients on the screen.

This w~s essential as only 60v could be observed directly on the

screen" where as the systel;l voltage raised upto 300V as obtained by

. the no load study.

An wnmeter (0-2.5-5A range) having low resistance waS conn-

ected in s~ries at different sections of the Analyzer. This arrange-

ment provi'ded an adequate voltage drop for direct observations of

~
currents on the screen of the oscilloscope as well.

For permanent records the voltage and current transients

were stored on the oscilloscope screen and photographs were taken by

an oscilloscope Camera.

The experimental set up for these studies are shown in

the photographs of plE,te no.5(Page 61) • While the plate no.6(page

no.62) shows the close up view of the Transient Analyzer togE:ther

with the different apparatus of the laboratory tE:st set up.'

5.3~ NO LOAD STUDIES:
Before.the studies of switching surges for different types

of loads, the no load voltage s and the charging current at diffe-

rent seeti',ns of till systelOl vms measured, For measurer;lent a lJigh
, ..
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PLATE NO.5
TH.S zxp;,;:mCNTf.J, SST UP.
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Note: The photograph shows the transient analyzer (1), excitin~ sources- the synchronous
generator (2) , the square wave generator (3), the storage oscilloscop;(4) and
other equipments and accessories of the experimental set up.
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PLATE NO.6

Close up view.ofthe Analtzer and the experimental set up.,

62
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I •
- --(b'T I'nside view of the Analyzer.

.----- ~t-- . - - ---- - ~ --- --- --

-.~".'. .
.' .

I e.- ~_
--'aJ~lie Transient Analyzer

.---~_u .-'__..~

----------- --

-----_, _ I .J
(e) Resistive loads(B) ,Inductive

loads (9), Capacitive loads(7~& potential divider(lO)

~.,
.---(d'YTbe-square-';ave--generator(4), --

storage oscilloscope (5) and
the oscilloscope camera(6)

(c) Synchronous generator(2) and its primemover-
D.C. shunt motor(3). Ammeters and vOltmetersUQ~-------------,-_ ... " ; .-- ' -r---- -._- . JP ••••• - .• ~ _~

I



TABLE-6

1~0 LOAD VOLT,WES J\ND CHARGING CURRENTS

, 0.426

30

90

120 0.30 0.715

170 0.22 0.524

200 0.20 0.476

225 0.12 0,286

22 " Negligible

325 and the value

190 is a1Vle.ys less

than O.lA

C\80

er
nit
J.luG

32V

.705

.023

.290

\
'.

.555

.400

.67

.59

\

1 ,

taken as 'I' p.~\. ~rOU"Ten" .uI' the sakl;t,
I,

I
i

\
\
\

i~,.

Here 0.42 ~p. is
comparison only.

Note:

No.of Exci- No load voltage
obser- ting ,.,'.

vation vol- measu- [,ctual F
tage at red at value u
:!,oint points volts v
13-14 b
volt s) 1

--
I 132 (12-13 ) :1.35 1

2 132 (11-12) 145 1

3 132 (l0-11) 170 I 1, ,

4 132 9;'1:0) 185 1

5
'''"

132 (9-3) 205 1

6 I 132 3-4 ) 215 1

7 132 '(4-5) 220 1

8 132 i (5-6) 225 1
, ' ~ I, , ,, ,

I I

19 132 (8,Far.J, 230 :1, end) ,
10 132 (1.,.2) '21'0 \'1

j ; \,)' ,

\i \ I

;Ii' \\

J
!
!

'.L . ,-

",

, '

,.
(

\
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Pl.~'rG NO.7
5.3.1 STUDY OF SWITCHING ;;UIi(;,;;; ,,'vi, f?":;I:';'!.'IvE lu.,P;;.

1. Voltage Transients far resiRtivu 10 Is ( H= 80 oh~.) U?lliud (A) At poi lIt
11-12 <30 miles) (figure 8,I>,C) ,'''<1 (!J) "t point ~)-lO (120 ".il"c;) fie:llred,e,!.).

(d) 5 V/cm x 5 and 0.1 sec/em.
et point, 12-13 (6 miles).

(e) 5 ,V/ce x 5 and 0.1 sec/em.at point 10-11 (90 miles)

I
(b) 5 V/cm.x5 and 0.1 sec/cm.
at point 10-11 (90 miles)

(r) 5 V/c-~ x 5 and 0.1 sec/em.
nt point 3-4(200 miles).

Note: The figures within bracket ShO'7 the distance in miles from the l32V source •

(c) 5 V/cm x 5 and 0.1 secicm.
at point 3-4 (200 miles)

.-
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(a) 20 V/e= x 5 and 0.1 "ee/ell!.
at point 12-13 (6 miles)

(t) 20 V/em x 5 and 0.1 sec/em.
nt point 10-11 (90 miles),

(G) 20V/crn x 5 and 0.1 see/cm.
ut point (3-4) (200 miles).

(d) 0.05 v/e~ and 0.1 sec/em.
at point 12-13 (6 mi.les).

(e) O.05v/cll!, and 0.1 see/cm.
at point 3-4 (aOo miles).

(r) 0.05V/cm, and 0.1 see/cm.
at point 4-5 (load point)



. PLATE NO.9

5.3.2 STUDYOF ,;;:ITCflINt1 ;,URGSSFORRESISTIVELOADS

Current Transients for resistive 10:l,J" ( II = 80 ohms.) applied(A) at point 11-12
(30 miles) (figure a,b, ) and (H) ".1. poi.nt 9-10 (120 miles (figure e,d,e)

(a) O-:lV/em--a:nd0.1 sec/em.
at point 12-13 (6 miles)

(b) 0.05 V/em. and 0.1 sec/cm.
at point 9-10 (120 miles)

(c) 0.05V/em and 0.1 sec/em.
at point 12-13(6 miles).

(d) 0.05v/cm and 0.1 sec/em.
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 shawn is from the 132V source at point 13-14.
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PL.'.'fE NO. 10.

5.4.1. SWITCHING SUHG'.; ~'OR INDUCTIVE LOAV:i.

1. Voltage Transients for Inrluctive londs CX2 = 40 ohms, 24 ohms) awlied
(A) at point 11-12 (}o miJ.r.n)(figure Il,b,c .) and (B) at point 9-10 (120 miles)
(figure d,e,!).

(a) 20v/cm x 5 and 0.1 sec/cm
at point 12-13 (6 miles)

(b) 20 v/em x 5 and 0.1 sec/cm.
at point 9-10 (120 miles)

.- .
. - .~.: .- •••..~_ •• _ •. :-. 'T- ..,.... _ .

'. .
'!i~IU.IU~~;I~~:IJ~!U~

'. "I!illlllllmJill"'llilllllll~I~U~llmiji.~
., .. ". '.. . .

(0) 2Ov/om x 5 and 0.1 see/em.
at point 4-5 1225 miles)

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

(e) 20v/em ~5 and 0.1 sec/em.
at point 9-10 (load point)

(f) 20 v/cm x 5 and 0.1 II.~/em.
at point 4-5 (225 ruilell).'-
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PLA'rE NO. 11

5.4.2. STUDY or' S~VITCllING:.;UIIG~S FOR INDUCTIVE LOADS.

Cur~ent tranRients for inductive loads (XL = 40 ohme, 24 ohms) spplied
(A) at Faint 11-12 (30 mil",,) (f'igllre8,b) and (B) at point 9-10 (120 miles)
(figure c,d,,,).

I

I
!
l

(&.) o~iv/clJ:-and 0.1 sec/~m 6.<:
at point (12-13) (6 miles).

(b) 0.02v/cm/ and 0.1 sec/cm
at point 9-10 (120 miles)
(beyond load point)

Note: At poi~t ~1-l2 the load (~
(XL = 24 ohms) were applied.

(c) 0.05v/cm and 0.1 se'c/cm
at point 12-13 (6 miles).

(d) 0.02v/cm and 0.1 sec/em.
at point 9-l0(load point).

= 40 ohms) and at point 9-10 to the load
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PL,\11.E 12

5.4 STUDY OF S'.vITCHING SU.iG"::i fOIl INDUCTIVE LOADS.

IC. Volt.1ge transiento for lnduetive lOnda (XL = 60 ohms) at point 4.5 (225
miles) (figure a,b,e ) nnd 2.C. current trapsients for the same (figure d,e,f).

(a) 20v/em x5 and 0.1 sec/em.
at point 12-13 (6 miles)

(b) 20v/em x 5 and 0.1 sec/em.
at point 9-10 (120 miles)

(c) 20 v/em x 5 and 0.1 sec/em.
at point 5-6 (255 miles) and
beyond load point).

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

I

I
(e) 0.05v/em and 0.1 sec/em

at point 9-10 (120 miles)

(f) 0.05v/em and 0.1 sec/em.
at point 3-4 (200 miles).
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PLAn NO. 13

5.5 STUDY OF :;.HTCH ;NG ;jUHa,,:; ["Ull CAL\CITIVE LOADS.

1. Voltage Tran(;ienta for capucitive loads (e- 10 MFD) applied (A)
et point 11-12 (30 miles) (fi~. a, b) and (B) at point 9-10 (120 miles) (Fig.c,d) •

2. Current transie'ntG fo•.the al1lnewhen IIpplied at point (9-10) (fig.e. f).

(a) 20 v/em x 5 and 0.1 sec/em.
at point 12.13 (6 miles)

(c) 20V/cm x 5 and 0.1 sec/em
at point 12-13 (6 m~les).

(e) O.IV/em. and 0.1 sec/em.
at point 12-13(6 miles)

(b) 20 v/em x 5 and 0.1 see/cm.
at point 3-9 (170 miles).

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

(t)0.05 V/em and 0.1 ••e/oo
, at0po1nt 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 (30 miles) (figure a.b) and (B) at point 3-9
(170 miles) (fig.c,d) and (6) at point 4-5 (225 miles) (fig.e,f).

~~.. __ .~

(a) 20v/cm x 5 and 0.1 sec/cm.
at point 12-1) (6 miles) (b) 20 v/cm x 5 and 0.1 sec/c~.

at point 4-5 (225 miles) •
.'- .~

(e) 20V/cm x 5 and 0.1 sec/cm.
at point 12-13 ( 6 miles) (d) 20 v/cm X 5 and 0.1 sec/cm.

at point 4-5 (225 !!liles)•

••••••••• •~ml!llllil111••• lll IllllIIIIDI.
I~J~HI:IJJ!!!JI••• ~\~~.
Im!jj'I~!lli'i'~!H.ilM.Wffl••
IlIHllllfIWI ••• 'IDlIl1Il
fiiU••••••

(e) 20v/cm x 5 and 0.1 sce/ern.
at point 12-13 (6 milpr,)

~f) 20V/ern x 5 and 0.1 scc.fc~.
at point 3-4 (200 miles)

Nota: At point 3.9. the R-L load ic.~R = 60 oh.. v '0 h )~s. "L = 't O. illS

The distahce in miles within bracket is fro;;:the 132v sOurce.
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}'L,vrE NO. 15

5.6 SWITCHING TR..\NSIEIHG :"OR R-L LO;,nS.

1.D. Voltage Transients for Double R-L lo"ds eR = 60 ohms, XL= JIO ohms) at
point 3-9 (170 miles) fix~tl Md R-L IO:Hl (R = 80 ohms, XL= 60 ohms) at point
11-12 (30 miles) sv;itohe<1. <rig.n,b ,0). 211.Current 'fransientB for R-L londs
eR = 80 ohmB,XL = 60 ohms) ""plied at point 11-12 (30 milosO (fig,d,e ).

- .":"" ,

-~------ ~_.- - ---- _._- ..-

: .. ~.'

, ,.
"--'":'•..•:..:.-~ -- ~-",

(a) 20 V/em. x 5 and 0.1 sec/em.
at point 12-13 ( 6 miles).

I '
I
(c) 5V/em x5 and 0.1 sec/em.
at point 4-5 (225 miles)

(b) 20v/em x 5 and 0.1 Bee/em.
at point 10-11(90 miles).

(d) 0.05v/cm and 0.1 Bee/em.
at point 12-1316 miles)

(e) 0.05v/em. and 0.1 see./em
at point 10-11 (90 mUes).
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PLATE NO. 16

5.7 STUDY Oy ZHO:1T CIRCUIT TRANSIENTS.

1. Voltage Transients for short circuits.
(A) At point 11-12 (30 mil'n) (fip;urea,b) Hnd
(B) at point 9-10( 120 milen) (fip;ur"ec,d,e).

(a) 20V/em x 5 and 0.1 sec/em.
at point 12-12 ( 6 miles).

(b) 20V/em Z 5 and O.l;see./em.
at point 9-10 (20 miles).

(c) 20V/emx5 and 0~1 eee/em.
at point 12-13 (6 miles).

(d) 20Y/em x 5 and 0.1 eee/em.
at point 10-11(90a1l ••).

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



PL,\TE NO. 17

5.7 STUDY OF SHORT CI!ICUIT TJ~ANSIENTS

Ie. Voltage Transients for short circuit at point 11-5(225miles) •

(a) 20V/cm x 5 and 0.1 sec./cm
at point 12913 (6 miles)

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

f. ~---

"---- -_.

(c) 20V/cm x 5 and 0.1 sec/em.
at point 5-6 (255 miles).

Note: The distance is from 132V source at point 13-14.
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2. Current 'i'rallsientsfo,' ,_ueldensho1,t cireui.t (A) at point 11-12
(30 "'iles( fit;. n,b) an,! it,) t ~)oi.nt9-10(120 mil('sO (Fig.e,d)
& (C) :,t point 4-5 (225 "Uesl (fii~. e,fl.

•

(a) O.IV/em and 0.1 see./em.
at point 12-13 (6 miles).

(c) O.lV/em. and 0.1 sec/em.
at point 12-13 ( 6 miles) •

(e) O.05V/em and 0.1 sec/em
at point 12-13

(b) O-IV/em and 0.1 sec/em.
at point 9-10 (120 miles).

(d) 0.05 V/em and 0.1 sec/em.
at point 3-9 (170 miles).

(1) 0.05V/elll and 0.1 see/cm.
at point 3-9 (200 lIli1es).
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PHENOMENA--_._-_.-
For styding lightning surges and Qssociated resonance pheno-

men a a square pulse of LlaxiEl)jDalJplitude of 7V peak to peak having

. an input irJ.peda."'1ceof 60 ohus. was appli:::;d frofJ the square wave

generator. The variation of the vudth of the pulse was 82de as
.; . \ \required by the sytlmetrical sVJltch. The pulse repitation l"'[Lte W&8

varied from 20 pps to 60 pps. For these studies the 132V exciting

source at point 13-14 of the Analyzer was not energized. Instead

like the usual practice, was replaced by a 0.8 pf. R-L (R :::: 80 ohr.1s,

60 ohms.). load. ,

Only the voltage surges were observed on the'oscilloscope

screen and photographs taken by the oscilloscope-camera as was done

during switching surges. The lightning surges were observed for the

following three conditions.

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

simulated disturbance.

~di tion.::£:..132V sourde at point 13-14 replaced by a 0.8

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

Condition-3: 132V sour,.,ereplaced at point 13-14 by a 0.8

pf. load together v;ith another 0•.85 p.:f.(R=lOO ohms, ~ = 60 OhL1S)

load.at,point 3-9.

For studying resonance phen~mena, the oscillogr~" at 13-14

for no load condition was recorded when square pulse was applied

at point 9-10. Then the repitation rate of the input pulse at point

9-10 was gradually increased in steps ~rom 60 pps upto 500 pps,and

simultane-ously the oscillograms at point .13_14were recorded.
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5.8 s'rUJY OF LIGH'rHIIFj JUHG.',,:,I"Uii l;IS'rU:~B,~N,:i.\1'

1.A. Input (volt'1ge ) pul'-,t.:,~ ( ?'] re:ll-i.. to penk

1.3 Cutout (volt,.) pulGuG ,t faint 11-12 ( 90
(fi;,"Jre" c,d,e)

!OINT 9-10.
and 60 pps) (figure a,b)
miles from the disturb,mce )

(a) 2V/cm and 2 m sec/ em
input pulse before injection

(cl 2v/cm and 5 m sec/cm
input pulse at point 1~-12
for condition 1 ( no-load)

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

(d) 2v/cm and 5 m sec/cm output
pulse at point 11-12 for condition
2 (132v source at 13-14 replaced by
0.8 p.r-load) •

•

I
(e) 2v/cm and 5 m
for condition-3 (

sec/em. output pulse at
condit ion 2 and 0.85 f 1

p. • 01;19 ,'" ~~ T
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5.8. ;;'ruDY OF LTGH7:HNG ;W1G '!; FOR DISTURBANCE AT POINT 9-10.

L:. Output volt '¥:e (;'1, ,r"" at the far end of section 8 (205 miles
fron: the diGtu;:'b.,.:nce).

- "h \,
,p ,\~

, " J

(a) 2v/cm and 5 m sec/em.
output pulses for condition-I
( no load)

(b) 2V/cm and 5 m sec/em output pulses for condition
-2 ( 132v source repleed by 0.8 ptf load) •

(c) 2V/crn and 5 m sec/em output
pulses for eondition-3 (condition 2
_oJ r. at::"



2. (B) Cutput vol t I:e our-v, :'; "l point 1'1-111 (180 mil",; from the di8turb".ncf)
(fi;;.c,d) tend Cd ,"tt ,lit v' It,p "U 'r;:,', ['oint 1+-5 (G',i :ni1"6 fro," dis-
turbance ) Cfio;ure ",fl.

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

------,-- --------

(b) 2v/cm and 5 m sec/em
pulse after injection at

input
point 1-2.

(c) 2v/em and 5 m sec/cm.
output pulse at 1~-14 fer
eondition-l (no lO'd).

(e) 2v/em and 5 m sec/em out-
put pulse at i'oint 4-5 for

'(d) 2v/em and 5 m sec/em output pulse
at 13-14 for eondition-2.

(f) 2v/em and 5 m sec/em output
pulse at point 4-0; fQr ',\n"l,(litin" ~
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5.10 STUDY OF LIGHTNING SU"GES FOR DISTURB:\.NC;:; AT FOINT 12-13.

1.A. Input pulses ( 7v pP, 20 pps input impedance 60 ohms,) (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/em.
input pulse before injection.

(c) 2v/em and 5 m sec/em.
surges fOr eondition_l

(b) 2 v/em and 5 m sec/em. input
pulse after injection at point 12-1~.

(d) 2v/em and 5 m sec/em sur~~a :~r
condition-2.

•

(el 2 v/etl and 5 m sec/em.
output Gurges for eonrlition_3 ••



PLATE NO. 23.

5.11 STUDY OF LIGHTNING SURG~S FOR DISTURBANCES AT FOINTS 3-4 & 12-13.

..

2.C. Voltage surges at point
at point 3.4(fig.a,b,e).
2.D. Voltage surges at point
12-13 ) (fig.d,e,!).'

8 (far end) ( 120 miles from the disturbon~~

13-14 ( 6 miles from the disturbance r,t l.oif.~

•

(a) 2v/em and 5 m sec/em.
voltage surges for eondition-l

(b) 2v/em and 5 m sec/em.
voltage surges for eondition-2 •

(c) 2v/em and 5 m sec/em
voltage surges far eondition-3.

(d) 2v/em and 5 III sec/em. volt~~~
surges for condition 1 •

(e) 2v/em and 5 m sec/em
voltage surges for condti~n-2.

(f) 2v/em and5msee/ea
voltage surges for contjtl-:.1'l-~.



PLATE NO•. 24.

'5.11. STUDY OF LIGHTNINGSUliGES-FORDISTU'dBANCE AT POINT 3-4.
. '.

1.A. Input pulses(7 v Pp.,20'pps, input impedance 60 ohms.). (Fig. a,b).
2. B. Voltage surges at point 11-12 (115 miles from the disturbance)(fig.c.~-~)

1
j
I

I
I
I
[

I.. ,

-j

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

-~--_. ---_._.- :
r
I

I
[

I
I
I

(c) 2 v/cm and 5 m sec/cm.
voltage surges for condition-l

(b) 2v/cm and 5 m sec/cm.
input pulse after injection at
peint 3-4.

(d) 2vtcm and,5 m sec/c:.
Voltage surges for condi tiOT.-::; •.

•

(e) 2v/cm and 5 m sec/cm.
Voltage Gurges for conditio,,":';'

I.' "i,
f" "j"'

r
\ . ".. , I
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PLATE NO. 2'5

5-12 S'ftJDY OF RESONAlfCE PHENex-IENA AT POINT 13-14 FOR DISTURBANCE AT J'OINT 9:'10
FOR NO LOAD CONDITION.

/

•

(a) 2v/t:Il jaQ 5:. sec/em.
Output surges at point 13-14
for no load condition. (Input
20 PPII.)

(e) 2 v/cm and ~ m sec/em.
Output surge (input 280 pps)
(amplitude increased)

(e) 2v/cm and 5 m sec/em •
Output sUr~ (amplitude decrp0E"d)
(Input 400 pps).

(b) 2v/em and 5 m sec/em.
Output surges (input2QO pps)

(b) 2v/em and 5 ~ sec/e~
outpu t sur ge (max. c.mplitu,je,

(fQr input 320 pps.)(near re~cnar.c~

(r) 2v/cr.!"nel 5 ([ L',cf<:I:J.
Output surge (fu--ther dec.:'"!,;,P;'~'1,.
(Input 500 pps).

Note: IN all the cases input a1nI,li tcr"l.e 7 v rr f: in T"J+. im.}'€-dance 6~ or.::"_:.
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CHAPTER- 6

AN,U,YSIS OF RESULTS
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Al'lf!#7,sIS-..9.F NO_LOX~ (STE"DY ST:'"TE) VQLT.',G.E AND CUnRENT:
/> ...•i.u),

The no load (open circuit) volta~e xld the charging curLent
.~r-~ ", ,'.

. "

for the. systen are shown in Table,:,'6(PD:I':€!-63).The tabulated re.l3ult

shoVls that the voltages at different sections of the systen increi's~s

with increc,sing distance from the source, although the exciting

voltace is kept constant at 132V. For example at point 3-9 at a

distance of about l,?CI,.,milesthe voltase rises to 205V and at the

point 8(far end) at a"~istance of 325 niles this value is about

230V•.
.,~ ',' ," ..' - =,

. (: '.:-
The maxinum charging current of 0.42 ,Wlp. is obtained at-, -",

point 12-13 only 6 ~iles fro: the source. Thereby the current con-

tinues to decrease"'~nd becomes negligib':l.e at points near the end.

a? the system. Far eXCllnpleat point 9-10, ..1.20 ii~les4way, this value

is 0.30 Amp. an<J.at :ii;:;i~j;3~4, 200 miles fror.l the sGurce, is only

0.20 Amp. At point 5-6, at a distance of 255 Diles,the chExging

current is almost negligible.
,: !

The rise of no 10",d v,oltage and the decay of charging current

with distances is shown graphically in plate no.29 (Pe.ge- 85,).._
.',,'.

:.: ( -','

•

The rise in voltage 'i'Il.can.open circuited lin'e wi,th distn~ce
., ;~. \

is due 'to "Ferromti Effect". Fe'rranti noted that on a long line

which is ~ightly loaded or is at no load condition, the receiving -

end volt.age i's greater than the sending-end voltace. Let Us consider

a single phase unloaded line. The current is due to the capacitance

of the lines and is given by

I = jwolE ,s

w=314 rodians / sec.

and 01= line "capacitance.
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The voltage drop is
? ,2jwL1I = - w~cl E s,

o.nd SO that the receiving end voltage is

E + w~Cl 2E = E (1+w2Lci 2).
s s s.

• 86•

JTbr the 132KV EU$tern grid; of Bahgl[:..desh Power Network we

h<J.vel tin average, ,
L= 1,95 mh/mile ~nd d",01145 mF/nilo;

The distance of Sylhet zone from the sendinG station Kaptai is

325 miles. If we assune that only the K&ptai hydro syster,lsends

power to the farthest end of line of Sylhet zone, than the nolo&d

voltac;e rise due to Ferrb.nti effect is cslcula',ed as follovls:

= W~d12E s
= (314)2x 1.95

•

which mesns Shahgibazar- Silhet Zone of the grid will hnve

132KV + 3,8.5 KV = 170.5 KV.

However the c'orrespond:ing rise in no load. vol tage E~S obtained

from the curve of p~ge 85 is higher than this value. This is because
the aotual system is not evenly distributed ana has a nunber of

cables over river crossing increasing the systei.-:, capaci tancE-s_.

The rise in voltage for a lightly loaued or unloaded systen

is very dangerous for the systen, bcc~use it creQtes severe stress
on the system ro1d appar~tus insu12tionp levels. Thus it is expected
that the grid net work should be always adequately and evenly loaded,

as far as possible to minimize the ~erranti effects-voltage rise •
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The system was initially in the unloaded condition. The resis-

tive load (R= 80 ohms) was suddenly app~ied at an instant correspon-

ding to point X on the oscillogram and again quicklY disconnected

atatJ.instant corresponding to point Y on the oscillogrW;l.

Let Us consider the case when the load was applied at point

11-12, only 30 miles away ,from the 132V source. Thc corresponding

voltage transients at points 12.13 (6 miles away), at point 10-11

(90 miles away) and at point 3-4 (200 miles away from the source) are

shown in oscillogrw~s-a,b and c of plate no.7(page 64).

A close observation of these oscillogrwlls reveals that as Vie

move away from the source, the Dolo ad voltage incre~ses mere and

more because of the charging current (Ferranti effect). From the

oscillogram-a it is observed that the noload voltage drops (point X)

as soon as the load is applied nt. :"nd then continues to decrease

slightly and within about 0.2 sec. reachas steR,dy value. lcgain when

the load was suddenly removed , the voltaz,e instantaneously doubled

(point y) and continued to rise and within 0.3 sec. reached the st-

eady no load value. Oscillograms-b and c sho'l!ed the same characte-

ristics. In these cases although the no load voltage values were

much higher, the load voltages were equvJ. to or even less than that

of oscillograW-a.

From these, it can be concluded that beyond the lo",di "the

system voltage remains more 0:1:' ],ess constant, but the no'load vol-
,:'

tage continues to increase as the distance from the source:s increq-

ses, because of Fe-rr'anti Effect. as disQussed earlier •

If the oscillogr:ams-d,e,f of plc.te no.7 e.nd"o'scillograms-a, b

c of plate no.8 were compared with the oscillograms-a, '0, c of plate~
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. "

No.7, a pGint of interest is as follows: ~hen the load waS applied

at a remote point froQ the source, durinb the switching on or off,

the transition period decreases, that is the voltage quickly (by

less than 0.1 sec) reached the stoady value. Further the magnitwle of

the steady load voltage was gr8e,tl~{ reduced, as the distance fron the

source as well as load increased.

For current transients consider the photographs ...a~"J,c,d a:ti.d

e of plote no.9. (Page 66). Oscillograms-&,b and d show that after

awitching- lim the load .the current inst81l taneously Dare tha:l double EO

and then the ped~ settles to a slightly le,ss value within very short

period (about 0.1 sec). During the switching-off condition, the

current instantaneously falls to a value less than the noload chex-

gi~g current and then graduall;.y risr.':s to the Doload chargi:'1g valu;:~

Let Us now consider the c,u"es~b Qnd'd' of plate no.9. These

oscillograms show the curre-nt -\IF},ves shapes beyond the lO8.d point and

are very f8r ~way froB the sonrce. Here durin7, switching-on, thE

load '" current unlike the eases-a, c, d ins.~cad of rising instanta;'",

•

neously falls to a v,~lue much below the r,o-loed charging condition;

On the other hand dur'ing the switching off, the condition reaches

:\>heno load steady valUe by 0.2 to 0.5 sec. which indicates a corres-

ponding ,'. _ longer transition pel-iod.

phenomena. Here the load is very far away (225 miles) from the sourC3

but current is o-bserved onl.y 6 milE:S . a;r.w..;I froI.. the BOUT ce e,t point

12-13. The ~urrent dur'inc; the switching on condition jucII's to very

high peak value for oner ••r two cycles only ~nd then falls to value

less than naloa.d, charging, curl'ant. end then graduall;,>: (by about 0.3

sec.) takes t',le steady no load value. Durine; the switchint;-o'ff' con-
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condi tion again there is a jump .but this time, the transition

period is less than the pc'evious caBe (only 0.2: se,.) ,.rhe current

as observed at a distance of 200 miles froLl the source 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 second) and finally settles to a ste.O.dyvalue higher than

the nolo ad condition.

A ClOreinterGsting fact is revG"led by oscillogroL',-f of

plate no.8. '£he point of obsGrvation here is the loe.d point, and

during s'v1itehing on conditio.n the current illstantallGOuBly bec:J8Bs

zero and goes out of track and a~ainduring switchiui-off aluost

instantaneous13r re:.:._ches the steady value.

Flote no.l0 (Pag~ no.67) illustrates that the position

of th'l load plc.~'s an inportant role in de'::"rLlining the steady ,st,/;c

value of v(,lta;;e at different poin'ts as well as the thlG required to

reach this steady value.

tti'"\nstsnce compare the figur" 03-band e, both ,:;ive th"

voltage oct point 9-10, but bocausG of posit).on of load, in figure-b

the stead:)" load value is appreciable and tokes about 0.25 sec. to

reach the steady value while in Fi5.-e the steady value is ncgligi-
bIc. In t'Jth the cases during switching-out the voltage rises sharply.

In 1st cc.1.,3e the load is 90 li'iles away where-slJ':~ in the second caf38 t~'1;;.;

load point coi.ncides with th~ point of observation.

For' current traosi."3nts piEtte no.ll shows tl1at for points

viithin .the lo~(j after switchi,}:t,-:-.in, the current alID,ost doubles ins-
'to -

tantaneo'.lsly ,.'lld reaches!a stoady value by 0.2 to 0.3 seconds rrhich

is only l51ightl.y lese than thE' steady value whilo during switching-

. .'
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out c-onditiun it yer:y quickly rises to the; steady no load value.

For points near the l~ad or beyond load, the no load char~inb cUrl"-'

ent itself is of small value and during switching, instead of incr-

easing sharply falls to a value which is alJoiOstnegligible and du-

ring switching out very quickly ( by about 0.1-0.2 sec) reaches the

no load steady value;

6.4. AN,U,YS!S OF SWITCHING TR:J'lSIENTS FOR Q.JiJ'liCITIVE I.Q.£ill.S..:.

Plate no.13 (P.age no.70) shows an interesting result. Unlike

resistive and inductive loads here during switch-in, the voltage

inste,ntaneously rises to a high Value and gradually settles to a

more higher value and .during switch-aut condition it gradually

returns to the steady no load v31ue but without any sudden jump.

The current transients unlike resiltive and inductive; loads

rises at all points whether the point in question is within Or

beyond the loatl point. Here also the currents during switching-in

quickly rises to a high value and instead of de ;reasing liiw resis-

tive Or indUctive 10ntls gradually increases slightly and settles

to a steady valUe. But during switching-out it shows both types of

behaviour f instc1ntaneou61y reaching to lovier value, then arrl.ving

to the nO-load charging valUe either by decreasing or increasing

slightly.

6.5. AN;~YSIF OF SWITCHI~G TRf~SIENTS FOR R-L LOADS:

The voltage transients for R-L loads as shown in plate no.

14,(Page No.7l), .closely resembles that for individual resistive

and inductive loads. One important feature hore is that when the

load is applted to a far point ( roference F~g. d and f of plate

No~14) from the source, the voltages. during svritch-in and switch-

. .'
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out 1'.bruptly- changes and conies to a steady value passing throu[;h

a very short (less than 0.1 sec) trMsicnt period. But fOe' a load

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

tion instantaneously 10Viers £,susual and then settlos to a further
sec,.

lower value after 0.2 ,;. 0.3/ During switching-out the voltage sh&-

rr)ly rises and then gradually reaches to a hicher ste"dy v"lue.

(referc~ce Fig.a,b).

An interesting feature of this R-L voltac;o transients is that

depending upon the position of the load an~ the point of r8cord,

there may not be any appreciable differ.ence between no-loo.d vol tnge

and lo.ad voltage i.e. the systen reunins CB if it haB not been dis-

turbed -(reference Fig. C of plate no. 14).

For two R-L loads i,. e. when one R-IJ load is si;\fi tchcd-in or

switched -out keeping a .second ":R-L load connected to the systel:."l at

sOlle other points (Fig.a,b,-c of pl,o,te nc.15), then the change in

the voltage conditions of the system is very sm"ll.

The current transients as GhOV,'E in figod,e of plate no.15

shows a tre:.nsient of the same nature as those for resistive and

inductive l03ds. For the cQse-d , in which thG current is observed

at point near the source and vJith:Ln loads points, there is a pro-

,nounced and very sharp rise (Poi.nt x) for switchi.ng -i.n condition

It then gradually decreases settling to a high rfceady value. Agaj.n

during switohing-out condition (point Y of Fi[( ... d), the current

instantaneously falls to a value lo-"or than no 2.oad vaJ.ue and there-

by continues to rise to reCtch the steady no 10[",1value.

In Fig. e (point x) of plate no.15 it ie' seen that during the

switching_in condition, ."heI'e the clll"rent i,. ol,served at a point

. ..



beyond the lond point, the current instead of rising, sharply

92.

fall,s

. ,.

and then continues to decrease for about 0.2 soc. till tt reaches

a very low steady value, Here during switching-out condition it

quickly rises but takes a much longer period (0.3 to 0.1+ soc) to

reach the steady value.

6.6. ANALYSIS OF SWI'TCHING TE;!NSIEHT S FOR SHORT CIRCUI'.c'---- -------------------
CONDI 1'1 ON:

Consider figures-a,c and d of plate 16(par;e no.?3). In all

•

these cases the voltage transients nre within the source ~1d the
short circuited point. Figure-a,c shows that although the :lo-loCed

voltage for both of them are almest equal, during and after s,utcn-

ing-in condi tien, the load voltage differs considerably. In this

case of Fig._a, the short cirr.uited point is only 24 miles away and

in tho case of ~"igure -C the short circuited point is 121, ;'1iles

away, hence in the latter case the lond voltage is only slightly

less than the no load voltage. In figure -a during switchi"g-in

the voltage instantaneously falls to almost half and then within

0.2 sec. reaches to tho steady value.At poL1t Y, during switching-

out, it suddenly rises and continues to rise; upward till attains

tho normal nolO'.3dvalue.

Figures -b and e show, the voltage oscillograll',s at; poi!1ts

beyond the Liad point. Here during switchi.ng- in condition (Point X),

the voltage quickly falls to a;ero withou'; passing through any tran-
after

sition perLod. But Juring sw1tching-out .,ondition./ sudde'1 olea-

ranco of tile fault (point Y) voltage st,Olrply rise", to a>-Lap;Jreciable

value and t;hen gradually reaches the Fornal value by about 0.2 S8-

cond •
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The current :t:ra.nsients o.s shown in :8'ig.a,b,c,d,o,:: of plL~t0

no.18 (Page no.75) reve31.s some ;..nterostinG points. All tile threu

oscillogram",-o.,c,e) show the current transients Gl.t point 1?..,.;1_)~0n17

6 mil(~s frOf.:.l the source. But becdur:-;e c.f different distanc,~s of ttl:.;-

short circuited poi~ts, they a~e different.

In oscillograL\-e. where the fault point is only 26 miles

away the value jumps to 4 to 5 times (point x) during swi;ching

in condition and witb:;_n very short tine(O.l scc .• ) rGD.ches to a

steady value which is about. 3 times the normDl va].ue. Oscillof;rf.x:>-

b ShOWB a similar :f"t.onomenabut as the distanco here is a")Dut 115

8iles from the fo.~l~it candi tion, the L1D.gnitude jJ;j gr,;:Cltly lecreased

(about 2 tir.1e s ) aB compared r::i. th 08ci1108'1' am-a. In osci'Llot3'rBrl-(- 'j

in whiCh case the fault point is ebOi.'Lt 220 niles &.vvay, d'.1rinC

svvitching-in G')ndition, th8 cu:;:--re!,:L,tdecr~ases instead of .Lncr~.:-~se•.

The oscillograrns-b,d,a:t;ld f, show a bGhaviou.r opposite tel

thosa of a,b~lci because of the cllC?,ngein position of the rocorded

oscillc,._;l~ans. Oscillogrfllns -,b aJ1cl d aro taken fer points beyond

the fat:.lt, hence heTo during sV\i'iteh-in cOllrli,tion, the currents

sharp}}' takes zero value;

•
The oscillograw-f Cdmpi.:.red with the oHcillogram-e, shov\i"S

Em oppO'si te behaviour., Here il.l:f'tead of' deCI'GE.cC', the c'urren t in-

Cr{~a60S ufter- short circuit s, p,l though this paint of observat]_on

if> beyond the sbort circuited JJuint •

• .0
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Oscillogrccc1s-a and b of plote nC'.19 (Page no.77) show the

input pulf38s. In Figure I b' it is observed th::"t after injection to

the system, the front side of the inY:Jut pulse is dipped down. 1:[1he

vol LlgC surges ot point 11,.12 "t different loads 3re shovll in Figu-

rGs-c,d,o.nd G. The dipping of the input pulse is due to the. mi.s-

[latch of the system impedance with those of the input ':pu:i,~".

Several significant points of interest are brought out in

•

• .0

•

oscillogram-C. There is a pronounced voltage dip after tho 1st crest

and then the voltage again roaches a 2nd peo...."k.value which is equal

to the 1st peak. 'rhe 2nd trough is not so pror.ounc ed as Is'; one,

again there is a 3rd peak whose magnitudp is slightly greater than

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

.of appreciable i:ilagnitude while ,the 3rd one is negligible. Another

import~nt point is that the peak to peme voltage rises to 9V frou

6v i. e. rises by about 50%. The surge magnitudes and the o.3cilla-

tion frequenoy are shown in Table-7(Page no. - 31 ).
Oscillogr~1-d reveals that durins load condition the surge

greatly redUces in m",gnitude from 6v to 4.5V yoak to peak,., Here

only one crest and one trough appears on the surge. For t~o loads

connectod vlith the system, the amplitude of the pulsc,s fur;i1er

reduces although a sha.rp defined one crest lln<d!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 f~om tho disturbance at point

9-10. Here (Oscillogr~ll-a) during no load ~e surge rises to llV

peak to peo.k (ab01\t 80% increasedJ' and.c'has l>nly one trough 1l11d is
."

less pronounced thvn the crest. Oscil~ogr~l~b indicates that
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..although 1st crest is more pronounced than oscillogr"m-a, out sub-

sequently the surge greatly reduces, and becomes only 3 to 4 volt,

For two loads connected to the system the 1st crest is woll

defined and there is a minor 2nd crest, but the over all amplitude

of the surge further reduces,.(beyor.18s less than 3V, although the

input. pulse, is about 7V,.).

Plate no.21 indicates for disturbance accuring at point

1-2, the surges at a point 13-1/+ (180 mile.s away)and at point 4-5

(65 Diles away from tho disturbance). These oscillograms reveal

same features as .those of oscillograms of p1.3te no.20 •.{ith .tbe -

exception that the ,input surge impedance at point 1-2,matches with

the system impedance, so that the input pulse remain un-affected

~fter injection at point 1-2.

The oscillograms of plat" no,22,. 23 and 24 illustrate the

input pulses and the corresponding surge voltnges ahd their nature

of oscillations for disturbances beiiig inj ected at point 12-13 "hd

point 3-4.Thb important difference of these surge osc:Lllograms

with those of plate no.1Si•. 20 'J.nd 21 is that becaUse of the de"

crease in .. input pulSe rep:l.tation rate from 60 pps to 20 PPSI only

one cycle of the pulse appe"rs on the screeh. The over all nature

of surge propagation is sallie in both the cases, But these oscillo-

. .'

grElllls, al'e more distinct and hence are

nature.

more informative in

•

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 frequency of oscillations

of these surges as they propagates along the swstem al'e sho~n in
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ANALYSIS OF SURGE PROPAGAT~: VOLT:,GE PEAKS f,ND FREQUEN~

OF OSCILklTIONS

The magnitude of the surge poak as it propagatos along tho

transmission lines for injection of pulses at didiferent points arG

measured from the oseillograms anu shovn in Table-7. The input pulse

of 6.8v peak was 1st applied at point 12-13 and the surgo ~oltagoc

peaks were recorded at varying distcillcosfrom the point of dis~ur-

bances. The surges were observed 1st for the noload condition of tho

systeo and then repeated when the system was loaded.

Next the input pulses waS applied at points (3-4) and (9-10)

located some whore near the middle of the transmission systems. The

output surge voltage peak was noted as t~e disturbance was progre-

ssing in both the directions.

The tabulated results, were plotted as the'surge voltage Vs.•

distanceicurves • The curV8S of plate no. 27(Page No.98) repr'.esent

the system at nolo ad and those of plate no.28 (Page no.99) when the

system is loade4.

All the curves of plate no.27 reveal that the surge peak

increases with the increase of distance ~len th~ system is unloaded
~--------

(i.e. no load is connected to the system.) Curves 2 and 3 of plate
"" __ ..",. -e.- ---,-~ _

ho.2? show an interesting behaviour of the system. When tLe surge

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

fferent paths with great change in their I'eak values. This results
~_.-~---" - -.~~------

because when the surge reaches a junction point the circuit Para-

meter as well as the surge impedances are also changed. This crea-
----._ ..

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

.tted and reflected back.
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The curves of plate no.28 shows the surge propagation

characteristics when the system is loaded. These curves are COD-

plex and the nature of propagation of the surge as the distance

incre2ses are still more complex. Because the nature and position

of the load greatly influences the magnitude of the surges and the

ar,lOuntof transI:lissionas well.' In the loaded systelClthere is a

marked difference in the nature of the surge propagation "t a junc-

tion point.

A comparison of the noload curves of plnte no.27 t~th the

load curves of plate no.28 clearly manifests the more complicated

nature of the propagating surges for loaded system to those of the

unloaded systems. The behaviour and the rate of decrease of the

surge peaks for both the l~aded and unload system can be easily

explained by travelling waves theory however ~hnt is beyond the

scope of the present work.

SURGE OSCILLATION FREI'lUENCIESMEASUREL''lENT:

For easy visualization of the nature of oscillations of the

surges, the frequencies of the surges were measured fran the osci~

llograms and is recorded in Table-8. The table shows that for dis-

tur~nnces at point-(12_13) at,one end of the system, the frequen~
•

cies of oscillations are 130 to 145 cps, for nolo ad condition, '

When a load is applied at point ~3~14, only 6 niles awaY,the frc-
qUencies of oscillntion remain almost unaffected. Next when the

disturbance was applied at point 3-4 the oscillation frequencies

increases and lies in the range 290 to 325 cps and for lORded con-

dition the surge voltage has no appreciable oscil12tions. Yet ano-

ther disturbance at point 9-10, somewhere at middle position of the
of

system was applied with input pulse repitation rate/60 pps.instead

•



225
325 I
~:--I,'.
225
325 I
130 -

~-:J

1.01

IiGt an~-;:r-
lo['.,d from
tho noint <11
monG~r Gillen t
("ilc,s)

•

200
200

-----'
286

TABLE .. 8
,

";:,;J:<J -U ._. .--No. Input Pi~. -of pulses rcpi~,-
fW9 1~_obs- injoc- tati-

er- ted at OE I~~",I,-,'\re- points rate dl"ti- pps) , poin'~s
Oil L.___.-----
1 12-13 ;:'u : _.~#).~JJ:.

i! 12-13 20 11"12
.3 12-13 20 9..10
4 , '12;';13 20 1..;;

5 : 12-13 i!o 4.5,
6 12-13 20 (8 fal-'

- ~- .__ .

1 3-4 20 3-9

" 3-/+ 20 11..12
3 3-4 20 13-1/~
4 3-4 20 4":5
5 3-4 20 (8 far
6 )-4 20 1..2

~.

1 9-10 - 60 3-9
2 , 9....10 60 4-5
) 9-10 60 ~8 f,.'il.

.4 , 9-10 60 11-12 I
•

! -

5 9-10 60 13-111
: !

-- .._-'-

•
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~SONANCE PHENOMENA.

Pulse with varying repitation rate injected at point

9-10 and observed at point (13-14) for no load condition of

the system. b .'1,1/ P~(~~) ~~

102

.. . .'

.;, .

~
No.of Pulse Surge Remarks

\observation repit,stion .ampli tude
rate Ipps • \ .

- . ..- .. "-._-_._._-- I_._-----_.

1 20 6.8 lunplitude

incre;:;1.ses.

2 2r,O 8,2

3 280 11,4

4 320 12.3 r080nanc e

5 400 '11.5 amp1i tude
decreases

6 500 10.0
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of 20 unlike the previous cases. These oscillation frequencies
are almost similar to the case roor disturbance at point 3-4 having

input pulse repitation rate cf 20.

6.9. ~ALYSIS OF RESONANCE PHE.~~~

Oscillograr;t-a of plate no.25 (Page 1~6.83) shovTs the oscilla-

tions occur:i:ngat point 13-14 at nolo ad condition wheil the distur-

bance occurs at point 9-10 having a repitation rate of 20 pps and

? volts peak value. The point is about 120 miles away froQ the dis-

turbance point. The repitation rate was then increased iri st.eps anc'

the corresponding output pulses at point 13-14 recorded, and is

shown in Table-9~

It i.sobserved that the highest amplitude occurs at about

320 pps (refere'nce Fig.d of plate no.25). and. the 'amplitude docreases

for both higher and lower r"pitation rates (figure b,c,e and f 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.CPage no.10l).

In this case the system frequency is 50 HZ and thus 320 HZ

is near the 7th harmonicsof the fundamental frequency. From this

result thus it may be concluded that at point 13-14, the syste,,,,
natural frequency consisting of system capacitances and inductances

is nearly equal to the 7th harmonics.

Finally we can conclude that as a transmission system posse~

sses resistances, inductances and capacitances; a near resonance

or partial resonanoe oondition 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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CONCLUSION:
l04

(';rr
'. "', ,) f:;.'C:/")' 7 ,_ •

Fnm the studtzRt};~e sw~tchi!J.?GJ,~;to.ge' surgqs f()r (~e,?isti Ve.

andirl41t"ti ve loads an,d short ci~'i!\'!j,-t,.)c"n'rRi?:i.:bng;it, )'IR'-S6bserved
r. . •. ,', .,2.":'"'' .c; (

that the mdst severe cases '~'~~Jf8"i'16!!'tr<e ~:~le'iidnditions. Theope~
:;", !,-c) "

-, " ,~~',:i i':: '"
rating voltage drops considerably for svdtching ~on of heavY loads

",'

from the light-load and nolo ad conditions. On the other hand sudden. . < . -, ""o"'.(.):'(:;J> ".

-'ff

in 2.

of
durations/oscillations

ope:t:at:i:cins.of .h!oa;l'y,loads,' a sharp voltage rise occur 8.
~' '. - ~r.<Fr ..'!,.",.; .' .

curr~!,~::>.rans;li,!j~.,Jor fault'io~nditions only are in-

, ""'""rt~\:;;9"q;",.
.t'J' i ,_-~

The swi t'cHi:'ing

switching off

portant.

system for lightning,discha{.'g&'!:is more ,pronounced for a lie;ht-l6aocC

system.

and its

the nagnitude of the surg~
('-,

ver:tirapidly as it progr0ss
.; .1-

on both sides from the disturbance point.

Only the 5th and 7th harmonic oscillations of the fund~,en-

tal fre-quency are important. for rC'sonance over voltages. T4.ese may

ari's~Y from the distorte'cl' 'volto.ge wave shapes because of transforriler

satur,\ition, or the non s:{noaoidal wave forms of the alternator s.

FUTUREBESEARCH AREA:
The transient studies of a power system is of great impor-

tance , for with s"~tching processes and lightning discharges pe-

culiar phenomena appears Vlhich greatly"Olisturbs the the regular

operation of the system. Thus it was felt that a study of the tran-,

sient phenomenon of the existing power net work of Bangladesh wo~ld

be of value. With this view a Transient Analyzer was designed CillO.

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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inform~tion regarding sw'ibhing and lightning surges obtained •

i:lciwev~r:i.f>,:i,-s' sugr';es:ted that furth,er research work in this field
- ' I '

is to be undertaken for itlprbvcd ahd reliable ':opero.tion of the
. .

system, Scme of them are:

(1) Study Of the transient recovery voltage dharacteristics

of 6irouit Breakers. The actie:1 of a circuit brea1~llr may PI! 8iou-

lated by arranging various recurring synchronGus switch~s.

Q2) Study of ferroresonance phenomena due to transformer satu-

ration aT\d its llffect on th.e system performano&'. A si'ng1e phase 1:1

turn ratio tr~sformers h8ving special saturation charaoteristics

may b~~'utiliz0d to simulate those of 1arg~.power transformers.", '
, 'f"

'rf.

~3) Study of lightti~~garrestor s"~tching surge performan~~.

This mny be done by pr6viding min.i'ature tyrite arr'e:l>.ters f.Q,t; sir.IU"
!.' •.

lating arrester of almost any vol,tage ratiAg~

(4) Digital Computer Progrwcme simulation for transient stu-

dies and

(5) Co-ordin"ted use of Transient i\rlalyzcr and Digital Conputor

for simulatinG conplex sWitching rolU lightning surgcs.

"."',';
',. 'I'

"'/'

-'--."

.:-.-

, .,
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VICE VJlS,~.~~-~..,_.~ .. ---, ...~~ •

Voltar;e, current, KV.,':e and Impedance in B. circuit are

often expressed as a percent or p8r unit of a selected base or

f&f~ience value of each of these quantities. For iilst~nce if a

base voltage of 120 KVis chosen, volta':',.:s of 108, 120 and.126 LV

become 0.90, 1.00 and 1.05 per unit or 90,100 an~ 105 pe~c~t(~)

respectively.

The per unit v21ue of any quantity is defined as the

ratio of the quantity to its base v21ue expressed 28 a decimal .•

The ratio 'in percent is 100 times the value in ,per Ul1it.

Voltage, current, KVa and IrJpedances are so related

that selection of base values for ,an3T" t~o of the~_l determines the

base values of the remaining two. Usually base leVa and base volta3'8

in KV Sloe the quanti ties selected to specify the base.

For single phase system or three phEse systel'lls where the

term current refers to line current, the tern volta3e refers ~o

voltaze to neutral and the term KVa refers to leVa per phase, the

follo'IJving fornulas rel,s.te the various quantities.

Base current in ;~peres

Base Impedance in ohms _(~8;~~_V:o.l!_ac(ie:i:~,r;:vL~ ~._

Base EVa

•

Base Pow'er in K~V== Base KVa

Base Po"er in 11\JJ = Base !1Va

Per Unit (p.u.) Imped~nce Q~ a circuit element

= Actu~~~.J:W.P.~~0..~~~~~__~i1.._0}~LJ~.~,.

Base impedance in ObliS.

, ,



•
•

1'.•
~J.. ..

. ."

•
• •

Since three phase cit-cuits 'Care solved as a: single :ine with

a neutr&l return't the bases for quantities in the irllpe.de.nce dia-
, . " ,..

gram are KVa per phase and KV.;\'~'.()m!,liLettl R.eu'tr\ll•• I;lut data are

usudly give!) as total three phas~ K.V•• or TWa and tir.:.(\C;' line leV•
. -,:~:";>

ANDlOOVf.FilOHP. U. \I':;LlJ::i;S.'eT 132 leV ;.;N~)lOp. !'IVA'B1.S=:.

Base ~ped~nce 7~ = (be.se KV)?/.Base nya ohms.

T'
Physical o-hms'"p.u. values X system base ohms.'

Physical mhos = p.u. mhosO~ systG8 baQe ohos (Yb) = _ ••••••••••_4~ --

base Zb

Physical resistance R in ohms. = p.u. value xJ.7.~;'.O,

.:, .R!...~_::,:.,,-lues2.174.0 x__103
Ph~sical inductance L in mh =

314
" 6

Physical .capaci tance 0 in mF = .J2't1...-!~os x ~_ ...:-
174,0 X 314

Zr.r = (0.0112 + jO.0437) x 174 = 1.9488 + J7.6038 ~

R = L95Jt,
w

= 24.2 mho

jO.004:i
biz = --------174 = j 2.816 x 10-5 mho

pye section units.

In the similar way pc::..rameter'values, were calculated for all the

0;067
.mF~

106 mF
2.816 x 10-5 x 106 = 0,09 mF.x = --'314--'-

Section:
jO,0362) x 174 = 1,452 + j 6,3 •.7-

VI = 6,3/'y'i4 = 20.~ mh ",":

". .-'5 I 2.105 x
= J 2.).05 x 1015" 0 2= -."'314

. c. t:;. ~ j , ; "

b/2

1.45.[ •., L = ~I

= jO.00366 1174

0/2 '"

b/2

VI
2. Ullon- Siddirganj

Zrr = (0,00835 :..

R =
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APPENDIX-'B

MEASUREM~;;~ I~;;CTfNCES(28)(29)..~-_.~.. ~

L~ l\Hi'iET',R- VOLTHETEI, M",THOD:,--------- .

•

• •

•
, '

"

. .'

Inc1ucta!lc'GS of about 20 t8 500 mill:U-:!,']l1rie.s cc:tll be- [lea.sured

by thin method.. It is sui table for iron cored coils, sinc(~ t"he f~)ll

norwGl current to be carried by the coil C~TI be p~ssed through it

during me,?surement. An impr_oveuent 1.4pon this ~18thod is done by

connecting 0. non--induc.tive re.sistance in series t,.vith it .

.d. suit.:O".ble curren:t of Ilori?la.l 50 HZ frequency, is pa,ssod

thr'ough the coil and this is measured by. G..l"J. a. c Alnmeter. -ifhil€ the

voltage drop across the coil and the non-inductive resistunce is

measured by a high resist'oncc voltmeter, (for Fig, refer page 113')

The d. c', resistance r of the coil vlhich v:ill be the S,,"<10 as

the c.•"c. resistanc'e, to. a close approx.iiJ.a.tion, as t~'ie frequency is,

10v/" is 8.1SO'measured. 'fhen the il'lduct.ance L of the c\)il is given
)

by

L = 2

Z'coil

2 /
•.r ~/ W

~.
: 'tj

, \1'L
henry ~rz-'l/w =-'._-/.J~CoOl VI

, V
coil

'[',/hereZcoil = 1'---

For a iron-c'ore

= impedance of the coil.' QM.-rL 1~=:J..rt'i-.
J'

J ~!'-.P~'''~'':t'!;TO H:c, •
coil of low resistal1c0 to reactance ratio

•

the above relations hold good because XL*r:.

2., MOl'lIFI::1) HAY BRIDGE reaR HEllSUR;}'i::1\TT OF ~Nj)UCT,llW;:;( 29)----~---~-_._~...._~_..- _.~.------
The Hay bridge differs froea the Naxwell' s Bridge o.lly ,in

havinG a resista~ce in .series w~th the stcilluard capac{tor~instead

of in parallel with it. ()n.. the other harid'in the Nodif,i,ed ilay Bride'"

t1?-eunknown inductance is shown as p8.I'cLllel components" instead of
, ,

series ones •. 'This arrangement results in a simple formula for the

unknown inductance in terms of the bridge pO.rEiJlICters-..,
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• •
P l-A T-E NO~' 26

•

~-- Circuit diagram for

of inductance.
measurement

I VR Vcoil
,

Rex. L

A.C. NV
50vrc e.

Fig. A. Ammeter Voltmeter Method

(1- 100K.n)

DClhct. or
( occilloscope)

A. C. Source(L.F. Oscillator>
Fig. B. Modified Hay Bridge Method .

•

-~
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•• ~lr ...L~"t

For circuit diagram of this bridge refer Fig.B of plate

No. 26 of paGe no. 113. For no current flowing in.the det~ctor,

i~e. at balance
-

-(1)

The impedances for this Case.
R x jwLx x

jwL + Rx x

1

jViC
T

Z2

= jIlNR" wL + R R"R".
1'. X X l~ 1-:1.

And substituting in enuation (1)

. _1_)
J we

T
~ Rl"IR!,.

1 .t1.

Equality of two cOhlplex number requir,'s the.t the real pa"ts

be equal on both the sides of the equation which gives the unkno,~

inductance and the resistE,nce of the inductance coj.l as

Lx andR x =--

This bridge w~s assembled in the laboratory with dec&de resis-

tors and decade c;::~pncitors with the v8.lue s as shown in the circuit

diagram. The detector used waB an oBcilloscopo ",hile ao L.F.

was tested for known value of induotance and was found to give

Oscillator waB the exciting '. (" r< '
1l.. v. 0ource. The bridge thus formed -

fairly accurate value. Then the i,nductancos of iIll the

construct"d was measured, the result ,was found to 1:,e

• as obtained by the voltmeter j~meter
THE END

method. ':I.1.51 .
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