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The effect of lightning Gurges on Cast (,1'id of Bangladesh

Power Deve1opl:'lent Doerd ha. been !studied by digital c01lIputer.

The B'tudy has been made by using llewlaY'l5 Lettice Dlegr8lll

Method. fhe lightning surgo ia reprellented. bye 1/50 wave.

Lightning stroke i. considered at nodes :'ylhet •..• iddhirganj.

COlllllla. Chandreghona and Kaptsi. for a single lightning

atrake at these nodell thare is possibility of 1I01toge build

up at GQme nodes. HOst dangerous nodee in the system are
Medanhat and Ullon. Possibility af voltage build up increases
at Gome node with repea~ed lightning stroko. It is observftd
from surge voltage wave p.ettlltrns at di f'ferent nod8slhat

peak value de<;renses considerably •••hen the SYGtOOl is loaded

fully •.
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During sW1tc"'.1••g end s1~11ar other processes a system
(a ~ircuit or a machine or a transmission line) before coming to
a steady state passes through a transition period in which the
currents and 'Voltages are not recurring periodic functions of

tillle. The period required for the currents and voltages to adjust

themselves to their steady-state modes of variation is called the
transient period. During this pe.riocl in which currents end vol-

tages on 8 power systlllll undergo a change from one steady state to

another. because of lightning, switching oparat:a.ons, !!inort cir-

cuits or other causes, surges ore 6et up which travel along the

leine with the speed of light. Theso disturbances are \H!rtly ref'-

l!!lcted~<!lndpartly passed through at on'llpoint where there is a

change in the 11na constents, tllich forexemple liS <I chonge frol!l
•

overhead to underground construction, '.s't e fork in the line. or
at the terminals. The waves are attenuated in transit and ere
damped out in a period of time wh1ch on any practical line, ie
vsry smsll COlllpal:ed ••ith the time constan~. of the connected

lllechintu:'y. but during this period SOil'll!!/II06t Berious operating

problems occur.

1.2 Voltage Transient and Line 5urgeo(2), (3)

Ther. are 'VariOlJ,5 ways in which 0 trsfl$miesion line may

experience transient over voltages. They are or two types (1)

internal and {21 external. Internally developed overva1tages ere
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usually caused by a Bwi~ching operation. either the opening or
closing of G circuii: breaker. A switching operetian produces s

sudden change in th!! circuit conditions. ana i~s .accolllpanied by

a transient state •.••hieh leads 1'.1'0111the earlier to the later atsl!dy

(8. c.) state. rile bBhaviou(l> 0 f the syetem can be explained with

exactness only by means of trevelling wavelll,

with the increase of high -lloltage overhead lines the

problem of lightn1ng is 'aSSUQing greater importance, and much
I

damage is done yearly by lightm.ng, There ere two lIlain ways in

which lightning affects a H.ne: by a direct stroka and by elec-

:trost.atic induction, A lightning stroke meki.nga direct hit on
. ->', •••.

a power con(luctoJ: raises its potential enol':lllouely; ll'Ieswre1'lents

,
have been made

million volta.

" _. -
showing thllt the order of mcgnitude llIay be several

0. . • .There is greae danger that this will flash over. '.

the insulators. voltage caused by sudden changes in the field ere
induced on conductOrs in the vicinity of on electric storm. These

ere of much lIlore frequent occurrence than direct strokes. but

they ere not 00 severe.

1,3 Importance of Transient Phenomenon Study(14)

Before thll growth of the public utilities iota their present

enormous proportions with large generating stations and connecting
tie lines machine performance was largely jUdged(OI interms of
the steady state cheracterisUclll. The emergence of the stability

prOblem gave rise to the analysis of tn" traosi"nt charecteristics
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.of machines and WlIS largely responsible. for our present l<nowledge

of machine theory. A transient stetD occurs ",hen the system is
changing froQ one steady stete to snother. The switching Gurges

rating while the lightning surges coey cxclIIed by several tens of

times the working voltage. thus seriously affecting the system.

In order to control the operl!ltion of e system correctly IlO

es to. prevent breakdowns '1nd to de9ign l!J,Jitable protective and

automatic control gear. the eng~neer must neve a cleer and detai-
led picture of ell the poss2.ble phenomena in II! modern power systl!llll.

The engineer muat ~ore$ee what wi~l happen to the syste~ as a
result of this or that change in its operation. Only then can the

angineer determine the regUir'!!d Plllr811ulterlllo~ the illquipment and
- - . t. 'of the protective and automatic gear. in order to obtain the beet

: resu~t- from ttle eyetl!ll1l as a whole and frolll its const.1tuent parte.
J

The duration of a transient condition in any system 1s

usually incomparably short~r then thet of the normal steady
condition. Nevertheless" the oVl!r111l lIler::&.t of an electr'\cllll

system is to e great extent determined by its transient behaviour.
The study of trena1ent phenomena in electrical power syste~ is
now of spec1al illlportence because of' the incrclilS2ng USI! of elec-

tronic rectifying dev1ces for automatic and re~Qte control.

As the power $yetetll is growing very rapidly andr:lore power

neede to be transm1.tted the syate!ll voi'tage is increasing dey by

day_ l'4arerec •• tly •. olOling to the riss in l'lystelft ope.rating voltage

and to e des1re to reduce(4) capital cOet by a reduction in systl!llll
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inlllJletion leveJ.. the transient voltage eriz1r.J when !!'lng trens-

cission tinea ere energised e>ld !,~-/!l"'.!!r<:i$el.l ,md ~ut;jto lightning

l!Urgelh the IIIlUlna for reducing ~:.a.Ja trsl10ient l/oJ.tages have

becOllle of conaiderehlll importance.

1.4 His'torical tJl'!ckground

The effect of transient voltages dua to switching. light-

ning stroke. depends on the "wave" parameter of the sYl!lteJ:l.

AI,though a nuQber of' methodi2 far cl!Ilcu1ating switching and light-

ning transients exist, 8o~e are more accurate then others. The
methods are LUrIlped-perOllleter Illl!thod, fourier-trenlilform method.

rrev~lling-wave method and Lattice-diagr~m method. The earliest
method was Scnnyder and Uergeron lllll,thod which "'8S originally£)

qrl5phical Clothod end thio was pril:lari ly used in 1920 in europe

for solving hydraulic problema, The method h•• recently been
used in caicu 18tin9 electrol:lagnetic transients using I'l digital

cODputer.

AllllOlIt all power reeel'lrch organi,si3tions and powereQuipment;s

manufacturing companies ere working in the field of e18c~romag-
netic transients. Dut lienarrnW, l)pi:llllal did initial work

using computeI' method. blHled on Dergl!:t'on's method at the Bonneville

Powex" Administration {S'PA), U5/\ Bnd the tlunich Institute of

Technology, Larmany. for analyzing transients in power system end
.lectronic circuitl!! and still today he is working at the University

of British Columbia, Caneda, !Jecondly. wo:ekon olectromagnetic
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transients progrel:lllltlhas advanced much by the sincere work of'

nPA end the inforDlation and digital computer progralllrnes ere

publicly available. Much work ie alee done at the Hydro-Electric
POwer Commission of Ontario. Canada. The recant development of
sophisticated 0191tel computer programmeon transients is the

( 11) - .works of Sewlyenj Uob £ifri9, Akihiro ~llloteni. at al.

The latest E~ectromegnatic Transients Programme (EMTP) ie
e very sophisticated digital co~puter programme. The special
features ere (11) inclusion of lilynchronouB machine dynamics. with

special &~phe8is on subsynchronouG resonance (SSR) modelling
capability. line constant routine. cable constent routine,

-dynamic surge arrester roodel with ective(current~limiter) gap.
TACScode for analog-computer l1lodel11nq. capabi.lity" frequency -

dependent model ~or untransposed trensmiaeion lines (Semlyen and
I\metsnifnodellingl.; Tho smalle15t af EMfP uses about 70Utl carde

an IBM 370 computer.

Stability study of Bangladesh POwer Grid was made from
time to tice but only one transient performance study of' this

grid waa done at aengledesh University of En'ginBering and Tech-
nology by 'constwct1ng a transient Tletwo •••k An/J1y~er. The Illain

purpose of this study is to inveati9ste ths grid under the
influence of lightning surges.



1. 5 Scope 0' the rhuh

1n 0 previous study(lU). switching nnd lightning transients
wara studied on a transient Network Analyser by 1~Dinging square

wave pulses at certain nodes for lightning transient study.
The scope 0 f :h1. thesis ill to invlIstigate the e"ect of light-

ning surges on the cast brid of [lengladellh POwer Oevelopment

Board by digital col3puter.

Travelling wave thaory and Dawley's lettice-diagram method
have been chossn for the study. A lcsaleas. distortion free.
sinQle phase representation of e~9t-grid is considered. The
study .:i.s I1Isde over a period of' 0 to lO.UaO micro seconds. The

Grid is a,udied under the influence of single 88 well as multipl~

lightning strokes at different node6. The Illsinobjftctive of

the study is to identify the nodes or points of possible voltage

build up due to lightning stroke. This is very importent for

design. plann.:i.ng and operation ofesst grid.



"

1" ,r-',;' 4, t<ir\

"

CHAPTER -2
, '

b\,~_~,M~i1oriS=U~'61:f'ffil"TR~I\NSIOO,'SrUIlY""" ~ ;' <';'
r-:"\ '- I ,\ I .._'_ ,. '..-/,/ ..' ". ",,,-,~/ ' " ' , } )
~ '-\ L~U ~ '"J c~. . L".:-.::./ ~ .' "..;. 'L;-'.;/

•



7

In this chapter a descript.ion of d1f'ferl.'lnt r.tethods used

in calculation of electromsgnet1c transients have been discussed.

Bergeron's .ethod 10 used ~ost extensively. Dawley's Lattice
method is a graphical method which uses trnnacission and reflec-
tion coefficients. rran5i~t Network Analyser (TNA) and digital

COlllputer are used presently for trensi ent pheI'\OMl!ln.p' atll~Y but

digital computer is gaining populerity a& very large and co~plex
ayst~s cen be solved economically and very accurately.

2.1. Diff'l!rmnt: Methods lI!3ed in !.I:ansient Analnis

for the reliable Qperat.ion of power-system network e it

-i's important to know the condition under which' trenaient over-

f ,/ " vol~age. llIay be developed. wi thin tn!! system and I t!' heve the, ~eane
It' . ... .

fOr-their celcula'tion. i £ ttli scan be done ~t the design stage.

precautions can be taken ai thaI' to avoid the over-vol tsges (4)

completely or at least to minimil'Jfl their effects. The calculation

or 1iohtnin9 snd switching overvolteges has become more and more
important with increasing system voltages. ;1.oolog end digital

computers Quat be used because of complexity of the systems 8nd
their componentsI5}.

Different researchers have solved the ~ronsient probl~s
using different rnethods- lUlllped parameter method. raurier Trans-

form method, Travel11ng~wava method. Lett1ee-diagram Qethod. But
the most co~monly used methods ere Bergeron'lI method I!lad Bewley'.
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lettice. );iogram o,-ttJrJ. -hc.rJ m . other recent dovelopments but

theSe two cathods or:: wi(101; accepted end e"tensively used

This method he. prim.~ily been used in Europe. It wes
first applied to hydreulic problems in 1920 end leter to electri-
cal probll"lll>s. It is well suited for digitsl colllPutere(6). In

contr8!at to the olternotive Lettice method for trevellinq weve

phe~meno it offers illlportant advanteges. for exemp1e. no ref-

lection coeff'iciento ere nec19$sar'y~ The lltsthod has recl!lltly

been applied to cslculation of tr"nsients using e digital COlllputer.

Abrief outline 0' Bergeron's Method' 7} is given here.

The tr.ans:JIisl:I.ian line equations are:

01--",ax C fie + GeCIt
••• ••• (2.1)

whera a end i ere voltoqe and current in the line at a distance

x end L. C.R end (1ere respectively tha line eeries inductance:.

shunt capacitance. eeries resistance lind shunt conductance per

unit length.

lIergeron's "'ethod epplies to lossle!ls lines where II and

G are zoro and Land C ere independent tJ f frequency.
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Subjeet to these lim!tattone there are xr::letionahipG

between the conditions at each end of the line at time t Bnd
at time t - ~which exist independent of the terminating net-
works.

lK ltJI
SURGE IMPEOAr./CE= Z

-:.'

TRAVE.L. TIME = ~
TERMINAL K TERMINAL. M

fig. 2.1 Single Poeas LOGales9 Line.

, . " eke t) •• Z.iklt) "IiII- emlt.- 1"'.) +,l.iott - l'l
I _ .J :.:... ; L ,, - - •••

em ( t) - Z.irn{t) ••• ef( t t ,- 'rl ••• Z.iklt - 1:')

Equation 2.2 gives relationships between e and i at both
enda of the transmission line which, provided the condit~on6 a
travel ti~e earlier are known, eneble the trensm!sB10n line to
be replaced by e current source in parallel with a resistance Z.
This allows a solution ta be obtained for the voltages and currents
at time t in the network consisting of the ends of the tranmiesion•
lines end tha components connected to th~. A matnad for solving
this network is descrlbed by Oom:n"l.
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The quantities e .•.1..1 ere knownas characteristics and-
ara dirl'lctly relebl3d to the forwerd and backward travelling wl!ivelS.

In the paper the following nomenclature is used.

f"k "" ek .•. l.ik '" 2 x forward trevelling wava et end K•

••••
Dk '" ~ - 4. i'k •• 2 x backward travelling wave at end K.

£quation 2.2. can be rewritten:

••••••

, .

.'..

R/4

.(2.4)

fig. 2.2 Approximate Model for Line with Series ~esistance.

llo!lllllel extends the basic equation (2.4) to include an

epproximntion for series losses. The model used for the trsns-

wission lines i. shown in figure 2.2. This results in equations:

flk(tl •• Z
flll(t - 1" }

fl/4 _
'k( t -(:')Z .•.El/4 ••• 4+R/4

••• ••• (2.5)

Bm(t) •• Z
rk(t - 'Ll R/4 r(t- 'l'l

4+"/4 ••• Z+R/4 m



equal to it.

11

In those e~Jatiuns the impedance used in defining the
characteristics of equation {2. J) Is modified to (Z+R/4l.

Equation (2.4) ia B particular C12l11e of equet.ion (2. 5} where

R is zero. Physically equations (2.4) end (2.5) cen be inter-
preted in terms of impulse responaes in the following way;

For the lOBeless cBo.e described by .'luetion (2.4), if

an .1mpuleoof forward (I.e., into the line) travelling wlIve is

injected at one and at time t= 0, then the backward (i.e. out
of the linel trevel11ng weve at the other end at time 't is," ,,

- For "the tranSClis$1.on line model with series losses of

figur.e 2.2 end f1quetion (2.5), if en impuls!! of' forward trave-

111.og wave is injected at end m et time teO. then part of it
is trensmittad "or:! contributes to lJk( l' ) and pert Of it is
reflected by the resiator at the centre and contributes to
8m( l ). The responses of Elkand nm ere sha"," in Figure 2.3.

t
8K

l' TIME

(Al FORWARD R£SPONSE.

,!I'-----~l_ "IlME
(8) eACKWARO RESPONSE.

fig. 2.3 Response functions for Lumped Renistence Hadel.
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fhese impulse responses lire approximations to tho impulse

responses of 0 line with continuously distributed re6i~tence,

and frequency dependent re$~ntsnce end inductance. If the rep-

resentetien of continuously distributed resiotance waa improved

by including 0 large "u~ber of smeller lumped resistances connected

by short leGalese trenslllistlion lines, then the reflection fro.

the reS~!ltance in the ,centre of thelineshDwn in figure 2.3b

would be repleced by many smaller reflections. These reflected

pulses would not .srr:l.va only lit time 1"' but would occur over a

range of time. The reflect.1onsfrom resilltancas near the sending

IiInd would lIltlllrt errivi.ng soon after tims zerO. The reflections

from rss:l.store near th", far end would arr.i.vl!l shortly before time
I. .

2 1:' end_would be ,smaller as the,pulse will be attenusted:'a3-it

,.
must pass dOwn the line t",illce.

I'denco were to be included then
I f the effects of frequsncy depen- _- . - .,~
the .trovel time and attenuation

of l1i(ferent frequencycoClponents would be di fferllnt anclthis

",ill further modify the shape of the respon.es. The principle

effect wDuld be. that the puls!!! of figure 2.36 would be broadened.

Theee ef'facts rSeJult in responses of 'the form shown in

figure 2.4. llfithresponses 01' this form Bk(t) and Dm(t) are no

longer deteJ:l!lined by Fk(t •••.1:' ), end 'mCt - y) alone. HOwever.

if Fk end fiii arc considered to be made up (jf' a series of impulses

of varying er.lpl.:I.tude but all of a duraUon

can be found by summing the effects at time t of a number of
these impulses. The shape 0 f the r~spon5e9would only need to

be determined once for sach line end 50 could be Q complex
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calculation w1thout greatly incressinn the computation time.

The summing of the effects of a number of impulses must be

CAl I=ORWARD
RE,SPOHSE.

0.'

t
WI.

o

3

(1!l) BACKWARO
RE.SPOWSE.

1 2
"T'ME IN MILLI SECOND

.At :. 50 oM SE.C

2.,~ '•.Ret!Pori~e!Funct~ons of trequency Dependent 200-MileLine._

, .-
I
); ,..

carried out many times. once at each time step. but is only a

simple calculetion end so ohould not greatly increase the compu-

tat ion tim".

This is • very convenient diagram dovised by Bewley. which
shows et e glance the position end direction of ~otion of every

incidence. reflected and transmitted wave on the system at every
instant of time .• Th~ method may be descr.1.bed as:



I f in fig. 2. 5( ol e traveling wave sf mOves from tho

left to right towards •8' then upon reaching 'e'. a transmitted

weve and a reflected ",eve is produced. These waves can be

Bllpre$tUild as follows:

e = reflected waver ( 2.7)

where a is the trensmission coefficient which is equal toa

and fle is the reflection coefficiel)t which is equal to~~~..•

l ", (2.9)••• I- ~ 2/1
8

, ,/

'. So 10ng'8S the line '!lU Ega impedances ore- equal 'on both,

aides of the resistor then the transmit'ted end re1'lec'ted waves

ere independent of the direction from which the wave propagates,.

I f' 01'1 the other hand the line is unsymmetrical ",i til reaped; to

the resistor this .tatcment is untrue. Thus, i.f the line surge

impedance to the left of the reS:l.Btor is t. lind to the right /.',

then fora wsve moving f:eOIll 'the left hand.ude at the point

•e' the tranl5llliSl3ion coeffici,ellt is

2nz'a. = RL.HL'.lZ' (2.10)
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(a)

0

""7"

I I -----

15 -----

12 -------

(b)

•

COMPONENTS
(c )

n.g.2;S lattice Network. (e) Equival,tlnt cireuit,of lino with
aeverel shunt impedances et distributed pointe. (b) latti,cc
network for voltage 'on above ci:rcuit, (e) Addition ,of eompon.enta
from lattice network tog,1ve act.ual voltage ata given point,
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and the reflection coeffici.ent is

13 ••a
RZ' - RZ - lZ'
RZ + Rl' + lZ' (2.11)

for a wave moving from the right to the left. the transmission
coefficient, Ya' is

2fll
Rl'+RZ.ZI'

end tho reflection coefficient. 0a' is

(2.12)

~a •• RZ - Ill' - Z'Z
Itl' + Itl + Z't.

When the tranGl:litted wova from 'a' rel!lctles'b'. another

ref.l.ection 8!.1dpertieL' trensmission occure. The'reflec'l;'ed wave. ,
from ~b'i5. partislly_trOO!!lltlitted and J:eflected trom •a'. _Thill

continues indefin1tely throughout the network until the compo~
• -. • Je -.o .'. I . ~" ,

il~n'ts'htiV1ll been r'~-duced t~;e'to-.' By means of the ayateln shown- J

in fig. 2.5(b) account cen be kept of each component not only

in magnitude but in til:le4 The h3r.izo-ntal distence representlil

lengt.h along the line and the vert.:f,cal distance time. The

inclined lines are eo slopsd that the vertical distance rep-

resents the time reqUired for the original wove or a reflected
component to reach the point designated. Let zero ti~e be the
instent at wh~ch the travelling "ave I!f leaves O. At time t1
this wave hos reached' a'. The reflected wave froll! this point

is Ilae, which ill lllloped the opposite direction end 1s thus

ind1cative of motion 1n the reverse direction. The tr8n~itted
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weve 'fJ;'om 'a', "'aef reaches 'b' at tille t2 whan e rllfleetion

Phaaer occurs and the ",eve "'baasr is transmitted beyond thie
point. This latter wave reecnea 'e' at the timetJ• Ench wave
whether it be transmitted or reflected has ita own transmitted
end reflected components. ~here two waves coincido 8S at 'b'
foJ;'time ts where waves from 'a' end 'c' arrive at the Bame

t1llle. the reflected end tranam1.ttod waves from this point ore

added, as has been done for the wave between' b' end' e' b,etween

. )(. ,
_ 'To determine the'cctual voltage at any point such aa~it

is necessary to edd the different co~ponente with their proper
time relatione as is shown in fig .,2. st c); The l5ethod is Nuch

I

6U>pler than this description might convey,. lUI nlm.ricel values

simplify very greatly the appearance of the steps. In most
cases the reaiators ere equeland equally spaced. If the 1101-

tag8 at any of the resiatore 113desired, the components of

voltage on either ona aider or thte other should be added not

the components on both sides.

When 3-phaae system is considered, although the basic
travelling _ wave equationo re~ain unaltered, it is necessary
to replace the indiv3.dual surge iClpedancea by surge-impedance

matrix. The manual computation then involvad in finding the
reflection end refraction coefficients and in ealculating the
transient voltegee end currents in a syst~~ of any size ie
prohibitive, end it becoilles naceeseryto use autolllatic l1leans
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of' computation. i.e. digital cOlllputeF.

2.1.3 .Transient network Analvzer

Analog oo~putera. usually named Transient Network
Anelyzero (TNA). heve the advantage that they more or less
represent a system phYS1C8lly. but on a Illini.ature scale. They

tu,'ecomporat1vely ea!lY to design and have bean elltensively

used. They ere lim1ted 1" size. however. and comparatively
tlll:;:tensive to build and operate. Withl;he 1ntroduct10n of lorga
and f4lst digital coll1puters it has bocol'll19possible to uee digital

._colllputation instaad of 8nalog techniques. "_Very l8rge.-~15Y$l;eos
, I '

C8~ now be bandled, and it is ea15Y to chenge the p.r8~eters
of II systl!llll From one calculation to another •

.,

2.2 Comparison of Different Methods

1dee11y. the method(4) of calculation used should be
capable of representing both lUlllP&d end di.tributed parameters

equally well lind of faithfully reproducing their veriet10n with

frequency. 1n addition. it should b"abla to represent the

effect of nonlinearitiea such as those due to surge divtlrters.

megnet1c saturation. corone end the c2rcuit-breeker erc. In

practice IllUcha method ie not easily l!IChll!ved. end currently

ulled methods re;Jreeenta compromise in sOllie respect. the

particular compromise arrived at being governed by the specific
requir6ll!ents of tho uaer.
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Transient overvolteges may be deter"l1ned by meaos of a

I!ol'llog computer. such 8& e transient analyser. In llIany circu"e-

tance13. however, it 10 .often found lIlore convenient to use a

digital computer and computer progralllllltl bnsed on verioul!JllIlIIthods

heve been and are being developed. sOllie of wnich ere c.epable

of high accuracy. The cost of accuracy is long computation times.

Difficult! •• inherent in the calculation of transients
ere not confined to the aethod aLone. The prov,illli.on of suffi-

clently accurate end extenaive syster.l data oleo has its problema.

for the llIost accurate methode, full knowledge of parameter

veriation with frequency is necessary, end at the present time
this is not always readily svailable. ThuG, in Aany coses. the
ueD of fIlore accurate llIethod. available lllay not be justified

economically b scaus. of sYlltem-dats-lilllitations.

2.2.1 Comparison Between T1:an"ient Analvel!tl' lind OlgHal computer(10)

The invBstaent for !IITransient Analyzer i. allllost negligible
c~pGred with !II high sPeed digital computer. Yet the digital
COIIlputeT i. reple~in9 the Analyzer because the IGt _el' is ree-. .

tricted to specific problems,. ",h'areas the digitel computer can

be used for C vllr1ety of engineerinq atudies. In 1lI8ny casss,

the il'lv!lotllll!lnt in 0 large cooputer i6 jUJst:l.fied for the opera-

tions it perfo~s in accounting prDcedure$ and roll preparation
if the enq:l.neering use alone does not jumtify the investMent.
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In AnBlyz~r study no ~olution of network or differential
equations are required except the physical representation of

the sYlltel:l in the miniature. fort!!. Further the Analyzer provides

phYEicel observation of the trans1snt phenomena on ~he oscilles-
cope-screen and fac11itetes easy perlllanent records by photographic

The digital cOllputer can not give 8 continuous history

Of the tran~ient phenomena but rather a sequence of anepehot
pictures at diecrete time intervals. In this elise unlike the

Transient Analyzer nUllIev.cal answer are printed when the problellil

1c solved and partiel en.wers can be printed -dur1or,j the solution, ,
)

to 1ndi.ca'te prcgress bei"9 made 'towBrds campl.ting the $Olu tian .•

There is no doubt that in Future. the correct eva!ustion
of' switching and lightning surges taking 10tO 8CCOU,"I1: cOlllplex

sources and both voltage and frequency dependent system para-

meters will be achieved moat economically by meane of digital

in Analyze.re and the h1gh flexibi.l.t ty 0 f analog methods in

the study of electrical transients and cost involved in tl1&
preparation of eophist1ceted and complex digital progra~s and
in the1r running. the Anslyzer ~ethods will be most convenient.
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aswleY'15 Lettiee Diegralll ill OOClIIagain described in this

chapter and subslilquently equations ~re written from the qr!iphical

reprl!laenta'tion. 5itl!'lple COlllputt!\r progrmnme iSlolrlttan 1'rol1l these

ec:u.tions. It description of the lJrid system under study is; qiven

here ond required deta ere tabulatad. MathematicllIlreprasenta-

ticn of lightning surge and method for calculation of transmi-

Geian and reflection cooffici~nt$ fer forward end backward waves
ere shown in the lest sections.

3.1 Description of Bewley's Lat£ice=OiagrBm HgthOd{'O. (a) .(12)

The application of the lattice dislJ.rstl :0 thil calculation

of surges on tran~iSBion lines and cables in d.scri~od in ~any

bOOkstS•9} on power .IlYSt.ll'1lI8. In thil!1 I'llethod. lines cnd cables

ere specified by their surge impedances and surge travel ~imea.
end\;he reflacted end trllnsmitted voltages and currents et junc-

tlons and t~rlllination8 era celculatBd by tha use of .l:'eflection

ll/'l.dtl'l9nSl1li.Bsion coe.fficienta. defined for a singlc-phaaesystetl!

asCfig.3.1).

Il ••

2fl,
He •• zc

•••

where lc is the surge impedance. of the line or cable 0" which

the W8va is travellinq and R. is the effective surge impedance
sean by the wave when it reaches the terlll:i.netionor junction.
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The surge i"'pedence of 0 line is calculated «1&

where l is the inductcnce in henries per unit length of lino

end C is the capacity in farads pm.r unit length 0' line. The

trovel t1me ~ is calculated as

5ince the product LC :l.sl;he S8me 1'01'all overheed lines

it follows that the veloc.ity of propagation is eleo the liiH3llle.

1 1Thie velocity (v = ~ = iLl':) ie the Bame as the velocity
of light end for the whaler study this is consieered lUI 984 ft.

per micro aec:- (leGOOO mill!!sp19r sec).

e _

Zc

Re

Fig. 3.1 Line TermlnB~ed on Resistance Rs-

3.2 Equation DevlI.102l!l!!'lt from .!-01:t1<::e Diaqr,'"

Bewley's lattice diagram i$ a graphical method whiCh shows
every incidsn~ and reflected wave at every instant of time. nut
before writing a computer programmo math_sticel equations Clust



be developed. Tneaquatione are formulated in the following

way:

Lei: a forward wevo Ill, s~arte at node '0' and trovels
towards node 1. II pSEt (If the weve im transmitted through node

1 with e lllagnitude of al., afld a part is reflected Oll l3).ef'.

The transmitted wave i. then sgn1n reflected end tren~itted
at node 2 .:and tney 1U:',l> tl1J32111f' and ttlililll!,respectively• I'.ndeach

reflected and tran61lli.t'~ed wave gets nuccessive reflect.:i.onat

each node and this continues indef.iOl. tel)l throughout tho network

until the cCllllponants hevE! be.,r1 reducod to zero. To determine

the actuel- volt.ge build up at any p~1nt wen 8$ )( in f'ig. 3.2

it is necessary to add th8differ~nt,componentQ with their,

proper til;lereL-ution as' stll;;wn in f19. 3. 2{el. Equation can be

wri tten aSI-

The ey'Uation (3. 2) can blll explained 88 the or,i91n$1 wave

llf is multi,plied by • funchon (eqn. 3.2e' ~nd added together

with pxoper time shift to give the voltage at any point or
nod. in the ~ystam. The ti~es t1• t2• tJ cnd t4 etc. are the
ttme required for the reflected wave to reach tho node where
voltage is to be found out. The time cao be found out by multi-
plying velocity of wavo (964 ft. per micro see.) Bnd c~stance
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Fig. 3,2 Bewley's lattice Diagram, (a) Equivalent circuit of
lin~ with throe shunt impedances at distributed points,
(h) Latticl'!network for voltage On above circuit, '(.clAddition
of components from lattice network to givs actual vOltage ata given point X.



travalled. For co~puter study functions end ti=es ere calculated
first rmd then added together u~ing Bimilar e.quation!l like

equation (3.2) but 1lI0ll:'l!! lengthy.

3.3. ~ Equations used for Comouter?ragrpmma

fJ. anmple circuit ill snown 1n Tig. 3.3. Lightning stroke

1s ccnsiosirsd st nod. 1. The <trtwelling wave stl)rtefrOlll node

1 end is re1'lected frolll other nodes. functions and tilll8s are

calculated for node 1.2,3.4 end S. Only one reflection 'from

esch node is con8~derllldfOr thi8 study 1';\.;,; voltage i.c. functions

are calculated just to the 1'1gl'I't of node.

~O)JE •• 1

functions:

FV(1) •• 1.0

fr(2) •• fJ(2}

Ff(3) ••A(2)«B(3).G(2l
FF(~) ~ A(2)«A(J}Kn(4)~u(3)«G(2)
rf( 5) •• A( 2)«A( 3)~( 4) elH 5)«11( 4) lIt',i( J)lcG( 2)

Tillie

IT(l) '" 0

1n2) '" Z.JT< 1)

lTD) •• 2«(Jf(1)+JT(2}l

1T(4) '"2.{ JT(1)~JT(2)+JT(J»
IT(S) •• 2«( JT(I)+JT(2)+JT(3).JT(4»
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Fig.3.3 Simplified Bewley's Lattice ~
Dio9ram lfsed for' COmpu1c( program.me.



NODE •••2
FF( 1)' •• a( 2) «D(1) _"( 2)

fF( 2) •• A( 7.)

fF(3) •• 1I(2).S(3)
F,(4) c A(7.I«A(J).B(4)«G(3)
Ff(S) •• A(2)d(3)«A{4};tcB(5)«G{If)~G(3)

Iftl) •• 3«JTlll

1HZ} •• JTll)

IT(3) •• JT(1).2«JT{Z}

IT(4) "" JT(l).2«{ JT(l).JT{3) )

"Ir{S) •••JT(1).2«( JT(2}.JT(J).JTI41 )

HODE"" 3

fF(l) ""A(2)«B(3)«G(2).OI1)iKA(21«A(J)
fFI?} ""A(2)«D{J).O(2)«A{3)
FF(J) •••A(2).AI3)
FF.(4) •• A{ 2jtcA( 3)«fJ(4)

Ff(5) "" A(2)«A{J)«A(4}«B(5)«G(4)

IT(l) '" 3.{,JT (l)+JT( 2) }

IT (2) •• Jr(l) • 3iKJT( 2}

ITt J) •• JT(l) + JT (2)

Ir(4} c JT{ l} • JT(2) .•. 2tCJTlJ}

H( 5) ",JY( 1) .•.Jr( 2) .•. 2«( JT(") 1'JT(~} }



I.ODE •• 4

FF(l) • A(2'~A(3'«DI4).G(J)~G(2)~OI1).AI2)«A(3)~A(4)
frl21 ~ A(2)«A(3)¥B(4)«[,(3).O(2)«AIJ)«AI4)
Ff(J) '" A(2)«A(3)«814)«DI3)«AI4)
fn4) • A(2).A(J).A(4)
fF( 51 Q A!Z).A(Jl«A(4).n{5)

IT(l) •• 3«( JTll)+JT( Z)•.JT{3) )

H(Z) •• JT{I}.3«(.Jl(Z).JTIJ)
ITIJ) ~ JT(1).JT{Z).3«JT(J)
H(4) •• Jl(l}.JT(Z'.JT(J)
Ir(S} •• Jt{ l)•.JT(Z)+JT(J).Z«JT(4}

NODE: •• S

Fn 1) •• 1.(2) «A( J) d( 4 )«B 1SheG! 4 h.G( Jh:G( 2) «DI 1 ),JotA( 2 )«A( J)«A 14) «1\
( 5)

FFIZ) .A(Z)«AIJ)«A(4)«B(S)«GI41«G(J)«D(2)«A(J)«4(4'flAlS)
FPIJ) _ A(Z)«A(J)«A(4)flBI5)«G(4}«D(3).A(4'flA(S)
fT(4) ••A{2)flA(J)«A(4)«nI5}«D(4)«A{5) /

H( 5) • A(2)«A(J}«A(4'«A(S)

lTD} • 3fllJf(I)+Jt(Zl+JT(3)~T(4) ,
H(Z) '"'JT(1).3«( .1T~2)+.1T(J'+JT(4l )

H(3l •• .1I(I)•.11(2).3«(JT(3).JI14) ,
IT(.' '" .If( ll+JY{ 2)+.1'( J)+3«JT( 4)

IT(5) • Jr(11+JT(Z).JT(3'.Jf(4'



flow let us wr.itc tho p:::el1r.amt;\t!! for finding volteg'l:l at

node 2 for e li9fltni,Hl »troi:o at; "ode' 1.

29

R£/lll !l.10) (II.( O. 1 '" l~S)
IlEM) {l.IOl (B(Ih I"" 1.5)

llE/lD (1.10) ( G(I). I '" 1.5)
REAll (l,lO) ( D(l). 1 .e 1,.5)

flEAD (1.11) (
,

.11(0. I 1.4 i,C/

fOAliAT.. l5F1D.5)10
11 . nl~MAr- (41~) .\_-_ •.. ,~ . ,-, ~ '

~ ~.. l' \ \. : ~.__",;.v.', ~_':. ,~<;"., ", \ :x.~,' '.', :",:';,.",'~l,:" -~ \:.:. " "\
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Voltage for each node ca~ be found like thle. For voltage
celculotioro I,5t di fferent nOOes a ISingle programme hse been

developed.

3.4 Tha ~Y8tem Unde; Study

The last Grid ()f flengledl.lsh flower Development BOlllrd has

been taken for study. The ainglfl line diagram is shown in

I"ig. 3.4. It has five major power stations et Kapte1 (Hydro-

elec.tric). Siddllirganj( steam}. "horssd {stepl, Ashuganj{steam}

end ~hahibaidr (iJss-turblne). ihe system holi double cirelli t

132 KV line connecting all major power stations. ihe total
length ( 132 KV) of the syetel:l {l979} is 560 lIIiles. The cast

Grid cov~rs about eight districts and the ~ein load centr~s.
About 5eventy-~ive percent of system maximum demand and energy
is despatched through this gr1d. fhe system under study is
1!lhownin fig. 3.5.

3.4.1 Data Calculation

The data for the system has been calculated from per unit
value to corresponding actual value. The data originally Bvail-
ablewaa in P.u. values .t base va.!.u\! of 132 KVend 100 ~;VA.The

surge impedances are calculated and ahown in Table 1. for detailed
celculaUonref'er to Appendi'l-B.
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Srillleng81-
Shehjibezer
••h"hjibl!lzer-
Aehugenj

Ashugenj-
GharaBal
Ghorl!ls1II1-
5iddhirgenj
5iddhirganj-
Ull.on

19,67

30,47

22,59

32,02

2a,50

28,50

9,50

3.20

4,94

6,56

5,20

4,40

1.45

3a,6 O,291l

44,6 0,344

62,0 0,490

53,3 0,412

53.S ".H2

20.0 0,134

359.90304

359.59746

360.07104

357,99896

360.35310

360.35310

393.98461

106

164

. 12~

112

153

153

51

24.2 0.180

•

Ullon-Tongi-Siddhhganj-
(DIll!ll •

12,80

51.•30

1,95

0,30 .101,3 1.220
365,66666
280.15410

69
275

Comilla- 30,19
feni
feni- 60.75
Medenhet

Hadenhet- 24.20
Chandraghona

Chandraghone- 16,50
Kaptal
l1edenhet- B•50
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3.4.2 MathfmtsHcel Reprel!e"tetion of Lightni"!? Surge tJtlIv!!1

Studies of trensient disturbances an a trsns::Iia.ian
. (13)system nav& shown that lightning strokes and switching

ope.rations are followed by is trelle111nq wllve .of 11I steep wave

front, dhan a voltage weve of this type reaches a power trans-
former it ceusell en unequal stress (4) til stribution along its

windings and ~ey lead to breakdown of the insulation system,
1t has. therefore .• becollle necessary to study the insulation

behaviour under impulse voltages.

An il:lpula!!!volteg8 is e. undirectional voltage which ri~e$

Eapidly to a lIIaX11!1UQ velue and then decays slowly to zero. The

woile shape is 91!!nerally defined in te=s of time tl and t2 in

lllicroseconds. where tl itl the time tak en by the voltege •••ave

to reach its peak velue and 1;2is th" total tiel! f:romthe start

of the WBve to the iOlltant when it haa declined to ona-hol f

of the peak value. The .••eve ia then rltferred to 8S e t1/t2 ••ave

,(rig. 3.6) and according to B.S. 923 e 1/50 microsecond wave
is the etendard weve. The genersl equotion of en impulse voltage

e

Fig. 3,6 Uature of a lightning discharge.



i8 given by -

V( tl '" II [exp >}

The value of If• .,. end b for 6 1/50 wave hos been found

by trial 8nderror l:lethod Itnd equat1,on i5 given by -

.•'. .• (3.3)

<or procedure for calculation refer to Appendix-C.

3.5 Calculation of Ttpnets!!!"n end ""flection Co-efficigntl!!

The calculation of transmission and reflection constanta
~.~.yand a have been done by Progro~~e no.l end shown in
Appendix-A.

3.5.1 Propaqatiyn of 5urges in a Line Terminated bv It finite
Impedance 2,

Suppose that a travelling' wave (E.i) moves along a line,
;:

ot surge impedence (ll end meets a terreinetion of resistance
It (fig. J.1). 1f n ia not equal to 1.. th" end of the line can

not have €I vo1taqe E and current 1. since E/i •••I.. The)':e is

therefore a disturbonce which produ eea a )':eflected wave (E' •i' )

moving towards tho left,



to. L) ••

R

fig. 3.1 L1~e Term1neted on a Resistance R.

The fol.l.uwing relations .xi lSt,

£: c il.

E'", - i'l

The totel voltoge at the end ie C + E' and th" total

current is i + 1";-00 that l. .•. E' •• R(i .••1'}.

These equations give

lli-i') ~ RCi.••!')
.- ~

So that i' a C ( l-fO / Il••.fl) )i • • •

end E' •• -i'l c= ( ( R-Z) / (Z+H) ) E • ••

The totel CUl'l'et'lt and voltage are

i+1' "" (2 1./ ( Z""R) ) i '...
lJnd £+f:' •• ( 2Rl (Z •••R) ) C ..•. '.

•••

• ••

.'..
• ••

( 3.4$)

(J.4b)

(3.50)

( 3. Sb)

1f the line is open at the end. R '" oc so thot -tho totel

current iazaro one! the total voltage is 2E.

If the line is .horted at the and. R ~ O. GO that the
current is doubled ana tho voltage drops to zero.



•
• The case f01: a finite resistance tet:l:lin.tion is given by

e'luotionl!! (3.41 end (3. 5).lifhen the 'l:e~inetion 1s not 43pure

rl!ieistance~the result io still given by theee equations but
they must be ~odified by ths terminated impedance. A loed in

,
the line .Qeyalso be treated BS a spacial case cf8 terminoti.on"

at • given point of the system.

3.5.2 Surggs nt the Junction of two l.ines

figure J.8 shows the case of two lines of surge impedances
l." end ZB- A we"" (E.i) 1:r8velo along the 18ft-hand linl! and
m.lllte the junction. 50 fer .os 8 .l:revellingweve 1 fl concerned

the rl\lhthand line can be considered to have en i.opedance iB~

80 that th~ case 1$ the 38me 8S that shown in 3.7 provided L

.The .reflected WSVI!I ie thus (Et • .it) •••here

•

•••

• ••

( 3. 6al

(J.6b)

The trsn&~itted wave muat clearly heva a voltage equsl
to the total voltage at the junction and e current equal to

the totsl. Thus the trenemitted weve 1s (E~.i~1 where

•••

•••

(3.7al

(3.7b)



(E, i)

••

fig. 3.0 Junction of 2 lines.

(Cn, i")
••

The reflected and tran13mitted waV1!lS at a point where a

linefork s (i. B.Junction of three lines). Fig. 3.9 represents

the arrangement schematically. The surge impedences ere l.ll,'

and l2 respectively.

(E, i )

i!, (E,' i') ••

.' ""'\ A_ ••••
• , y

"" ....<"-7'

,~

Fig. 3.9 Travelling •••.lIlves at !S junction of 3 lines.

Let the incidl!lflt ••eve be (£,i) travelling to the J:ight.

the reflp-cted wave (E',i') travelling to the left. and the
trenSllIi tted ")aves {(" ,.il"). and (En. i2") travelling towards

the right. The transmitted waves clearly have the same voltage



,as they are in p8rellel. The :l:'alations are gillen byeQY21tions

E '" iZ

E'", - i' 7.

l1

("e ,iZ"'l2 ...". .,...
The current lilt the fork must b,e ,equal to the current

leavIng. sotbat

(3.91

"
r

I

i ,_ ._. ". ~..... .v:'-.::".,.
." .'. .' , ".' .

:the' voltage, at the Junct"ion 'is. .,' .. -.. '~-'. -" -, ..•"

..,. .".0
, - -.

,~ :
" \. --

... ,. '0.'. ,- - ,
•

These sl)(' 'equations tilrasufficient tc) find [~'"E". i, i",:1.1'" and

12';' forao incident 'waveo,f magnl.tude e. Substi.tutirig 'for the

, currenti;' in texmeofthevo1taue. ,,,e aeethat equation' (S.9)

adding _this to ,eqpatiOn (3.10) waget

50 that the VOltage at the fcu:k ls '
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Thetrensmitted ,current ere

'~." "= .cOl I lanA 'Z" "".£" / l.-1 . L ~. .2'

~.,~".;;'•.e
.whilst the incidentcurr'entis

i ••£/7..

The rl'Jfleetedyoltaq~ is

_ .£( lIi - 1./l1-.1/.l.2>£.' '" Eft _. I'; _ _ .--: •.•••_ .••••;:;-..
:1liZ. 1/Z1.+1/l2)'

D.12)

,,__ ,_',;- \ . J

..'; .... .--- •..,- ..

- - ..••..~,.- - .
. . . ~

. <.. >

.." ..•. , . - .'-. I ~-

.: { " , /

/~
, - - . .- .- . /- .-' -, . .. -;'

• , , , '~ .. I

\' ..
i \. ;-- ~ ..:,-J" - .. .::- ,-- '--'-- '.

and .thecurr entis
. - :, '/ /'.' I ••.. " ,. '. .

~ j ~: .:1". :
I __ I ' .. '

i~a.' then the' p aral lei combination of' the Stlrge impedances

of the ou'tgoin.g ll,nes at 'the fork is equal to the surge

impedance.sof' the line along wh1ch 'the incident wave travels.
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Description of difforent progralllmes end the,i:I: results

GJ:fl'ehown in ,this chapter. first the value of trnnsr:liosion and

J:eflection coefficients for forward and backwerd Doving waves
tor no load connected ere found out. Voltage wave at different
nodee for stroke at otheJ: nodes ere found end curves ere drewn.

for thl! study the system is considered 8!l loeel •• " end distor-

tion free. Single reflection is considered from esch noda and
output print is taken at alternate micro-second. Study i$ mede

from 4.000 micro-Goconds to 10.000 micro-see.ndo but results
ere usually shown upto 4.000 miero-suconds. The 9r~hs ere
first plotted in large greph papers and then reduced twice

by I'entogrsph and xerox photocopy IlIsch!ne to the desired size.

The computer progr_llIes ere written in FORTRAf~~I1i language end

r.un in IDH-360 computer.

".1 R"p.ressntation ot Input Lightning Surge \:lave Pulee

The lightning' wrge is represented by ., 1/50 wave

(fig. 4.1) which according to the standard specified in B.S.
923 is ehe standard wave.

4.2 Calculation of Trmsmission and ll,l"lectign Co-efficients

The transmission end reflection coefficients are found
for forward moving and backward ~oving waves. Th. programllle

i. shown in Appendix-A (Programme-1l. The nomeneultur~ used
tor com~ut5r study io:



Alpha •• " •• transmiasioncoefficient for forward lDoving wave •
Seta •• B •• 1'lIlf1ection coefficient for \;'!'., forwerd IIlOvi ng wave,.

Gamma •• G •• trant.llllie&1on coefficient for backwsrd llIov:i.ngwave.

Delta
"" o '" reflection coefficient for backward moving wove.

4.3 Surge Voltl!g" W,y.ot Hade 2{ fenchugsno for Stroke at
Hode 11Sylhet,.

First study is made for volt.go build up at nade 2(Fenchugsnjl
for stroke at node I( 5ylhetl. Three sets ofrellUlta ere obtained

for no loadcondi ticn. load st node 6(Ghor8sal) lind load at

node I2( I(eptllli) condition. f1esistivtl loade of 100 ohm 1174 />iVA)

st ('horo51a1 and 80 ohm (217.6 !'iVA) at Kep.tai are considered

ons at a time and the results are GhOw~nFig. 4.2. through
fig. 4.4. Each figure containsthrell curves where effect of

conSkdering only cnll reflection fro~ each node. considering
4 successive reflections from edjacl1nt two nDdee end affect of

two strokes 0 f 5ilO micro-seconds interval at Sylhet ero shown.

Th. progr8111111t! Illay b. seen in I\ppendix-A (f'rog:t1lll11D1J t.o.2).

4.3.1 Surge \Jolting \taye It all Nodes 1'91' Sind, Stroke .!ilt
Node l( Sylh!!tl

InVElstigation i. made for possible voltaqe build up at

ell nodes of the syatem for a s:z.ngle stroke at node l( Sylhet).

A single programme i8 written Irefer Appendix-A. Progrllll1me No.3)



for this and flo\iot diegram is shown .in Fi9. 4.22. f,irat cOlllputer

print out is taken for 4.0UO micro-seconds for surge voltage
wave at each node. but later voltage waveraadings ere takan
for only those nodas where build up possibi.lity exist. Three

Gets of dllta ere fed i.ll. no-load condi til:ll'l. ioad at node

6(Ghorasal) and load at noda 12(Kapteil condition. The surge
voltage wave pettern. ore drawn and shown in Fig. 4.5 to
Fig. 4.9 and fig. 4.1S.

4.d Surge Vgltage ~nve at all uodesfor Single 5troke at
Node 12(Kaptei}

A computer progrQQme is deveLoped 1refer Appendix-A,
Progrl.lll:lme no.4) for finding !!UrgE!voltage wJlve tit different

nodes for single stroke at node 12(~aptail. 10 order to ~ave
CClr.lputer tillle. ctu~ek progralllllls is run. where only functions

and corresponding tll!ies (rahr pag!!! ~~., Chapter 3) 81'S printed.

Finally volt8ge wave patterns ere drawn using prQgr.amme 1'10.6.

Study in ~ade for na load condition, load connected ~t node
6(Ghoralu.l} and loed connected at nade 12{Kaptail condition.

Wave shapes are drawn only for nodes ••here poseib1.1ity of

Gppreciable voltage build-up exist end are ehown in fig. 4.12.



4.5 Surgo VOlt.ge \to'V! at Adiacent rlodes for. Single Stroke at
Nodes ill '"andrlaho".; #. 1C $iddhir.gen i) end O(Com11la)

functione end tim.s ore calculated 'or adjacent nodes
for etroke at node 11(Chandraghono). 7CSiddhirg.nj) and
O(eo.illa) by programme no.5.The functions and tiD' are
ehecked whether any possibility of voltage build up exist
end then theee data 're fed ~o prog.rBr.lma no.6. The output is

the surge voltage wave shope data end theea data are platted
end shown in figs. 4.11. 4.13and 4.1t1. Till. study is also

llIed." for no load condition, load lit node 6(Ghor.ool), load

at node 12{Kaptaf) condition.

4.6 Repeated L.i.qotrning :.troke of son and 1500 Miero-Iecends
!!Lterval

Study i8 elsa made for ~ultiole stroke, e. one third
of power syat.1ZI surges are multiple! 8) -and the lII11lCilllUm number

.
of components recorded is 10. The tioe interval between

.trokes VAries between 0.0005 end 0.5 !llIcono). ~o. two etrokes

of S81ll!! magnitudc (1 P.ll.) end of 500 and 1500 micro-seconds

interval are consid.~ed to study tho e'fect of multiole
otroke. fro •• th. velu.s of function and time at different:

nodes (for stroke at other nodes) it could e'sily be estimated
whether the two stroke would add Up. Then the dete io fed
in programme 00.6 and eurge lIoltagf! patterns ara drawn.



4. 7 Study 0 l' Loaded 5yst911

UBusIly surge voltage pt!8klB are Llslllped when the systel'l

16 lOl!lded. for this investigation. j,,,ads of' different values

(in accordence with actual system load) arc connocted to all
nodes of the system. 'fhe values of resistive load at lti.ffl!lrant

nodes. are slm",n in Table 2.

, _Anertificiel 'reactor of' .4 Illilli-heru:y i.s considered

in line between Ullon und Tongi snd with this added value.

a. Il.>\' and Q for node 1.4(Ullon) are found out. \l'ith this

new value, surgo l101tagew8111il at Ul10n for strok.at different

nodes is founoou1:.

,



TAULE _ ~

Value of resistive 1Qad

If loe a tivn 10 d

4 ___

f co fficiVB1 tNode I in ohm in MVA Alpha !lete Gamma Delte

1 (~1I1het) 3030 5.75 0.0 0.0 1,7677 0,7877
2 (fenchugflnj) 6066 2.16 0.9472 -0.05213 0.94313 -0.4259
:3 (S:dr:utngd) 3095 5.63 0.9472 -0.0526 0.9436 -0.4259
4 (Shej 1buu) 6050 2.813 0.9605 -0.0314 0.9720 -0.0279
5 (Aahuganj) 19U6 9.13 0.9190 -0.0809 0,9090 -0,0909
6 (Ghor.ael) 625 21.13 0.0197 -0.le03 0.0197 -0.1603

7 (:i1ddhbgenj) 174 100.25 0.3817 -0,6160 O.,H76 -0.5224

a (Coffd.ll.) 955 .l1l.25 0.9534 -0.0465 0.7580 _0.2411

9 (Flln!) GOSO 2.8e 0.9704 ••0.0296 0.9715 ••0.0285

10 (Madenhat) 603 20.08 0.5529 -0,4471 0.5563 -0.4437

11 (Ch8fldrBghone) 1467 11.66 0.8685 ••0,1114 0.8936 -0,1064

12 (t<eptlli) 5606 3.00 1.Se40 0.8840 0.0 0.0
13 (5:Lkelbah.) 4356 4.00 1.8463 0.6483 0,0 0.0
14 (U11on) 206 61.00 0.5654 -0.4346 0.6015 -0.3925

15 (Tongi) 715 24.38 1.3320 0.3320 0.0 0.0
b....,

'" .. .
"' • ",.

~ , .-"
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Analysis of' etlfllputer results are shown in this chapter.

For 1i9"'\;010g stroke at <11ff'erent nodel! the effect ot other

nooes are explained eyst~atically. In anelysing the results
cocputer print outs end check program~es are ~ost1y consult6d.

5.1 Analysi s of Surge Voltage Wove 8t llgd! 2 (.,nchuRen I)

rig. 4.2 through 4.4 show the surge voltage wave pattern

e't node 2 (fenchug£lnj) for lightning stroke at- node l( Sylhetl.

The lightning !",urge appears undiClinished {for no loed condition)

at 106 micros8conds aft. I!Ir the stroke et 5ylh.t. as this time

is required for the weve to travel the distlJoce. Tha aecond

p.osi tive peek appesra at 1U73 miero-$l!Iconds after thll stroke

at 5ylhet with e llltlt,)nitude of 0.96 P.u. This is the wave which

i5 raf1ected from nOda 15 (Tongil. which is open circuited.
,

The other positive lind negative peaks lire of lower 1lI8\ini'tud!!.

In Fig. 4. 2( b) the effect 0 f two lightning stokes of 500 llIicro-

seconds interval i. shown. The result is ,,1eoet 11nor addition

of fig. 4. 2( liI) waves. Thera is no danger of bU11d up as the

successive strokes do not superimpoGa one another. In f1g.4.2(c)
the effect of considering four successive reflections ~ro~
adjacel'1t t\110nodes ill shown. In ell other studies only one

r~flection f+o~ eech node is considered. In this study for
esch wava 4 successive reflections froJ:D adjacent two nodes are

considered to observe whether any difference between consider-
ing only 1 refltitct.ion- end 4 reflections appeers. It ie observed

••.



t
\

that there is ectuelly no di f'f'er8nca b etwsoo fig. <4,2i a) and

4. 2( c). This ill because succllJsnive reflection. dimini.oh. " the

.agnituds of the wave. AS reflaction and tranamiS9ion coeffi-
cients for forwerd and backward caving waves are less than one.
the1.r lIlultiplication successively di.ini311, eo the total effect

is same QS for one reflection,

The effect of connecting a loed of 100 ohm et node
6(Ghorashal) is shown in fig. ~.3(a).(b) and (c). rhe first
peak remains unchanged but the second peak becollleB negative

a'!; 1327 micro-seconds after the stroke, r he full lightning

surge ",as passing through node I'i when there wall flO load connected.

85 impedance of Aebug8nj-Ghorsacl fie) section end GhorsBal -
:1

5iddhirganj (Z6) a'action' were S8111e. With load connected at

Ghoresal aOllle portion of the indicant wave is reflected and
due '1;0valuIJ 0 f coerf1ci !lots it is' negative. The effect 'of

repeated stroke is like thet of no loed condition, There is
a100 no appreciable change when 4 successive reflections are
considered,

The effect of connecting iii Ioed of eo ohm et node 12( \<a:ptat-

';"'1..1) is ehown Ln fig, 4.4( 8). (b) end! c). The effect is

approximately same aa no load condition. This can be explained
8S - the wave returning from far end reduces to zera before

it reeches renchuganj. so -there ieno appreciable change when

we considered II load lilt far end Kaptai. fila wave shape is sallie

8& flO loed condition.
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5.2 Anal~,ia of Sui9' Voltage ~Svee ,t all nodes for Single

Stroke at Node 1(5ylhet) under no load Condition.

The surge voltage WSVltS et all nod.s for ningle ,trok e

at node I(Sylhet) under no load condition er, ehown in fi9.4.5
through 4.9. At node l(Sylh.t) the first peek is the repl1ce
of lightning stroke end appears 8t ~ero time. Second positive
peek is the' wave reflected froQ open end node 15 (Tooq.i.>. ,he

magnitude is 0.97 P.Y. Bnd it appear~ at 1960 micro seconds
a't~.th. stroke. This wevo has pessed many transmission and
reflection on ita way. but then elso its magnitude is 0.97 P.U ••
thi. ie becau!I!!l the 'voltage doubleeat open end node Tongi.

The first negative paCk of 0.36 p.u. magnitude 15 the reflected

wave fro~ node 7{Slddhirgenjl. Th~ other reflected wevea ere
reflections from and nodes. i.e. nodes lO(lladenhet), 13(Sikalbaha),

12(Kaptai} respectively. The voltagll: w!!Ive at node 2( fenchugenj}

end node )Carilllangel) are eln.ost identical but "hi fted in tillle.

Thin is because distance between thetll is 3:1.47 miles Bnd travel

time is 164 ~icro aeconds.

Tha curge v01t8qe wave pattern at node 4(5hejib8~ar) and
node 5(Ashuganj) le id.nt~c.l and only a bit time shifted. The
first positive peak Gppaars at 393 m~crouecondB after the
stroka and the secDnd posit1ve peak at 1569 microseconds and
it is the reflected wave from noda 15 (Tongi). Tne last two
posi t1ve peek are from fer end nodes. The ""."e et node 5(Ashuganj)

i8 ident1csl as Shejibezsr. The wave pettorn et node 6(GhDrasal)
is e bit different as two peaks are closed together. The first
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peak app8a~s at 716 ~icroseconds, The negative peak appears
at 1024 ~icroseconds end in t.he reflected component from node
7{S1ddhirgenj), The next positive Peak appears at 1264 micro-
seconds before reflected negative component dilllinieh85. The

second posi t~ve peak is t;hill reflected comi'0nmt from open em,

node 15( Tong.:l.). Th. next Sl3u11er ref1ectiooll ere frolll fer end

nodes.

Int ere sting phenomena occurset node 7( Siddhirgenj). The

stroke at 5ylhet reappears at Siddhirganj at 871 lllicroseconds

after the stroka end the magnitude ill 0.62 P.U. The next peal<

nlHI 8 magniilJudeof 1.27 P.l.!. Thil!l 18 the component reflected

froll> open end node lSI fangi}. At OPI1'" Elnd node Tongi the wave.

return.9 with double 1D1Ignitude according to the well-known

doubl.tng(O) up of e voltage WIIl\iees'it strikes the en«{ of an

open-cJ.rcuited line. The other ';'svcs are reflected component

from fer end nodes. The surge weve at noae &CCoroill.) and node
9(fen1) ere not so much significant.

At l1edanhat the first peak eppeersat 16?>lf. microseconds

and has a value of O.VG P.U, Before this waV8 v8nicl181ll another

wave reflected from open md node 131 5~k81behel vi th 13 maqni tude

of 0.93 P.U. returns then the reslIJ1tant lllegnitucle becomes

1.05 p.l.!. at 1726 microseconds. Thethi~Q peek has 8 magnitude
of 0.92 p,U, l,t node 11 < Chendr!1ghonal the peaks havemagnitdde

of 0.46 p,u, and 0.98 p.U. ilia othlllr rsflection appears within'

4000 m1cro second!!. The. '. highest peak at node l2(Kaptai)
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is tJ.74 P.U. at 2323 llI.ieros",conos. The peak i. low liS negati.ve

component i.s present at that instant.

There is no not~ceable peak at node 13(Sikelbehal. Most
signif.iclIflt nod. is node 14(ll11on) end node 1S(Tongil. At node

14(111100) there is e peak of 1.46 P.u. at 1060 micro seconds

after the stroke at ~ylhet. This peak is the summation of
reflected component from end node Tongi and nooe Siddhirganj.
The pos~t~on and distance of node U110n is such that it is
only 9.5 miles from for~ node 5iddhirgenj end 12.6 miles from
open end node fang!. So it is moot dangeroul;! node in the SYlltel!\.

The peek value at node 15( Tongi} is about 1.,11 P.U, .t 1111

lIicro seconds.

5,2,1 IInal vsi sof Surge Vo1tagl'J WOve at pJ.l Nod!,!! for 5ingl1t
~troke at ~ode l(tivlhetl unde; Uiffef!nt Load Condit1ons

This study is performed for onl! load etm tiClfJ at noda

6(Ghorasal; and node 12(Kaptai). Functions 'and tim •• ",re csl-

culeted and ~hecked, Only those curves are drawn where voltage
build up p09sibility was prollinent .•

first let load at noda 6(Ghorasal} condition be discussed •
••hen a load ill connected 8t Ghorose1. the value of alpha. beta.

g8l\l/lla and delta changes, The result is chango in the shape and

reduction in lIIagnitude of wave at ell nadas. This is because,

before any load connected at Ghorceal. this aoctinn has e
matching. so full weve could pass eithe~ direction without
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reflection and facilitate build UP. This reduces the ""'gnitude

considerably, e.g. voltago magn~tude at node 14(Ullon) is
0.44 P.u. but at no load condit~on it was 1.46 P.U.

I.hen 8 load i. connected at node 12(Kepte1) thernis not

so muc~ change in the wave shape at dLfferent nadas. from
previous discusB10n in pere ~.2 it is noted that reflected
component from node 12(Kaptei) has little eignificant in the

wave shapa at different nodes. flue to load at Kaptai the ref-
lected component becomes negative which earlier at na load
condition was positive end is reduced by about GaS:. Thi.s effect

can be seen in Fiq. 4.10(e} and (b). The end portion of the
waveia reduced and negetiva which was earlier positive (,i9.4. 9(b)

Bntl (c».

5.3 An 1 i of 5u Volta e wavet all N e for 5io 1
Strok at node 12 Keotai Under different Lead Conditions

The result of this study shows thot ,there is no .ppreciabllll

chance of voltage build up at any node except at nodo IJ(5ikalbahal.
Thi. is also true for load at node 12{Kaptai) and node 6{Ghorasal)
condition. This is due to Byst~ configuration. But there are

•paailllility of voUelll! piling at nade 5( COlllilla) (lnd 9{ feni) for

repeated stroke of 1500 lIlicro-seconds.

The second peek in fig. 4.12 is of lllognitude 1.25 P.u.'

This is hecauss raflected ClJDlpOnent from node lO(f:adanhat)

superi~pase with incident component af node 13(5ikalbaha) for no
loed at nodes 12(Kaptei) end 6(GhorBsal) conditions.

)



5.4 Anolv9i sor Surgl!! Voltaoe rlove lit "d iBesnt tlodeG for Sincle
!"ttrake at Node 11\ Chandraghnna) •. IL5iddb!;gen U ,md 6(Coroilla)

Before writing the computer programme no.S(rafer Appendix-~}.
eilllple check up calculations are !lIedeby electronic c8lculator

to find the probable nodes for IIo.ltage build up under lightning

stroke at other nodea. Nodes 1l( C:handraghona). 7( Siddhirganj)

end 6( COlllilla} ara 1lIC11ected for the study.

ror a aingle lightning stroke at node 11(Chendreghona)
there io P0651ibil.ity of voltage build up at odjeccnt nodes

!Hfenil. IO(Kedanhet). 1l( Chendraghona) and 12(keptai). This

happens uecBuse W8ve9 reflected from nearby open end nodes Keotai

and Sikalbahe add Up. Tile peal< value of 'IIolta98 et nodes 9(.sni).

lU(M.danhat). 11{Chendraghona) and I2(l(aptai) ere 1.34 !l.U ••

2.60 P.u •• 2.0 P.U. end 1.76 P.tl. reaper.tively. Only 'the surge

voltage wave at node lOCMad2H'Ihat)., d is shown in fig. 4.11.

All the reflected wave from open end nodes 12{Kaptai) and 13{Sikel-
baha) add up with tha tran!lltlitted wave at node 10H'edanhat).

The pe~ of 2.60 P.U. occuro at 269 microseconde after the
stroke at Chllndraghone. Loading the syste= at node 6(Ghorasal)
changes the wave shape at the nodee a bit but the peak value
1'_&i,05 the SlillIe. This is because node 6(Ghoro81!11} ill fer awey

from the nodes under study .• Connecting 1!I load at node I21Kaptai)

d~p~the wave shape. This i& because the reflection coefficient
at node 12(keptai} is no longer 2 but le55 than 1.

For e single lightning stroke at node 7(Siddhirgsnj) there
Ie possibility of voltoge build up at adjacent nodee 7( Siddhirganj}.

6iGhorslisl). a( Cornill.). 14{tJl1on} and IS( Tong!} under no load

end load at nodes 6(Ghoraed) and 12(1(aptai) conditions. This is
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boc8Use reflection fro~ open and node ron9~ contr1butes mostly.
In Fig. 4.13 I1iUrgo voltage wave at node 14(U11onl is ahown.•

The peak he!! e value Df 2.21 P.U. at 191 micro iIIlJlcont!tJ. which

is the IllUperpOG:i.1::l.on of reflected wave from nodo 1St Tongi) with

tr81161:1i tted wave f'.rom node 7t :'i1ddhirganj).

For a single lightning stroke at node 8(Caai11o) there
1s posail1ili ty of voltlloe build up at sOllla adj.cant nodss under

no load and load lilt nodes 6( Gho:rasal) and 12t !Coptsi ) condition.

At nodes BleolDilla}. 9( feni) 8nd 7( tliddhirganj) t.he pelll< VlI1IJGlil

are exound 1 P.U. for all three load conditions. At nodea
l4(Ullon) and l5(Tongi) the peek has a value of iJround 2 P.U.

ihilll cen bl$ lOll<plainecl lUI node 14(U1100) :i.e only 12.8 oiles

away fro~ open end node 15{Tongi).

5.5 IInp1Vftis of Multipl@ Strokes at 1JHf"'unt Npd~J1

frolll the analysis of function "na time For allnodee for

etroke at dift'erent nodes it is observed thet 8t some oodee

possibility of VOltage build up exist, if multiple lightning
stroke occur. Multiple (two) strokes of 500 Bnd 1500 lllicroBot';onda

are considered.

For multip~e lightning stroke at node I{ Sylhet) there is

possibility of vo1t8ge build up athodf!! 6( Ghar.aall for no

load condition. The GurO. voltage wave at Ghoreeal for 500 micro
aecQnds interval is shown in fig. 4.15. The f1rot Dtroke reaches



Ghoreeal at 716 ~icro seconds and the reflected weye ~ro~ open
end node Ton91 reeches at 1262 ~iero seconds w1th 1 p.u. end
O.9~ P.u. magnitude reapectively. The second stroka at SeD
micro eeconda after first stroke reaells. Ghoresel ot 1216 ~1ero
seconds (716 '" SUO•• 1216) with 1. p."'. magnitude. This adds

up with the wave reflected from flJrlOi and the valUe rellches

1.51 p.u. magnitude ot 1263 micro !!ifBeond!!l after the 'first

stroke •• tth load .t nodlll 61Ghors9al) there is no possibility

of build up. With load connected at node lZ(Keptai) the r8f-
lllct:ed wove t'.rom far end ditllinishes (Fi';;l.. 4.17) but the pISek

"'Dlue r~l3ins unchGnged. This is beceuse fer end nodss haa

less significant i.l!. the weve d1miniGhas mueh before it reaches

the desired noda. The ~rge voltage wave at node J(~riman9al)
fur .repeated stroke of 1500 micro seconds intervel at roode

I{ Sylhfiltl unulllr ioed 1St node 1.2{Kaptai) eonditi,on is shown in

Fig. 4.16 • Thll peak hea ill value of 1.41 P.U. Illagnitude.

With multiple stroke (ISOn ~icro seconds interval) at
node 12(Keptai} there 15 pOllsibility of voltage build up !lodes

ll( Comilla) end 9{ Feni) under no load and Ioed et node I2( I':aptai)

condition. In both eonditionstha peek value (1.28 p.u.l remain:
the sSllIe but the "evil ehape ie different (fig. 4.19 (oland Ibn.

For multiple stroke at node 11(Chendraghona) thlSre is no
pcssibili.ty of 1101ts\le build up lit 'lildjacent node••

for multiple "trok. at node 7( .,iddhirqanjl there is

VOltage build up at adjacent node!!.
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node a (Camille) the~. 1~ possibili~y of voltage build up ot
nodes 7(5iddhirganj). 51[;OIlli11o}and 9( reni} for ell three

J.oed conditions. In "10•. 4.20 surge VOltages et node

7(Siddhirganj) and a(COIllille} ara shown. In fig. 4.21 surge
vOltsq8 wave at node 9lrsni} is shown.

5.6 "nalllsi!) of fully LCll!lded Syntem

The system is loaded according to loeds shown in Table-2
(Pege-47). All the studies 8refllode under this condition. file

effl!lCt is that peak velue.a at &1 the nodeo diminishes very much.

5.7 !,"alVaia of :itudy with ArUf'i.e.i.pl Reactor at !Jode l4(Ullon)

\<lhsn El; artificial reactor 1s connected in between node

14(U11on) and nod. 15(Tongil. the possibility of voltage build

up dOe\!!not c.hal'lgemuch. This i6 because change in valUes ot'

transmission and reflection coefficients are gopereed by pre-
sence of open end node l5(Tonqi) only 12.8 .ile8 _lilY.
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It is observed from the study th~t for $1ngle lightning
atX'oko at end node ,'yll'let thflrt!l is possibility of ll>oximJl:Ivoltage

built up at flOGs LIlo" for r.a load 85 well as load at node

j( apt!!i.

For single lightning 6troke at end node Kaptsi t~are
is pOssibility of voltage build up at node 5ikelbaha for no load
ee well 85 1Qsd conditions at !>horasal or Kept.i,

;then single. lightn!n\) strokfJ at nodes Chendreghone,
~iddhirganj end Comill. ere r~naldered there i. possibility
of voltage build up at nodes adjacent to the disturbed node.

for repeated (two) stroks!! of sao micro aeconds interval

at end nodos Sylhet and Kaptai there is possibility of voltag~
build up at nodes Ghora9!!1~ COl»i11a and Koptai relJpective1y.

There ie voltage build up possibility at nodes Ghares!!l, Comilla

end lIllon for repeated strokt!1ll of 1500 micro seconds interval

et node ~idd"irqenj. il/hl!n there is repeated stroke of 1500

micro seconds interval at node tomill. th!!lrs i. voltage build up

possibility et nodlltl ~iddhi.rlJanj, Comilla end Fen!,

Whenloads ere connected ",t ell nodes of' the system,

the lightning stroke hae less si9nificenca and voltage build up

possibility dimini$hes appreciably •



,htl c"f'l"l,n .. ..,!'lrnolDena of transients due to li90tn1n9

surlJEls on tf.i::t ~.1,'.:J of' Dengla.lesh power syatem hos been studied

by di gitesl campI!": ",1:. _'.':;'& tI f ,.:,,:.;r.'L.l::lS arl! identi fied lUI

dangerous points from operetion point of view. Thie is the
second study on lightning surges end the firet tialll e digital

COlllputer was used for lightning nur!Jll study. This type of

etudy ilJ very important to power engineers of the country 5S

lightning surgs causes e few major interruptions each year
i,n t/Sllt (;rid during the Monsoon. further, clore dsteiled

computer s't.ud.1sS lllayb. performed. :'omi!!of th_arltl-

(1) btudy of' lightning surgBS on e power system using three
phase of transmission line rather than single phase.

(2) Study 0 f switching transients on a power system using

Bewley's Lettice Hethod by digital computer. awitchinlJ

transients may Oll si.!l)ule-te-U by dig.ital computer.

( J) :Jtudy 0 f lightning tlUrGl!Is on a pO'"Hlr system canaidering

machine (Generator) transients by digital computer.

(4) Study end inve:Jtigation into the nature. wave shepe end

duration of lightning in Bangladesh.
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AfH'ENDlX-A
/I JOB UH91SHA 1"6
C PRUGRAMfoI E NO. 1
C CAl.CULAr ION OF Cf}-f.:FF Ie 'lEN 1 AAND fj ,e; AND ()

Dl~IENSION il 14),A( 151,lH t5~ ,Gl 151,1)( 1'» ,Y(l31
KfACI1. 10 HZ( 1), 1" 1, 141

IJ fORMAT 11FI6.~1
Ou 151= 1, 15
A I 1 1=0 • (j
l;l{ I 1".0 .0
Qlll"O.O

150111=0.0
OC, 20 I" 2, 1'0
AI 11= ( ;/.*l ( II 1/ ( l( 11 +H 1- U I
l31 1 I" AU )- I .0
(il !l=l ~.*211-!lt/tl,( 1-1l+l.1 III

lU 0 ( I 1= GIL 1- 1 • ()
00 25 I" C, 1:3

25 Y( H"1.01l1 I)
YY"''l'l6H¥( il+'tl IH
Yl.=Y('l)+'YIIOIH( 121
AnI'" I 2 .*H € 1 1/"0
JH 7)= (\' I 61- y(1 )- YI 131)J 'i ~
G 1 7) •• I ;; .tt Y ( 7 I II YY
0171" (y111- Ytc 1- \II 1311/ ~y
A( 10 I" I 2.*H <; Ill'll
£1110 1=ly(o;)-YI WI-V( 1211I'Vl
G( 10 I" U.O< V( Ie Il.nl
LJ( 101"l yl 1\H-YI 'ii I-vi 1211/Yl
Df; 30 1= 12, 13
III il"'(;.O
u ( I J'" AI 1 Iii. CI
(i( U"'O.O

30 Ulll=;; .0
e { 1S I" 2.0
0111"'2.0
[i( 13J" 2.0
VI 15 J••••• 0
~R iHI3, 351

3~ HHiNAH 1111, 131\,' l'. SJI, 'ALPHA' .7X, 'IlE fA' .ex. '(,1\1"/1,1\' ,7)(. • CELTA'/I
kR IrEt J. ;t 1l1.AI II.l\\( 1.I,clll,OII) ,I "1.15)

36 FUf(MJlr(Il~,4FU1.U
fNO

II OPTION LI~K.LIST
II EX foe. FFOK TRAr~
f*
II EX I;C LNK f:CT
/I EX EC
1*
16



ALP HA BE TA GA "''''A DELTA -=f9

1 G.C G.O 0.0 2.000000
2 C.<;<;~515 -C.cCG4Z5 1. 000424 0.000424
3 l.Ce(t57 C.(C0657 O. 999342 -0.000658
4 C.SS 1114 -0.C02886 1.002885 0.002885 •
5 l.ec:; 2/7 0.003277 0.996723 -0.003277
6 l.C((C(( O. C 1. 000000 0.0
7 C.c~lt73 -C.368127 0.790193 -0.209807
8 J.ll:;CC6 (.113606 0.886393 -0.113607
9 0.SSS45( -0.(C0550 1.000549 0.000549
10 (.662H7 -0.337113 0.666811 -0.333189
11 O.SSHeS -0.002835 1.002834 0.002834
12 C.C 2.(000GO 0.0 0.0
1~ (.e 2.(00000 0.0 2.000000
14 O. Sf 4CE6 - O. 035914 1. 035913 0.035913
15 e.c 2.COOOOO 0.0 2.000::>00

'" '.- .1'••- ,.., -'~'"'""'''



II JOI,l ueHi5kA '30
/I OPTtoN llNK.L 1ST
/I I:X EC fflOfllP.AN
(. PRU(j~AMM E NO. Jl
l., 11'.4"'$ ((:.Nt VOLTAGE AY NODE 2 roOR STROKE A 1 IliCDE 1 utiOE>1 ClfHHNT COtHl1T 10/11

O,lM ENS ION IH E'li. ells), G( l' I.ot 1 ~H .11'1151 ,I'F 1151 .H"tOOIJ I , ~Ff 115.41.
UH" IS. 4 '.I\t'l 4(l.1(l1
(i,EIIOt 1.j j II ill II, I'" loH)

lW k€Ai'Ji 1.IC HAt II, I"'It 1!l1
!(f;M( It IOWH lit f"1. 191
RUO'1. 10H(H II. l"l, l!l)
f'd!AO(It hl Hot (Jo 1"1.151

10 rOI,MArteI'IO.til
11 FOR/liAHUlSl

AAA.O.Ol~UI!
tH~e-6.o1Hl14
lIo••l.0160l
co eo I"' 1;. Il(Hjil

$0 FIJI=O.O
HIII"51, J~l)t j ."'''( tI
fft21"'A121
1'1' l3 ' •• !'It } '11'61 !1
AA"'AUJ
GG" l.O
00 20 I. J1. J 1
AA"'tlll*AIll
GG"'()G'" 01 U

20 ,fF I 1'11= U. (,O"'IH 1+U
HI J HoI FH Ii 1*IH 1~n 11:it111
ff 11<\ I" (ff Illl"'el 1'.H 11:H III
PI'( 151"( Ff( el"'GI 14j*Bt Hl"'A( l.4l1/IH'"

C HANSiENT VOL TAGE II 1 "HIDE 1110 fOK SJRO~ AT tlCPI! (l~E
00 lit "''''1. 1~
N= .IT (I( •
00 III J" 1, :ao Qss•.J
X",.UA"'U
v" -1'1Be.' s s
EXX" Ell!> I.~ I
£Xyco.o
H' (.1 .1.1.71U ~ce )P ( , I
\1"'10* (f.U~E)(Y.
""1\1 +J

U f tM I'" l'tM ltv. r- Ft K i
WRlUI 3, JSI

35 f'ORIUH llHdUlli, !tRANSIENt VUL'!AGE A! N(JOE Tllle'llI
"1\ tT £13, S~I (loft 11,1"'1,4000.2)

36 FOR!~AH91B,ji!~.4' t
C I/OLTI\(JE ~A\!f: AllmOE hiO 1Ii,tH REPEATED STHC/I€ OF 500 "'seCONO tN1'EI',vAl

DO 23 t. 11 lO()O(l
2JRF(H,P()J

l'lll 24 [" tOle 4CC(l
24 F'I"'f(II"RF(l-H:~1

ItIun 0, ill
31 f[)RMt.r(lIH,3(l).'lRIl.N!HENt 1I0Ll1\Gl: At NtJf.)E Hit: wiTu lH;iPfATl'JO SlflOKt:

1 () f '00 MICRO Sec.rJNO INTER \i1\L • III



WRIT EO, H I( I, FI i It 1'"1, ~llOO,21 ~\
C -rRANSHIH VOLTAGe: A1 t'lCWE hit'l \lI1H HlUR SUCCI.'SSI VE RenECTIONS

Llf) a •• l"I,IICOll
84 FtI)"'I\F(11
00 821 ••1. 1~
IH F« It 11" flll1J*OI 21
l';HI It J lAP" fl' ( I. J )rlIt$1 :ll
p;ff t It :3l"'fO'f( It .altO' 21
!\ffll, 41"Rl'f11o 31*01:iH
ITR I I, it" n, II
UR(l,21",ultHJ.a
ITlH 10 31" nRI I, 21
ITRII, 41" UR.I I, 3 )i-Uti

62 CONI !NUB
00 a:a K'" i. l!l
If-II{ ,Eo.i) GalO U
OD $3 l=lo4
N'" UR(K.ll
IfIN-37Cll) U<1. 120. $3

1.20 ClI (j" J •• It 31li)
$S"'J
X •• -AllAr,. 55
Y=-8fl6'" SS
VllX= l!XP' I( I
ex.y" G.O
tF1J .LT.71sn"IHPI YI
V"VO.C i11l~-I:XY)
1'I=1'l4J
FII4I"l'{11 j .V*RFfl K.L)

U CONr Il'lU E
wR ITEO, ~til

3(1 f't:m1-\AT! 1I'Il,llOll, • lRAl'UlE'NT \jOltAGE AT NODI:: TWe llil TH f'QUIl Sl'CCf~S Iv e
1 RHLI:;Cf tON ~• Ii I
wRITel3, 3tJlIl,fllltt"l .•~OQ().ZI
GO TO 1Hl
~-NO

1*
1/ Exec I.NK 1201
II EX f1C
:US 1(l6 H"l 616 lQ20 UZtl 1632 2182 250(> :usa SHe ,,'5& H~O7.134 HlH
(l.O (l.'l9'1!l111 1.OOGtlS1 d. "91114 1.003211 1. iJ lJ.t. HB 111 1.113607
(1.999 ~50 O.66H&1 C.HllU O. G '0. Q 0.91:>40116 O.l)
0.0 -o.ooH25 O.C1l11651 ~ o. GQ26a6 0.00321'7 0.0 -(}. 3t.81 za tl.llJl60 1

~Q.OOO5~O -u.H 11 13 - (J.oe2e3~ 2. II Z.O -0.0;3$91'> 2.0
(l.0 1.(lOe~24 G.'l'l':lH2 1. 11(Jl e S!J 0.996723 1.0 O.7901'H 0.686119 :3
1.000549 a.HUIH 1.GOZ8:'.l4 0.0 0.0 1.O3!;914 0.0
2.0 O.t)OOH4 -C.OCIl658 ~. 01.12885 - 0 • ..,0 :1271 G.O -0.209801 -0.11.'3607
O.OOQ'~9-O.3~~1'lO G.OQZ8:!14 0.(1 2.0 O.(.I~!>U4 Z.o.
I') .0 O.'i'i'lUi\ 1. (HlC651 fl. 99711"1 1.003211 0.3%918 O.b318H 1.113607
0.999450 O.Etl2U 1 <l.'l<':lte!\ 0.0 o. a 0.9&41>£16 0.0
0.0 -0.000 ~2S C. ~,j(l6!l1 - O. lJ<iZ886 ,O.O()3Zi1 -0.64:9tJ6Z -I), 3btl12C (1.113601
-0.0065 !,o - o. 31 '11 t:l - d. (I0Z63' 2. Q i.o -O.OJ~911.) Z.U

0.0 1.I(lOI)42~ C.9'l~3"'2 t. Q02ae~ O.9961H . 0.31>6'" 18 0.10;1019 " CI.$Uo:l<,l 3
I.OQtH '09 (I.HUll I.CG2e3~ (1. II 0.0 1.O~5914 0.0
~.O (J.oOC"'i" - O.(1(106~tl O.OO2a85 -0. (i03.2 7t -O.643(,l62 ~o.2C'19a07 -(J.t 13601
0,000549 -O.]j219C Cl.()OZIlllIf 0.0 ;!.o O.03591't 2.t)



1.003277
O. ()
c.oonn
2.0
Q.996723
0.0

-().003271
2.0

1. \)
O.':1e>'tD8("
0.0
-o.O:;:5'i11"
1.0
1.\n5'H4
0.0
0.035914

0.6316711
O.U
~().36!1l28
.2.0
0.790193
.0.0 .
-iJ.2091J\'17z.o

...•

S2C
1.l,l3607

o .llJ601

-(; .11:360 1



OAT e

oj!.~
11\4
il!'.i
.6
17
11\$
119
.•0
011

••2
d

t pROGRAMME NO.3
C CALCULAnClI~ OF VOLTAGe liA\lE AT l)tI'HI\EtiT MlDES WITH StNGUl $1R(JI<E
(. II T I~O!lE ImE

I) .IHENSlON A( 1!l) ilH (5) ,G U 51,0 U!H .n wo •f'f (1SI, J'f (1" hFf'7<i!i ).,
1fiF1()( 15) d Il( 4ShI H (jU !) I ,F (f>0(0)
READ( it 1111 Jl( lilt "1.14)
READ' 10 lOU At 11,1 "'I ,151
ReAD( 10 1(11(8( II ,1"1,1'1
READ( l, 1(J)( (;( II ,1 "I .1 SI
READ(l,UJ}6( 11 ,I "1,151

1<l FO~MA 11 8Ft" 0••61
11 FORMAIt 11.j1~"

AAA'" (i. 014194
Ubl)''1':i.013014
liD"1.016611

C f'U>lc. 'UON tlNO T1HE CAte lilA tI Or, F CA NOO€(JNE
NOOt':'"' 1
FF( 11=1.0
FF( 21"'1;( 21
A!\"'l.(l
aGO' 1.()
lJ03(i t '"2.11
.iI""U */l.( 1 J
GG"G"*C( 1.1

Hi "I"I hl)'"M*GO<fell+ll
H( fa )••(1'1"(lU >lIH UII Ie n 11
fFI 1't ,••( f'H fll"!H 1411/1.\UI
l'fl 151"'Hf( U.A( 1't1.';l(151 «j(14H/lillt}I
t1{ 1l,_"~O~ _
111 ,I"'<!*J l( 1i
DO H 1"3.12

~1 t1(1I ••li(l~11+Z.J1{1~1l
III 131••ll( 11.1'+2"JHH)
("II i41"11( 11+Z.JHl31
ULU l"'Il( 14hill~11~1~4~1~ ~ _
GO 1n flOil

C EUNC'fION AND 11"'(- CIl.1.CUlA11 Ctj FOB NODe rwQ
'll 1 Ff'C U"f)1 21"'01 U .Cd;llHI .•~~2~) _

FF( BlOAt 21*iH 3)
AAcA( 21
(;G'" 1. (J
DO 20 1"~,1t
AA"'AA *r. I I )
GG"'\iG.(;( t I

2C FF( If'U"'AA *GG"'i> (I +11
He lU=1 fF( 10 "lit 131' Ie 1111
i- F ( 14 I'" ( F f ( II) eEl.( 14) I III (tu
PF( 151=O''f-( SI"(>I 141 lOti tIS) '~jl4) II !HIli

C Fl.hC THJN AND 11 t'I~ CAlCUlA nON f'131' tlOOE 1'HlleE 'r (J fil IN eN
If(NOOe-2) 1'2 .i02.1 oil

l(H 1'f'1NODE\"1. (J
Po 2;l J••2 .NOPe-

l3 I'F I NOPE 1"'1' (NOD r.:I 'I'd J I
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1=1'( NQPE+ U lOFI'-! NOVf 1 >liB! NOPE+l'
KaNODE+2
DO Zq I=K ,12 .
1Ft t .ell .• 11 \;t} TO 115
Ff'( II"'! H! 1-11 'loA!1- U -on q I >Ill H-lIll /j 0-11
GO TO 2.4

1U FI' cll "'I' F( 11 IG t ~jOL)1H
a'l C01~'UN ur..

r-FH.jl)Dl:- H"Ff( Nl.1DiH*B INO!i(}",~'(MCD6-1l
"''"NOOE-2 .
00 <Ie J"'1.l
l"'IIWDE:-l- J .
IF! I .EQ.~J GO '1'0 116
ffC U"'lff'( l+U"Gt l+U "lHI) ~All+11 J!O(1+U
GO TO 2~

lie 1.1'(~ODI1-1H 11,171 IllS
111 GA""1. (j

GOA'"ct 61 <1>0 ( 51 "f,e vi
GO 10 tlO

11' 00 , !=8.NOOE
~ (1ft.'" (;C t -11 "'A C t - it

12(\ FN S)"FFtNtJDE •• lH NODE I "GDA"GA
2! COlli HN lJE:

If'lNQDE-lOI 2CiI.ZQl,ZClt!
;;lOt I'f'( HI"C FH 111':<1.1( 13 H /IH 111

GO to 205
2(12 H'C 131"CfFIICI"~! 10).1)(131 "A!10H/DIlOl
2CS IHNOD!!-ll U6,~Q6.201

;1~ ~2~()~tl~FI'~C~I~~1~"'~!~F~F~(~e~1'$~6~(~1~1t=)~1~/=6~(tl='l~ _
Ff( Hll ••t FF! ;)'''(;( 14) "1lo11S'06A(l41) IllW)

;, ~G~O~lO~._1_O_2~ _
"' iWl fl'( IIj) ••iFFt1I~"I.£1!l41.j'H71)/Onl
=I~ ~ff~(~l~;~'~••~!~F~F~(~t4~I~.~G~'(~1~4~)_*~O~t1,,-,$~I~.~A~(~l~4~1~)I~l~}=t1~"~I _

C lIME til. LC UlA 'tHIN FeR NODI: two Hl e l f.'VIlN
102 t l{N(jOEI",(j

l"'NOOc- 1
po 26 JQ1.L.

2e }T!NODt''''ll{NOoel+Jl(JI
K"'NliOEH
00 21 !"'Kt 1il

~i UO)"1 t! I-U+2.Jl'o •.il
/II "N(,iIH~"),
po 26 J'"I,M
l"'NGOf.+l-J

<!IlHC(-ll.n! 11+Z'Jl(l-U
III 131"1 n lO)+2"Jl( 121
1l11~)"11'11'+Z.Jf! 131
1'f( UI"ll! 14.+~"Jl(l41

C SEPARl\1fi stORAGE F(Ji-( !'IOOEo1 111\0 10 !,"IS AIiQ T !I'll!
IFH<017E- H60~t301.]O~ada IFINOPE-lOIICC,30Z.60Q

HH 00 5111t"'l,l~
H'I( II"'HI t I

Hll IH! I ."'Il! 1 I



85
IXi'll) 13.'ilAU 11:>105179MAl NPGfi1I<(){!;TRAN IV .36()1Il- fO- il1l1 ;,j- c

GO Tg6Q(j
:aC2 00 SU 1"'1,1'

FF Hlt 11"Fl' I 11
!02 J 11 O( 11'" r 11 II

GO to 64Hl
FU'4CnD~ AI1lI> T1Ml; (,f\LCULA T1(iN ~Cl<N(JD1. r>l!'LVE

HI S NOO=NIlD(;-ll
GO TO (1(;6.Ul1,lOe.lo9,UOI,NCU

Hie FPCU)"AI 21.'01 *I\(4) .,. (~I .1\161JliA 171"'HilI "'~(9 IlI'A( l(j .il' IIU i I
HI 1U"'I"(, I 12""131 uu"bhll
DO 32 J-l,l<1
1"U-J/
IF( I .EQ t ~H GO 'fOaMFF(11••(~F(t+ll~G(I+l)JIi~IJI.All+11)/O(I+11
GO 10 ~2

ilCG H'( S leN'( 51
t 2 ''IN Hit yr:

HI lU"'IFFCic''''(;( to)"'tH 131'MHIlli/DC10I
f'FI 1" )••HF( 71"(;( 1) IIDt 141 "'1\ (1) ) 10 tn
FF( IS l "II"I' ( 14) t)c;U"t1 *OU!H 'U 1141110 (4)
t1( 0."0
00 H 1"'2;12a~ 11(1)"ITlt-l)+J1(I-U
00 34 J"'l.U
1-12=- J

34 ue n .•n( i+U+2 "J ltll
1 t( Ulel 1( 1 i.l1+2 JliJlt 121
1H 1't1"'11(71+2:i1JH UJ
('It HI"! 1(141+ZJliJl( 141
GO 'to 6110

C PUNt110M AND Il ME tAlC.tiLI;. tJ .lJNH1B N(iO~ tHIRTEEN
10 00 4tl l"'l,f1il

lie. HI P",i"f'l(]1 II
f'FClll"fl'( HI .(H 101
FFI i2)"FI't It I ~UQ)
fl'( HI"''' F( UI
po All., 1.15

~I If(11"'ll1mll~2.j'(1~1
(iO to "00

C FlJNC liON ANO 11 Ml: Cl'IlC\lLA HOt; f(J1\ NOOE: I'CuAHfN
1(' 00 $tJ 1"'1;1
!i~FN ll".!'-F 111 t.1\ e 14)

00 U 1-'.13
H Fr-I 0"1"1"( O"'Glll'C041

f'F( 141"( I'l' 'IC14) lOA ( 141 lin (14)
r:F'llli)-FF11 iSIIGI141
00 '2 1-1.13

H He 11••11111 I+ZJlJliuH
III Vi ''''1111141- J'I'C l1H
t 1( Hi Iall 111UlI- Jl( U)
GO 10 6 (Hi

<: FliNt HaN ANO tl M~ CAlCUl.Al'Hlfi FCIl NODE fltF1' ~EN
lC"l PO 4' 1"'1.15

fiO FPC U"FF( II
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rio 61 I-l.B
(11 nI1l"'Il'IIl+Z-Jl(l4)
11( lSl"l11( 1I+Jll13If>JHI41

60G DO e~ 1.1.6CO~
e~F(lI ••O.Q

00 u K-l.1S
O"'ABSIFI'tKII
IF(Q-O.OClle3.e3.~2

e2 ;'/-1111<1 ~
00 S3 J"'1.30a~ s••J
).--AAA.SS
~"'-Baa.••.st\
E 1)(-£:;1.£>( )II
en •.0.0
11'(J.L T. 'HEnGE llPI.vl
v'"'\1[J.1 E)l lH, HI /'
t~"N+J .'>.rP(Ml"F(KI.v*?f("t<1

H (;ONHNUE rl' '
liR I 11:19. :Hi If~OljE

341 FORMATIlHl.30)(.' lRI\NSlEt\l VOLTAGE At NOOE'14/11
loIalll NOt:l E I
Io:RIll( lit :ll911 IIF (ll,l ••1«.5000 fZI

!~F[JR~A'(~(t~.F9.4IJ
3<16 NOOI:"NOOE+i

IFl NOr/E- <!. 6(\1 .o<il .603
tGI IF{NUO~-121103.10Stl05
i}O CALL It )(11

END
" .



FORrrU~. IV ;360tl-~O- ~79 3- 6 1l>/05179

PBUGBI\Ml!t NO.4
CALCIJLfllION OF VOLTAGE WAVE AT 01l'f'f;R!:Nr NOCE5 IdtH S tNGLc~.Tl'tiKe
A T/f!30E "wH VI:
l) 1Mt:NSHIN 1I11!'i1 ,!H 151 tG 1151 .0 (J 51 .tT U~H • r.1' 11~ I. JT (1410 r-fi1( U J,
IFF ll'llIS),l H( 1$'.1 i1oll!>1
REIIOCi,lUI Jlt J •• 1"'1.141
1\£/1011;10)(-'1 U ,1-1.151
IH:ArJll. HlH 13(1) .1 tIl. .151
READt 1.1011 Gill .1 ••J. ,1 $1
Rel\DC It 1 {1Ie ot tl tI '"'I tiSI

III ~URM/ll'l SF 10.61
11 FOP.MA111 "151

Flt4C 1I Ok CALC'liLAnON f" 01'< NfJOf 1 to 1bNODe.., 1
101 FFINOO£lml.0

0020 I "'NODE •.1<1
20FHNODt: I-H I NODEI ~C 1+ i.J

FF'I !'looe + II"FF I NOOIH "IH HOIJEI 46 tNOOE+l I
K"NOOE.+~
00 21 I-K,12
If I r.tC>.lIGtl 10 S
f.n U"I Ff'lI"'lI'A( l-U'DClI'G (I-U lIeU-II
GO 10 21

5 IPINOOt.G1.1IGO 10 ~
Ffl( 11"H ( Nlll>l,O) OIl>I 11 'A on 4/1UH "" I'll. AtS) oIoA (61'" tit, 1* 0 (6 I' G (!l fa G I ~ I.
lCI 2,1.(,1 21
GO lO 21

6 .f'~'71'"11'1'"( 71*OtNOOEIl/IGI NOOE:l "A(NOOEI4G(NOOEI"'O(lllOOE-111
~ 1 CON UIIlUE

tP(NOOr.tQ.lIGO 10 2$
FF (NODE- 11"''' l'I NllOl: I .G I NODEJ .01 NODE-11 *Ii «NO£)EI
IF(NOOE.EQ.2lGO to 25
L-NOlJE-l
OiJ241"1.LJeNODE-l-X
IfIJ.EQ.5IGO to 23
EF4J I••' EFt J+l! 0(;1 J.lI .tH JI MI J+1I1/0(J+1l
GD10H

23 Ef I,jeFF ( 51-A. NOPI:!
24 COtE tiN vr:
;25 Ff' 131"( FI"I 111 orB 13 I) /a (i 11

(fl' '~OOr:-712C6 ,206.201
2GI! "E'( HI",! FPI M'iH 1411/nl ill

HI HI"'IHI U.Gt 14'''0(151 leAChlI ItHSl
GO to 102

201 H( l'il"IFF( 11'G( 11'01141"A(111/0(71
FH I.5''"C FFC l'tI'*GI hlltOUSI "1I0411/0(hl

C Tt~It:: CALC ULA IION FeR NODE 1 TC 10102 ITINUDE.cd .
00 20 1"NODt:. ,11

30 UCNOOEI'"'f11 NOOEJ+Jll II
K",tqUOE.+ 1.
DO H 1"1<.12

H lTCII"! Tl I-U+2oJ't1I-1l
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1
2
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1fINOpE.F.Q.IIGO 10 ~2
It "'NOD!: - 1
00 32 J-l.M
["'NOD!;.I-.)

3< (1(1-11"'110)+;jI",11l1-d
H ttl U)"JH 10H}.J Hjd

ill 141"'1U 11+l*JTt 13)
11( BIn) 11hh2;OJl( 141

c SS'PARA 1r: S1()P.AGE; fO!\ fl{lOt; 7 AfiD Hi H'S AM rEM!:
*' l~(Nu[Jt:-H~()(it3(l1.303
3 ~Q3 IFINOOE-IOI'O(l.302,'OO
IfJ 3<1100 !HIt 1••1,15~ fF1IJ)",FFli)
) !lIH nl' l)c I 1t It

_J GO 10 50ll
.;j 302 r;lj !30Z 1=1.1~
~ Ff to( r I",I<H 11

"'I e 02 I HOt U"111 1)
Ili GO to ~<l()

c f'tJfCnON 1\140 itM!: CtI..lCUi.A1tol'i Fl)~ Hooe 11~ .104 NdD~NOD.-IO
if Cia TO 11'15,106, 101,108,109.111.11 ,NOO
~ 105 FFI~l)••l.d
iii I'FI.121"OI 111.IH 121
J H( 1(\1"'(;( l1J-t)c HH~AhU
11 00 'ill J"'I.9
II!~ ~I." 1(j-J
113 IF( I.EO.51 GO to 200
"" Ff'I H ••tF~I l+U.OII+1)lf{)UI*AC1H)iltHl+iI
05 GO 10 Ii (J
~ 2ce ff( !j1""1 11) OGIU:a"G191l\lGHU "'I> (7) *G(6l.0.!>'.H6[;t'Al1l*.A18 l"tllt,/I+:A

H 10 'of\( 1U
4<: CONtiNUE

ff( 13l "'t HI 101~GI161 4[) lUI lOAHOI liD UO)
ffi( H , ••( f-Fi 11 4uOI '!tJ(14'.AI1)1 /0 m
f'FI HI ).1 Hi I 111) fr.;( 14.J"O( lS I "A11411/0 tittl
tTl l.I. I ••J 1111)
1t( 1~}"]*J1'( HI
00 III ~~I~Q _
t••U-J

H It! U"'1TO""U+Z"JHU
1 U 13)"'1 'Ie1<))+2 • .11112)
p( 1111"'1 1( 11+4111./11 Ul
Ife 1:H••ITI14I+Z4Jlllitl
GO 10 Seq.

C fl.'NClIOill AND hidE CAlCUU1l0N FCf<1 Nooe 12
iQe tt( 121=0

1 tl U 1"1*.I"t( 111
o£} $1 ("1.10

Sl III 11'"'1 T( t )+.111 111
GOfD sa Cl

C FU'iCtItlN AND 'lIME CAlCUTIC~j reEl .~lJOt: 13
I:1 DD (1G 1"1 15
6~ PFllI"'fP HlUI

•



11..1 () 5/7 <)

'39

c

FF( !p••Ff! 1l}'Il(;l lQI
H( 121=1'1'1 121'*IH 1C1
F.I'l .u I"FFI 1 (l.
00 El t "1 .1$

U III U-thO( 1l+z"'Jl1 121
GU 1Cl !SOd
"UNe'ltoN I\I'fO lIME CAlClilAil ON FO~ 1'+

H6 00 'HI 1"1.1
'1d Fi'l O ••f F 11 lI ••tIl 1to)

00 'Il r••s.u
11 H( [leFt: it n "II( 71 ""0 t,l

PH 14)",( f'F i( tolo'." (1"11/fH 141
HI I !lJ"'ff 7' 151/(;( ltd
00 12 1"'1,1:3

42 Xl! U"IT1U 1+2.JHUl
1H 1~1"'111! 1"1- 411131
!1t l!i I" t 11( 151- .m 1.3)
GO 10 SIIiJ
NJNC HON ~NO liME tALC UHC1'I f' (lit NOO~. El

la') 00 U 1"'1.15
/ill Fl"I! l"'H( I )

DO tli 1'" 1.14
ell in IlIOn! 1}+,z"Jl( 141

III 1!H"1111 7J+Jl( UH' JT(14'.
!lot) W"HElil. 351NObE

35 I:ORMAn 1/3fJ '1., 'f" \,iNCHUN A~D n liE AT "'001:'141/1.
WRITEI.h3~)(t ,1'1'(11.1 'fIll .1"'lfUI

at/fORMA t( 3t II C ,I' 111•.5 d 1 Ql •
~(~ NOD£!"'NOOl;+l

IFINOOE-IGII01.101.603
6d3 1Ft NOL1E.lf .11lGO lei 104
1HI CALL 011

EN£)
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c PROGRaMME ~Q.5
.C CAl.e IJI.A 11 Olll Of F UNC H ON AlII,) Tf /ol£i Ai' A tHC l!ttr NO(jE r-QH 'S.aOIUl 1<1'
c ~woe 11.1 ANn 3

DIMENSION I\tl!H.flI15I,Gtl!d .OU51.J'iU. ••.l.f'FUed. nt16h r.r"U~h
IfF"! 1!:l1
P;t:AD(l.nlC Jlt I) .1"'1,141
RUOI 1.• Hill Alll.1 "1.1$)
REflOCt.LOlliH i) .r -1.1!11
IWAOI it 1 Q It t;1 11 ,r .•1 .J.51
IH!ACH1. lQJirH 11 .1 "'1.1~1

11 FOfl.I<lA11 141 '51
H fORMA it eno.o)

c stROKE "1 HonE 1H CHI\ rv[llI<AbHONJO
(; CAl.C Ul./\ 1I ON FOR NODE: ~

NODE" '3
Ff-I Ill"'G ( 1 01 "(>1 91 <Of.') ( 91 "A 19.
I'FI (j1"'Gll01
f'fllll'''G( 101 "1:11 9' "lIUOI
(jF( 111"'(1'1"( I.(})"I\( l<ll.B([il"G<10H/S(lQI
f'f( UI"(Ff'( HI "AtHI "S( lal-uUIH/iHIU
Ff-t 13)"CFfI HI"SI 131)/6([11
('ft ttl)'"'l'd 11 'Cl61 121 "'1.>( 11'''[; nOI
('\••1
H( 91"'J T( IIJI+ J11 <)1

DO H 1"1Q.12
.H 1111 )"'1 it 1_~1l+2"Jl(I-!l

III HlI"'l 11'll1+2"",t( litN"e
GO TO 100

(. CAl.C.OLAlIot~ H,K NODI; 10
llC NOpe., 1 Iii

fl"1 '\l1"'GI 10) 'ILlI 9~ "A( 10)
PFllCI.,I..O
Fr! 11 1-01 tell COB ( lU
Ff'( 1:11"'0 I iQ I 'l'AI HI "6 ( t.ll.!.Gc""I ..••.l"-l.~1 _
1'.1"1UlI"'(;( HII ~(t;H "~l10)
r-EI 16, ••nf 111 "6 ( 12) 'Ii;, ( III
"'''8_______ l_11_1 ..fJJ..!!..J_1_1 _1_01 _
1TIJ,U"ht. flUll
111121=11111h.2~Jll1U
I 1( te)"l T( 121-Z"JY( 101

No: ••
GO TO too

C CALC lILA nON fOil. NOPE 11
Ht Nooe"u

HI 'H ••tq( 101 ('Ell••, "'II I 101 (Ii'; I 11.I
f/Zt Hll"[)( 1\:11"AI 11)
EFI 1!i-II, I 1ll
Ff!lal"A( lU"'B1121
H( t:31"Gt 101.0( 131 '!'flIlOj'oAl111
H{ UI"'Q.C
~"'E
1l'IUI=Q



MAl tiP"; MCDS F(JRTRAN IV UCN-FO-.q Hi 3- 6

Q041 I1{ 12 )=2.4 T< 111
uotte U( Hll"'Z*Jl(l!)l
00',9 1it tel"'1 1'( HJl
VO~V N=9
00 :.1 (.U 10 10()

C C.AlC UlA 'flOt'l FOil, NUDE 12
00:' 2 112 NtiOr:",U
00'\3 Fft 1131""(111"'tH121.(;( 11'''00.01 un11
00:>" Fi~'lU.Alll1"'B(lid.l)(lU
Ov5S fife 121"'A( lU
Ot:J56 H( 1:81"'(1'1"1 1<)14(;( IOI *b(UI "'AllOn/oclO)
0051 fFt Ui I"G{ 10' "A( U J
UD~6 M"q
0059 ue 1l1"~"'Jl( HI
OUMl it( 12'''Jl( 111
0061 I H 161"2"JlllOJ+Jlll.1l
0062 N-JO

(. Cll~\K(JN F' tiNe HON A~D T1 Ml: CAlCULAlI (;IC
01,;(.03 1I;() \)[; 2(, I'*'lti'l
00t,4 J "'1'\+1-1
l.)(i~5 IF( J .EO. SIGala ~
oo{,(, ff'IJI"'IFFlJ+H"'G( .I~U '*l)(JI"'AIJ+J.)lI\JtJ"U
0061 ~o 10 20
011be •• HI JlI-ll'f'( 11 "I>I n "(; (M "'IH~t tIIA le>I "'A(7111 0 ft)
O(,;t>9 2C CON UNUE
00 7(; I'Fll~l ••t f'Fl 71 ItG( 71"'LH 141 •• 1111/0«71
(1)71 r-fl IS)"'( 1'1'( litl ('(;1141 "'1)( 151 "'Atl41 )/1)(141
(1u72 00 III 1" 1 ,N
007] J#N.~t
CHl'14 21 HI J )"'1 n J+lhZ 'J'lt J)
I.1075 In Ul-t 111Q)+Z~Jl( lill
01.l76 III 1~.""11( 11.2.J1(3)
0017 I H 13t ••f 1( 14H".i!JloJ1(HI
OC170 IiRllEI 3,3$11'1001':
t,lOT9 H FOkM XI 1l3())I, 'I' UN\: nON Al'lU 1'1 l"fAt fiOIJE' l't/l J
OOdO WRl'I£Ul.36Hl.H'1l1.1 Hil .1"t.UI
00$1 ]C FURMA111(11C~10.'.S1Qll
0082 HOD~NDD!~a
'IOU GO TO! HtJ.Ul ,112.11;1) ,hOP

C s l{<(JKl:: A r NODe 11 Sll.lDHl RGA 1'1(>1
C ChlC I1LAllO~~FOT, Non!';; 7

(HUF, U3 NOOE",1
20f5 fl" 71-1.Q
OiJl:>e Fl'lllj"F.l( IH
VL/bl f'FI <)1=1\1 fl''''l!\( ~1"f.nH
P08li f-f1 tl"'O( 61
\)(H:lY FFl HoG( (,I*t'( !l11!ll\(bl."('1)
(""~O 00 41.11'" It,,
l,)();'H 40 H( (1"'(I"f(I+U'(jlJ+U ~U''''A(I .•1)lilJil.'lI
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II JOB U ET S 1
II OPT ION L INK ,LIST
II EX EC HOR Tf<AN .
C PROGRAM~ E NO. {;
( CALCULAT ION OF VOL TAGE AT DIFFERENT NODE

DI~ENSIJ\I HI 151,IT( 15) ,F! 40(0) ,RF!4-000)
110 REAC'( 1,10 II FF( I 1,1= 1, 151

RE,llOII, 11)( ITl 1),1=1,151
10 FClRMATl 8 FICo 5 1
11 FORMAT ( 1 5 1 5 I

AAA= O.Olll S4
eBB= c.Ol~C14
VJ=1.016C71
00 84 1= 1, 4COC

84 f! I )= 0 .0
m 90K=I,I5
N= IT IK )
Q= A8S! FfIK »
IfIQ-O .001 )90, 90, 91

91 OJ 90 J= 1, 300
SS=J
X=-AAA*SS
¥= -BeB*SS
EXX=EXP(X)
EXY= 0.0
1 F I J .L T • 7 I E XY= E XP ( Y I
V=VO*! EXX-EXYJ
M= N +J
FIM )=F(M l+V*FFIK I

90 CJ'JT J\IUE
WRITE(), ~c)( 1,F! [1,I=I,4000,2J

C VOLTAGE WAVE AT NODE WITH REPEATED STROKE OF 1500 MICRO SEcONDS
C IHERVAL

DO 23 1=1,40CO
23RF(II=F(I)

OJ 24 1= 1 ~O 1, 40CC
24 FI 1)= Fl I I+R F( 1-1500)

WRITE13,~IJ
37 fJRMATI IHl, 30X,' SlHGE VOLTAGE AT NODE WI TH REPEATED STROKE OF

11500 MICRO SECONDS I\lTERVAL'11l
WR !TEl 3,~c.11 I,F! 1',1=1,4000,2)------ 36 FJ R~ ATl 11{ I 5, F 7 • 2 ) )
GJ TO 110
EN D

1*
II EXEC LNK EDT
1/ EX EC
1*
If.
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oft"n expressed as 1II percent or per ,mite cif l!';. ~lected base"

or referenclJl value of .each of tbese quantities. for instance.

if a basevoltega of 12D K\Iis chosen. voltages of 106. 120

find 126 KV becorne O.9U. 1.00 andl.OS per unitar 90_100 and

lOS peri::entrespectively.

The.per unit veluo of Gnyquantity is defined as the

reUo of the quantity to its base value expressed &IS III decimal.

The ratio in percent is 100 timl3$ t.he value in per lJni t •

.vo1ta'i~'_'eurrent.K~Ao~d l'mp'~dlilr!cesare ;.0:j;elated
. - ,I-

thetsclectio'n of'till,g'e valu~s for any t>lO 0'1"th~ det~l:!Ilin'i!la

the .biisevdvee .of'. tiHi~'X'emifrli.rig .t1ol0. ~Ji;ually base "Vliond
, .. - . . -," ", - '

. bose vulte90 in KV ~<!ltlla~antHillts aelsctet1to. specify the

b&lJa~

f01'singlephilsc system .or three phlll.l1lt! t;y.stf!l".I8where

the term ";..lJJ:1'JSnt reftu:s to lineetiJ:rf!rit.theterlll voltage

re~ers.to voltaget.o neutr$l.Bnd ~he te~ KVA refers to KVA
Pili: :phase.•.the. fClllo'winqfc.rt<lul~s relete "tho vt'll:'1ouequantities.

Base Impedance in ohms "" Jlfese Voltage in I<V}2
.!lase .WJA

!lsse Power in Kti '" nese KliA



Psr un.it (".u.) IlllPlIdence of 8 cirduit !l'lrment

,
Acute! icpedaoce in ohms

•• llaae illlpedance in ohm.

Since three phese circuit s are solved a. 8 single line

with a neutral return. the bases for quaotities in the i~pl!ldence
diagram lire KVA per phaal! and hV from line ta neutral. But data
are ullUelly given as total. three phaoe KVA or "'VA end lin"

to line KV.

SA~PLt CALCULATION or ACTUAL VALUES Of R.L and r. AT ~(W Bf.SE::

Of 132 V MiU 100 VA fROK P.U. vALues AT 132 KV AIIID 100 "VA BASE.

Ualle Impe.dance 'b •• (IHI$e I:V) 2/Uss!! !'tVA Ohl:lB•

•••(lJ2/Y:i) 2/( 10a/3} •.• 174,0 ohms.

Physical ohms '" p,.U,_. valueu x systera baae ohms.

Pbyaicol ohms_ o hills systl!lll base ohms ( Yb)
r,u, ohms

p.u. lC '" bese lb

Physical resistance R in ohms. '" P.U. value lC 174.0

e.. vn1"e- v 1.74.0 lC 103Physicalinductcencel. .inmh••-''''-'-~-~jl~4=R-~-------

Physical capecitance C' f p.u. ohma x 10
6

).n JL'" 1.74. U lC 314

1. Tongi-Ullgn ~ectien
z~..,(0,0112 + jO.04371 x 174 = 1.9468 + j7.6030 J)-

610 •• 0.09 ~f

'"24.2 mh7.6038
314

lO-SlIha

.•. 3..... •
wR '" 1.6S..n... L

b/2 jO.U049 i2.816 x
•• 114 • .

e/2 b.l2 106 F 2. 816lCI0"" 5..7 x " •• - 314 •• lC



qq

2. Ull.on-:;>iddh.i.rgan i Section

l ""lo.Oan3S .• jO.OJ62) x 174 "" 1.452 .• j 6.3 ..n-

S -5 6
b/2 • jO.OOJ66/174 '" j2.105 x 10-5"""'D, ell •••2.l0Ji~O dO rf'

• 0.067 }I r

•• • c •• 0.134 jJlt

In 8 t!';imilar wey par_etaI' values wore calculated for

all the pya section units.
,:

Travel tima ia calculated as

The lightning surga ",.ve travels at the speed of
light (166,000 lIIilea per sec.). 50 the wave travel 0.166 miles

Ptil' microseconds.

3. Travel time for Ul1cn - Tongi Saction

celculated and are shown in Tabla - 1 (Pege :;!:J.Lt ).
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APPHIOIX- C

Mathf\")o!eicol (xpr'S5ion for 11 liSt} lillye

11 1/50 ",ava is e standard weva used for r.;:>rltsenting

e lightning surge wave. Mathematically it i. represented as
-tIT - e-t./f2 )

IIIt) •• 1/ (8 1

...' . ••• (l)

whore e lind b.' are constants ",hose values ore to be found out •

•

" V -bt\(" e:
" ..._- -

(,-at -bt)V •....e. - e

Ti",e (t) ---
fig. 7.1 The input surge volt.age wava.

dY(t)
dt '" -

-l!lt • be-btalii

....A.. •• e(lI-blt
b

(o - b) tlllOx •• 1n !!.
b

tlllSlIC •• ....L in ~
a-b b
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We have two condi1:ions thot the villue of \ll t) i. 1 at 1

micro-!!lIcond lSnd 0.5 8t SO micro secondG. rutting thes8 values

...L
1 '" a-b In ••• ••• ( 2)

•••

,...
•••

'...
( 3)

(4)

50 ••• e have three " uations wi th three unknowns to solve

frolll equation (3) II '"
1
-8 -be -e

••• ( 5)

.(4) 1 In ( .!1JL.~e-.50b)f.l'olll equotioo a .- so- II T
( 6)

from equation (2) b • IS - 1n

To find the solution

J!
b ••• (7)

1) Assullls 8 andb first.

a) Calculate II from eqn. (5)
3) find a from eqn. (51
4) find b fro~ eqn.{7) with initial value of b. Repeat this
step until b converge. to a new value.

5) Then repeat from step (2l again.

To have an initial velue of a Bnd b wa proceed as follow:-

from (3) end (4)



-SOb "" 0
l! -

Lot e-b z' Q

•

lO2-

•• •
•• 49 III
" '" e ••• e • 0.0141458

Substitute in (4) 0.5

•• • \f • 1.015

Putting \I in (3), b", 7.22

•• • Let a .,"U.0141458 ••0.01415

After e few trials the ao1ut:ion becol:'est

v •• 1.0166705

l!I •• 0.0141936
b •••6.073U136

.!
h

.1 •• 70.454269 micro seconds.a

'" 0.1646628 microseconds.



At 1micro \t •• 1.0166705 (e- 1 - 1 )sec. 70.454269 -e 0;1646626

.,.0.9999999.

50 50 )At 50 micro ,sec, V'" 1.0166705 (e- 70.454269 -e -0.1646626

'. ~\ .
", .. -- ..•.'.1~," "')'-

~::-:.-~j
-! . \.:~ -~

. => 0.5UnOaOS

,~'
, '-- .

...•.-
J ~_ •

\
."_'"

50 th'e mathematical' expression tor a 1/50 "'SVS..becomes
~ - •• " " •• ,', • , - tf" •••. .,

V"('t')' " 1"'0' 1'6:6'7'1 1•.•• O.Ol.4194t ', ..;"6.0,73014t), ;=~.,,,-.,,,,.,-e,"_J :... -e., ," ,.

,'.." ( -
,-

sndia shownill fig. 4.1 (page

. "
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