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SOTRACT

The offact of lightning surges on Last Lrid of Bangladesh
Pawer lavelopment PBoerd has baen atudied hy digitel computer,
The study has been mede by vsing UDewlay's Lettice Diagram
Kethod, The lightning surge ig representad by s 1750 wave,
Lightning strok= is considered et nodsa bylhet, .iddhirganj,
Comilla, Chandraghona and Ksptsi. For s gingle lightning
stroke st these nodes there is poseibility of voltage build
up at somas nodes, Host dangsrous nodea in the =ystem are
Agdanhat and Ullon, Poseibility of voltage build up incraaaes
0t some node with repested lightning stroke, It is cbhservad
from surge voltsge wave patterns at diffezrent nodes that
peek value decreases considerably when the pystem is losded

fully..
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1.1 Introduction'dl.(3)

During switching and siniler other pracesses a systen
{2 circuit or & machine or a transmrission line) befors coming to
. a steady state pagses through a trenaition period in which the
currants and voltages are not recurring periodic functionsg of
time, The period required for the currents and voltages to edjust
themgalves to their gtmady~gtate modas of veriation is celled the
transiant period, Nuring this periad in uﬁich currents and vole
tagss on & power gystem undergo s change from onhe steady state to
another, because af lightning, ewitching oparations, short cire |
cuits ox other causes, surges are sset up which travel along the
line with the spead of light, These disturbances are ?artly raf-
lacted and partly passed through st eny point wherxe tﬁera iz B
change in the line constants, such fn;,axample as a change from
uuerhead'tc uﬁﬂa:gru;nd cnnatruction,”ét a fork in the line d;
at the terminale, The waves are attenuated in trangit and are
damped out in 8 period of time whaich ob any practical line, ig
very small compared with the time constents of the connected
machinery, but during thie period some most seriscus oparaéing

problems occur,

1.2 voltage Troansiant and Line Surqgg(?]' (3)

There are verious ways in which a transmianicon ling may
experience trangient over voliages, (hey ars of two types (1}

internal and (2} external, Internally developed cvervoltages are



usually coused by a switching opseration, sither ths opening or
closing of & circuit bresker. A switching operation produces a
sudden change in the circuit conditions, snd is accompanied by
s transiant statae which leadg from the earlier to the later ateady
(a.c.) astote, The behavicux» of the system can be gxplained with

exactness only by means of trasvelling waves,

¥ith the increosse of high - valtage.ouerhead lines the
problem of lightning is ?'assuming graater importance, and wuch
damage is done yesarly by aiqhtnang. There are two main waysg in
which lightning affacts & line: by a direct stroke end by slec-

;trostatic induction, A lightning stroke meking a direct hit on

a8 power ébnductor r;isés its bBtantiai snormously; measuremeﬁts
have besn aade u&cﬁiné that the order of muénitude may be sevaral
million voltp., There is'great danges that this will flaeh over
the insulators, Volisge caused b; sudﬂen cﬁéngza in the fiald are
induced on conductors in the vicinity of aﬁ electric atorm, These
sre of much more frequent occurronce than direct strokes, but

they eore not 5o severe,

1,3 lmportance of {ransient Phenamenon Stggv{ld)

defore the growth uf the public utilities into their present
enormoug proportions with large genarsting stations ang canpecting

(e) intermg of

tie lines machine performance was lergely judged
the steacy stats chsrscteristics. The gnergence of the stability

probles gave rise to the analysis of the trengsient charscteristics



of machines and was largely raspansible for our presett knowledge
of machine theory, A transient state asccura uheﬁ tha system is
changing froo ons ateady state $o another, The gwitching surges
rating while the lightning surges may exceed by ssvaral teng of

times the working voltage, thus seriocusly affecting the system,

In order to control the aperation of o aystam correctly so
ag to pravent breskdowna ond to design suitable protective and
putomatic contxol gear, the engineer oust have a cleer and datai-
led picture aof all the possible phenomena in a modern power systen,
Tha enginear must foreses what will happen to the systez es a
result of this or that change in its operation, Only then can the
dngihéer determine the fq%ﬁireﬁ pmrametera‘ﬂf the equibméﬁt and

of the protective and sutomatic gear in order to obtain the best

* /result” from the system as s whole and from its constfituent parts,

~ . * . E P - - - F . ¢

——

The durstion of a transient cendition in any aystem ig
usually incomparshly shorter than thet of the normal steady
condition, Novartheless, ths overall megit of an electrical
system is to 8 great extant determined by its transient hehaviour,
The study a? trangient phenomena in slectrical power systen is
now of special importance because of the incressing use of elace-

tronic rectifying devices for automstic and remoie control,

Ag the powar system is qrowing very rapidly and more power
needs to be trengmitted the systes vnitagg iz increaging day by

day. More rec#ntly, owing to the rise in systen operating voltege

(4}

and to a desire to reduce ' capital cost by a reduction in system



insulation leve}, ths tronsient voliege aripin when )ang trang-
nission lines are energised aiid re-srnsrcised and due to lighining
surges, the meang for reducing tiiase transient voltages have

hecone of considerscle faportance,

1.8 Pistorical Uackaround

The effect of transient voltages dua ta ewitching, light-
ning siroke, depends on the “wave” parameter of the oystenm,
Although a number of methods for cslculating switching and light-
ning trangients mxist, aons are mors ac3urate.then othera, The
methpds are Lunped-parsmeter method, Fourisr-trangform method,
fravslling-wave method and Lattice-diayram method, The earliest
method was Schnyder and ﬁargarnn mafhod which was originaliy a
grephical mathod and thia was primasrily used in 1928 in Lurope
for solving hydraulic problems. The method hass racentlyrbeen
uged in celeulating electromagnetic transionts using o digitel

compuler,

Almost all power reasarch organisations and power equipments
nanufactQIing compenies are working in tha field of slectromeg-
netic transients, Dut Hermonmi, Uommel did initial work
using computer sethods based on Pergeron's aethod at the tonneville
Powsr AdMiniatrﬁtiun {EPA), USHE and the Henich institute of
'Technnlngy, Larashy, for anélyzinq trangiente in power system and
elactronic circuits and still today he is working at the University

of British Columbia, Cgneda., bSecondly, work on electromagnetic



trangients progranme haa advanced euch by the sincerxe work of
NPA end the information and digital computer praogrammes &re
publicly evailsble, Much work is also done st the Hydro-Electric
Power Commission of Ontario, Canade, The racent desvelopment of
sophisticated digital computer programme on transienis is the

wnrkstll)nf Semlyen, Dob Eifrig, Akihiro Ameteni, =t al,

tha latest Clectromegnatic Trangients Propremma (EMTP) is
e very sophiasticeted digital computer progremme., The special

features are (11)

inclusion of synchronous machine dynamics, with
special emphaais on subsynchronous resonence { S5} modelling
capsbility, line congtant routins, cable constant rgutine,

" “dyhamic surge arrester model with act;UQ“{current=limiterJ gap,
IAC$ code for enalog-computer modeliing capsbility, frequency -
dependent model for untrangposed tresnsmission lines (Semlyen and

ﬂmatan#&odelling}.ifhn gmsllest of EMIP uses about TOUU carde

on IBM 370 computsr,

Stability study of Bangladesh POwer Grid was oade from
time to time but only one trangient performance study of this
grid was done ot Hengladash Universgity of Enginasring and Tech=-
nology by constructang a transient Tetwork Analyﬁér; The main

puzpose of this study is to investigate the grid under the

influence of lightning surges,




1.5 Scope of the Thesis

(1u)

In 8 previous gtudy , Bwitching ond lightning transiants
ware atudied on a transient Network Anaiyaser by impinging square
wave pulses at certain nodes for lightning transiant study,

The scope of this thegig ia to investignte the effect of light-
ning surges on the Last brid of Dangleodesh Power Jevelopment

Board by digital computer,

Travelling wave thaory and Bewley's lottice-diagram method
have been chossn for tha study, A lossless, distortion fren,
single phase reprasentation of egat-grid is cnnsid;red. The _
study is made ovaf a period of 0. %o 10,000 micro seconds, The
6rid is asudied under the influence of single 82 well as multiple
lightning s=trokas ét dgifferent nodes., The wsin ohjective of
the study is toc identify the nodes or points of poasible voltage

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

design, planning and operation of east grid,
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A

In thiag chapter a degcription of differsnt methoeds used
in calculation of electromagnetic transisnts have besen discussed,
Bergeron®s method is used wost extensively, flewley's Lattice
method is @ graphical method which uses transnission and reflec-
tion coefficients, TTansis=nt Network Anslysexr (TNA]} and digitsl
computer are usad presently for trensient phanemens study but
digital coéputar is gaining populerity asz very large and complex

systems cen be sulved econorically and very accurately.

2.1, Different Methodg Used in Traonsient Analysis

for the relisble operation of powar-system networkas it
—i's important te know the condition under which- tranagisnt over-
, voltages may be developed within the system and’tp have the mesnsg
foﬁthair calculafion.tffrthia can bo dons gt the desigﬁ stage, |
precautions csn ba taken sither to sveid the ovar-voltagesid)
completely or st least to minimise thair effects, The calculaticn
of lightning snd switching overvoltsges has become more and more
important with increasing system volteges, Analog end digital
computers must be used because of complexity of the systems and

. {5)
thair cowmponents .

Different researcherg hove sclved the transient problems
vaing different methods - Lumped parameter mathod, fourier Trans-
form method, Travelling-wava mothod, Lsttice-disgram method, But

the mogt commonly used mothods sre Bergeron’s amepthod end Bewley's



Lattice Jiagrsm oothud, -hory @n - othser recent developmenta but
thess two pethods sr: widol: accepted snd extengively used

wathads,

2.1.1 Bergegonfg rathod

Fhis method has primerily been used in Europe, 1t was
first applisd to hydraulic problems in 1928 end later to alectri-
cel problems, It is well suited for digital cumputarais}. In
contraat ta the alternetive Lattice methnd for travelling wave
phencmena it offers importent advantages; for exsaple, no ref-
leaction coefficiente ere necesssry. The method has recently

besn applied to cslculaticn of transients uaing & digitsl computer,
A briaf outline of Bergeron’s Hathod‘Tj iz given here,

The trangmission line squations are:

e 3L . a;
-t ot * Pa
*+a B L 3 3 (2-1}
Ai [of:]
- ""'"ax = [ at *» GH

where & ond i are voltage and current in the line ot 2 digtance
x end L, C,R and G are respectively the line series inductanca,
shunt capacitance, serias resigtance and gshunt conductence par

unit length,

Hergeron's Method applies to logssleas linas where ! and

G are zoro and L and C are indepepndeant of frequency,



Subject to these limitations there ars relastionghips
haotwoen the conditions at sach end of the line at time & and
at time t - % which exist independent of the terminating net-

works,

dw i
!'f O—+ SURGE IMPEDANCE= £ ‘-—L—O
ek x {.”{‘eM
O————— TRAVEL TIME = ¢ —0
TERMINAL K TERMINAL M

Fig, 2,1 Single Phese Losaless Line,

For the'liné“ﬁ? Figure 2.1 these relationships ere:

”

- " . " -

B (t) = Zi(t) = gl = )+ 240t - 2
7 . . i, N ’ ’
v ‘—‘)‘—. N ) ! - ’ o w (2‘2’

Enlt) = 2.3 (t) = e it - ¥} +« I, 4.(¢ - 7)

Equation 2,2 gives relstionghips bstween & and i at both
ends of the transmission line which, provided the conditions a
travel time earlier are known, enable the tranamigsion line to
be replaced by & current pource in parsllel with o resistance £,
This allows & solution to be cbtainad for the voltages and currents
at time t in the network consisting of the ends of the tranmission
lines and the componants connected to then, A method for solving

this natwork is described by Gommel,



id

The quantities & 4+ {,i are known a8s characteristics and
are directly related to the forward and backward travelling waves,

In the paper the following nomencleture ia usad,

Fk =& *+ Z‘ik = 2 x forward travelling wave at end K,

vese (2,3)
B, = &, = Z.i, = 2 x backward trevelling wave at end K,
fquation 2.2, can be rewrittem:
B (t) = F (t =) .
L I} L AN (zld’

Bl t) = Fit = )

Rfa R/p. . Ria | .

fFig, 2.2 Approximate Model for Line with Series lgsistance,

NDompel extends the basic squetion (2.4) to includs an
approximaticn for series losses, The model used for the trans~

nigseion linsa is shown in figure 2,2. This results in equatians:

A - _R/4 |
B(t) = ghazg Falt = ¥) ¢ Py Rl =)
aka - (2.5)

Z R/4
Bm(t} iy 7y Flt - T} +‘*E£ﬁ73* Fm(t - )



1

In these eguatiaons the impedance used in defining the
eharacterigtics of eguation (2.3) ig modified to (Z+R/4),
Egupntion (2,4) is & particulsr c&ae of aquoation (2.9) where
R is zero, Phygically equations (2.4} end (2.5) can be inter-

preted in terms of impulge rasponses in the following wey:

For the lossless capge described by equation (2.4}, if
an impulse of forward {(i.e,, inta tha line) travelling wave ig
injected at one @nd at time t = 0, then the backward {i.e, out

of the line) travellang wave at the othar end at time U is .

equal to it,

- For thuo transmisglnn_lihé trodel with series logges of
Figurs 2,2 and ecuation {2.?), if an impulse af forword travé—
llang uauu‘is injectad et end m at tima t » 0, then part of it
is trangmitted and contributes to Ek(‘f } and paxt of it ig
raflectad by the resistor st tha centre and contributes to

Bm('f ). The respanses of Ek and ﬂm ore shown in figure 2,3,

Y —m TIME
(A) FORWARD RESPONSE

v — TIME
(B) BACKWARD RESPONSE

Fig., 2,3 Response Functionsg for tumped Resnistance Model,



12

fhese impulae responses are approximations ia tha impuls?
respunses 0f 5 line with continuously digtributed resistance,
snd freguency dependent resastance and inductenca. Tf the rep-
resentation of continuously distributed resistance wag improved
by including & large nusber of smaller lumped resiastances connected
by short lossless trensmigsion lines, then the ruflectian'Frﬂn
the resistancé in the centre of the line shown in Figure 2,.3b
would be replaced by many smaller reflections, These reflected
pulses would not arrive only at time T but would occur ovar a
range of time, The reflections from resistancas near the sending
and would start arriving soon after tims zero, The reflections
from resistore near the far and would arrive shortly befoxre tinmeg
2T and_would bh-ﬁﬁaller as the‘pulse will be atteLuatedlasmit

must pass down the line twice, If the effects of freguancy depanf\

’ P

i -
dence were to be included then the -trovel tims and sttenuation
of different fregquency components would be differsnt ang this
will further modify the shape of the responges. The principle

effact would bme, that the puléu of Figure 2,38 would be broadenad,

Theoa effacts result in responses of the form shown in
Figure 2.4, #ith responses of this form B (t) and B_{t) are no
langer detsmmined by f (¢t =7 ), end Fm{t - Y ) alone, Howsver,
if Fk and Fm are considered to be made up of 2 series of imﬁulaaa
of varying emplitude but all of a duration O t, then B, anc D
can be found by summing the effectg at time t of a number of
these impulsesn, The shape of the responses would only need to

be determined once for sach lina and so could be o compilex
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calculation without gresatly increasinc the compulation time,

The gumning of the effects of o number of inpulses must be

(A} FORWARD
RESPONSE

W{.
0
(B) BACKWARD :

RESPONSE
L Mg - . o=
: N Y I ——— o ~
PN ,,;' .0 .4 2 3 L _

’ ' T ) TIME IN MILL! SECOND

At = 5o M SEC

-

Fig, 2g4'hﬂequﬁsefFuhctinns aof frequency Dependent ZUB-Miié.Line.,_

carried aut many times, once at each timm step, but is only a

simple celeculation and so should not greatly increase the compu=

tation time,

2.1,2 BewLey's Method' B2+ (9)

Thig is & very convenient disgram devised by Bewley, which
shows a8t 8 glsnce the poaition and direction of motion of every
incidence, reflected and transmitted wave on the system at every

instant of time. The method wmay be described as:



"

If in Fig, 2.5{q) e traveling wave e, ocves from tha
left to rxight towsrds 'sa' then upon reaching 'e', a tronsmitted
wave and 5 raeflected weve ig produced, Theas wsves can be
expressed as followa:

@, = transmitted wavs = LI | (2.86)
e, = reflected wave = ﬁaef (2.7)

whaere @ is the trangmigsion coefficient which is equal to

.23§i
L+ 2H
a

({2,8)
and P is the reflection copfficient which is equal to

B {2.9)

L ¢ PR
a

s ”"_ T . . ,
~ 5o long as the 1line surge impedances are’ equal on both-

sideg of the reaistor then the transmitted and reflectod waves

arg independent of the direction from which the wsve propagates,

" If on the other hand the line is unsymmetricel with respact to

the resiastor this statement is untrue, Thug, if the line surge

Ampedance to the left of the resistor is £ ond to the right ',

then for a wave moving from the left hand side at ths point

'e' the transmission comfficient is

. 2n2"
] RLeRLY 4 LN

(2,10)



(a)

COMPONENTS

{c)

Fig.2.5 Lattice Network, {a) Equivalent circuit of linpg with
several shunt impedancas at distributed pointe, (b) Lattice
network for voltage on above circuit, (c) Addition of components
from lattice network to give actusl voltage at & givan point,

. - = o pEh w e
P s gy A T S— -
— N . -

5 ..
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and the reflecticnh coesfficient is

. RZL = RZ - 220
Ba® RZI % RZv 4 Z2*

{2,112}

for a wave moving from the right to the left, the trangmigsion

caefficient, Vot is

212

Ve = RI'+RZ+Z2) (2.12)
and the raflaction coefficient, aa, ig
O = TR IS (2.13)

a ALY + RL ¢ 4L

when the transnitted wave from 'a' reaches 'b', another
tufle;tiqn and partial;ttangmissian occurs. The reflected wave
frﬂm_iﬁ"is-partiélly*transmitﬁéd and reflected from 'e’, Thig
qpntingas_indgf;n;pgly thrqughq?& the network wuntil thBLCDBQ?f
aéniéwhéve b;ea Eédutﬁé t; ;ikgﬁ By meang of the mystem ghown- f
in Fig, 2.5(L) account can be kept of sach component not only
in magnitude but in time, The horizontal distanca rapreaents
1engtb elong the line and the vartical distence tine., The
inclined lineg are s0 sioped that thse vertical distance rsp-
ragents the timg required for the originsl wave or a raflected
camponent to reach the point designated, Let zero time be the
inmtont at which the travelling wave LS leaves O, At time £
this wave hos reached 'a', The reflected wave from this point

is B 2e which is slaped the opposite dirsction end is thus

indicative of motion in the revercs direction, The frangmitted
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wave from 'a', a @, reaaches 'h' at time ts when a reflection
Bb“asf occurs and the wave LRGP is trangmitted beyond this
point, This latter wave reaches 'ct' at the time t3. Erch wove
whether it be trangsitted or reflected has its own transmitted
snd reflected components, Yhere two waves coincide as at ‘he

for time tg where wavee from 'a' and 'c' errive at the same
time, the reflected end trensmittod waves from this point ore
added, ag has been done for the wave botwesn 'ht' gnd ‘@' between

tﬁ and tﬁ'

X
— “To' determine the actual voltage at any point such as it

is nécessary to add the different componentes with their pruber

time relations as is shown in fig, 2.5(c). The method ia much

. : ! _
simpler than this description might convey, o= nuterical values

simplify very grestly the apbaerance of the steps, Ih most
cases the resiators are equal and egqually spaced, I the vol-
tege at any of tha resistors is desired, tha components of
voltage on either ana gida or the octher should be added noct

tha conponents 0 both sides,

when 3-phasse aystem is cansidered, although the besic
travelling - wave equotions remain unaltered, it iz necessary
to replace the individual surge impedances by surge-impedance
watrix, The manual computstion then involved in finding the
reflection end refraction coefficiants end in calculating the
trangisnt volteges end currsnts in @ system of ony size is

prohibitive, and it becomes nacessory to use automatic means
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of computation, i.e, digital computer.

[

2.1.3 Iransient Hetwork Analyzer

Analog computers, usually nemed Transient Hatwork
Analyzers (THA), have the advantage that they more or less
repressnt a systesm physically, but on 2 miniature scele, They
are comporatively easy to design and have beed extansively
used, They are limated in gize, however, and comparatively
sxpensive to build and operste, Eith.the wntroduction of large
and fast digital computers it has baeccne possible to use digital
,_cayputatiun instead of anslag tschnigques, -Yery largquystems 7
can ;;w be handled, and it is sasy to changﬁ‘thu paréﬁsters

of a cystem from one calculetion toc anocther,

2,2 Lomparison of Jifferent Mathads

tdenlly, the uethnd{ﬂj of calculnticn ugsd should be
capable 0f representing both lumped and digtributed paramatsrs
equally well and of faithfully reproducing their varistion with
frequency, In addition, it should be abln to represent the
effect of nonlinearitiss such sz thuse due to surge diverters,
megnetic saturation, corona and the circuit-bresker arec, In
practice such a nathod is not esaily schisved, and currently
used methods represent a compromise in some respect, the
pariicular compromise arrived at baing govarned by thae specific

raquirements of the user,
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Tranaisnt overvaltages may be determined by means cof a
anslog computer, such s @ transisnt analyser, In meny circums-
tances, however, it is often found more convenient to use &
digital computer and computsr programme based on various methodg
have besn and are being daveleped, some of wnich are cepable

of high sccurxacy. The cost of sccuracy ig lang computetion times,

Difficulties inherent in the calculation of transients
are hot confined to the method alone, The provision of suffi-
ciently accurats and sxtensive systen data elac has its problema,
for the most accurota methods, full knowledge of parsmeter
veriation with frequency is necessary, end at the present tine
this is nag viways Teadily svailahle., Thus, 4in meny caswea, the
uyse of more accurats @msthods svailable aay not be justified

economically bacauss of system-data-linitaticns,

2.2.1 Comparison Detween Trensient Analyser and Uigitsd ComgutartlU}

The invastment for e Transient Analyzer is almost negligible
compared with a high spesd digital computer., Yet the digital
computer is replecing the Analyzer because the let er is rep~
tricted to spscific problems, whersas the digitel computer can
be uged for o variety of engineering studies, In many cases,
the invastmant in o large conputer is justified for the opera~
tiong it parforms in accounting procedures end roll preparstion

if the engineering use alone does not justify the investment,
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In Anplyzer study no solution of network or dafferential
squations are requirad mxcept the physicsl repréaentatiﬂn of
tha aystem in the ministure. form, Further the Anslyzer providew
physical obgervation of the transzsnt phenomena on the gscillea-
cope-screan ond facilitetes essy permanent records by photographic

2eans,

The digital computer can net give a continuoue history
of the transient phanomasns but rather & sequence of gnapshot
picturss ai discrete time intervals. In this csse unlike the
Transient Analyzer numarical answer are printed when the problem
ie solved and part%gl engwers cen be 9£1ntad'dur1ng the soluticn

. } .
to andicate proarass being made towards completing the solution,

Thare is no doubt that in futurse, ths cufrect avalustion
of switchiﬁg and lightnipg surges taking 1nto account cnmﬁiex
gources ahd both voltage and frequency dependent systsnm para-
meters will be achievad most economically by means of digital
computer programs, Howaver, corgidering the mdnor investment
in ﬁnalyiars and the high flexibility of analog methods in
thes study of glecirical transients end cost involvad in ths
preparation of guphisticated and complex digital programs and

in theaxr running, the Analyzer methods will be most convenient,
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Bewley's Lettice Disgram fis once egein described in thia
chapter snd subssguently emquotions ara written from the graphicel
rapresentation. Sample computer prograwmme is written from these
ecuations, A description of the grid aystem under study is given
here ond requirsd deta sre tabulsted., Mothewatical reprasenta- |
tion aof lightnihg surge and method for celrulation of trensmi-
ssion and reflecticn coofficients for forward end basckward waves

are shown in tha lest sacticns,

3.1 Dagcription of Rewley's Latgicgzﬂiagbam Hgghod{d}"ﬁ?JIE)

The applicaticn ¢f the lattice diagraem :a the calculation
of surges onh transmiseion linee and cables ig describsd in nany

baoksta'gl

on power systens, In this masthoed, lines ond cables
are spanifiad.by'their puxga impedences and surge travel tires,
and the reflected and trsnsgnitied voltages and zurzrents at junc-
tions and terminaticns ese s&lculatsdrhg the use of reflection

shd transmipsion coefficients, defined for e singla-phase syatem

as [Fig, 3.1},

L N} (3Il)

whers Ac is the surge impedance of the liaog or cabls on which
tha wave is travelling and Rﬂ iz the affective gurgs impedance

seen by tha wave when it reaches the terzinstion or junction,
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The surge impedence of o line is calculated as

Z_ = YL/c

©
whare L is the inducteonce in henries per unit length of line

and € ig the capacity in farads per unit length of line, The

travel time T is celculated as
X = VLT

Since ths product LC 1s the same for all overheed lines
it follows that the velocity of propagation iz aleo the same,
. Y 1 _ -
This velocity (v = 1§y = ﬂ?f:") iz thp same ss the velocity
ef light and for the whole study this is conaidered s=s 084 ft,

per micro gsec. (1B600D milus per sec),

Re

Fig., 3.1 Line Termingted an flesistence ﬁ..

3,2 Eguation Development from Laottice Diagram

Bewley's lettice diegram is a grophical oethod which shows
gvery incidant and refiacted wave at every instant of time, Hut

befors writing a computer programme mathematical eguations aust
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be developed, The squations are formulsted in the following

ways

lLet a forward wave e, starts at node 'J' and travels
towards node 1, A part af the wave ias {tragnegmitted through node
1 with & magnitude of ay@, and a part is raflected ase Bl LN
Tha tronsmittad wave is then agzain reflected snd transmitted
at node 2 end thay axe #IBZEF ahd aguge respectively, And =ach
reflected and trensmitied wave gets successiva raflaction at
aach node and thia continues indefinitely throughout the network
until the componants bave been reduced to zero, To determine
the actual - voltage build up at any point euch as X im Fig, 3,2
it is necessery to edd the different componanto with their
proper time reslation EB;Bthn in Fig., 3,2(c}, Equation can be

weitten ast-~
Ex = o, f(tl)* a,B,8, () + “IBE lu (¢ ] * ul 2B312 F{td)

= F (t ) + F ef{t2)+ Faef(ta} + F‘af(td) anae {3.2)

where Fl = @4 FE = alﬁz, FB = ﬁlﬁzﬂl and F4 - ﬂlnzﬁsfz v 03, 28)

The.equatian (3.2) can be explained ng the ariginal wave
ey is multiplied by @ function (enn, 3,2a) and sdded tugether
with proper time ghift to give the voltage at any point or
fiode in the system, The times t1s Ty By end t, etc, are the
time raquired for the raflected wove to resch the nods where

voltage is to be found tut, The time can be found aut by multi-

plying velccity of wave (984 ft. per micreo zec,) asrd daistance
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n above circui¢, (c) Addition
k to give Gctual voltege at



2,6

travelled. For computer study fumcticns end tioes sre calcoulated
firgt snd then sdded together usinp similar equations like

squstion (3,2) but more lengthy,

3.3, . Eguntiong used for Comouter Programne

A sample circuit Zp shown an fFig, 3,3, Lightning stroke
is congidered at node 1, The travelling wave sterts from node
1l and is reflected from other nodes, Functions and times are
celculated for node 1,2,3,4 and 5, Unly ona reflection from
esch node ig canaidera@ for this mtudy end voltage i,e, functions

are calculated just to the right of node,

ROUE = 1
Functions:
FF{1}) = 1,0
FF(2) = H(2}

FF(3) = A{2}xB{3)uG{2)
FF{A) = A(2)&A{3)mD(A)xb{3)x6(2)

FFIS) o A{2)aA{3)R(8) xB{ 5 xt{4 ) xi( 3)xG(2}

V(1) = 0

1T{2) = 2xJT(1)

1F(3) = 2x{JT{1)+JT(2)})
irea)

f

2af JT(AYXIT(2Y+4T(3))
ITIS) = 22{ JTLR)+JT(2)+JdT( 2V« dT(4))
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RODE = 2

FF(L)

FF{2)
FF(3)
FF(4)
Fr{5)

iT(1}
17¢(2)
17(3)
1T(4)
--17(5}

MOUE = 3
FF(1)
FF(2)
FF(3)
FF(4)

FF{5)

IT(1)
IT(2)
1T(3)
IT{4)
CET(5)

7

A(2)=b{ 1) xA( 2}

A{2)

A{2)xB{3)

A{2)xA( J)xD(8) xG(3)

A(2)=A{ 3} xA(4}xB(5)ab(3) %G )

IxJT{1)

J7{1)

JT(1}+2xdT(2)

JT{L)+2x( JT(2)+d7{2} ) o
JT(1) e 2x( Ji(z)+4r(3:mdr{4)'i

-

A(2)xB(3)xG(2)xD{ 1) xA(2)}xrA(3)

=A( 2} xB{3)nU(2)xA(3)

=

=

A{2)xA(3)
Al 2)mAa{ I} xli(4}
A(2YxA{3)xA(4)xB(5)xG(4)

In{IT(1)+dT{2) }

JT{1) & 3xJIT(2)

JTLY + JT(2)

JT{L) + JI7(2) + 2«J7(3)

JY(L) & JV{2) & 26(JT(&)+JT(5) )



BUDE = 4
FF{1)
FF(2)
FF(3)
FFia)
FF{S)

17(1)
ivia)
IT(3)
IT(4)

17T{3)

NNDDE » 5
C O FF(1)
FF(2)
Fr(3)
FF{4)
FF(5)

IT(1)
IT(2)
17(3)
1T(4)
17(%)
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e A(2)xA{J}xD{4)aG{3)«G(2)=D{1)xa{2)xA(3)xA{A)
o A(2)xA( D wF{A)x6{ I} xDl2)xA{3) xA(4)

= A{2)xA(3)xB{a)xI{3)xA(4)

m A{2)mA({3)xA(4)

a A{2)«xA{3)xA(4)=B{5)

s Ja( JT{L}4JT{2)+JT(3) )
e JP(1)+3x(JT(2)4dT(3) )
= JT{1)edT{2)+3xJT(3)

e JT{L)4IT{2)44T(3)

m S 1)+dT{2}+3T(3)+204T(4)

= A(2)%A{3)gA{8)RB{S)uG({4 )b 3)x6(2)xD(1}xA(2)xA{3)xA{4)xA
ah{2)xA(I)xA(A)xB{S)xC(&}xG(I)xD{2) kA {3} xa(4)xA(5) L
= A{2)xA{3)xA{d4}xBI5)xG(8)xD{ ) xA(4)xA(S)

e A{2)xA(I)xA(A)xB{S)x{4)xA{5) e

a Al2)sA(3)xA{4)xA(S)

e Ja{JdT{1)+JT(2)+J7(3JS¥(4) )
JY(1)+3x( JY(2)+4T(3)+JTV(4)} )

#

w JT{1}adT{2)+3x{JY{3)+dF{4) }
o JY{1)sdY{2)+JY{3)+3IxI4T(4)
m JT{1)4JT(2)4dT{3)rdT(4)
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CALCULATINR UF YOLTAGE

I;aﬁ let us write tho preoramne for finding voltege ot

fox

¥ ﬁtjulig

BIMENSEON A{S},R (G,,Ltd,,?‘,i,urcaj FF(S), IT(S) F(4000)

HEAT

- READ

READ

(1,10

& lightning stroke at node 1,

ABFE Tiw, 1

(R(D), 1 = 1,5)
(1,10) (B(1}; I = 1,5)

{1,18) ( G(i}. I =1,5)

(1,100 { 8(1), 1 = 1,5)

29

AT nOpE 2 coR SINGLE STROKE AT WORE 1

(1,13) ( JT{E), I = 1,4
i _ F{Im‘iﬁ'f .( 716,95} '
. *‘ﬁ'"“ﬂ*‘ a1 - .

I

S RPN | R kY (":'\ A R ) l\ CoL, T
R ) F - J‘“'a " K MRy \ CC Vot P -7
. R BN . L :

. f K P

}rFlzi Atz}

e T . "»."-7 e

Foreln .
‘FF(Z}RECSJf"" R

iti' 4;, si

fr{a&'

Fr{4) = A(2)=A{3)aB(4)x6(D)

FE(S)

1;Ftapmat&iaﬁtsmﬁa{ai/n(n)
ST} o |
IF(1) 3117(2)

1T(3) = IT(1) + 2xJ7(2)

R.

17{2)

.

B8 20 I = 4,5 o
20 IT(I) = zr(x-z: * an?{l-l)
ARA. = ﬁ_ﬂlﬂl?d
nE8 = 6,673014
VD= 1,016671
o HD15 I = 1,40U00
15 Fl1) = 6,0 '
D3 30 K = 1,5
., DO 36 J = 1,300
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35

36

'-FﬂHHﬂT'{ 9IS, F9,4) ) 17 Sl

58 = J

Y,la ~-H?$r55

Exi = ExP(x}

cay =y F n

IF{J.LY, ?] tﬁY e ExP(?i

Ve YOsERE-EXY)

 ﬁ:g 8o J _

FIM) = F{H) + UxFFIK)

WRITE {3, 385) , . .
FORPBAT (1M1, 5Ux; PTRANSIENT VOLTAGE AT WODE Twh'//)

«RITE (3,36) (I,F{1), I = 1,4600, 2)

. }- e oy

- . i . - . .
tNb . B St S :
T .- - e N . LY R p :
. - P . LK - . A - -y 3
. . P A .
. 1 - - o )
- . - IS 3 -
N . L p -
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Vocltiage for esch node cer ba found like this, Far voltege
calculation at different nodes s single programss has bean

developed,

3,4 Thg oyatenm Under S5tudy

The Last Grid of Bangladesh Ppwer Development Board hasg
baen teken for atudy, The gingle line diagren is ghown in
Fig. 3.4, It has five major power staoticns at Kaptai (Hydra;
slectric), Siddhirgenj{stean),Ghoresal {steam), Ashuganj(stean)
and ﬁhahibaéuf'(gaé-turbine].'Tﬁa system has double circuit
132 KV line ceanacting all major power staticns., The total
length { 132 KV) of the system (1579) is 560 miles, The Lagt
Grid cavers sbout eight diatricts and the main load centres,
About saventy~five percent of system maximum demsnd and snergy
ip despatched through this grad, Ths systen under study isg

shown in Fig, 3,5.

3.4.1 Dota Calcuintion

The data for the systes has heen calculated from per unit
volue to corresponding actual velue, The data originally avail-
able wag in p.u., veluesn et baas velue of 132 KV and 100 BVA, The
surge impedances ars calculsted and ahown in Toble 1, For detailed

caleulation cafsr to Appendix-B,
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FANLE = 1

TRANSMIGSIUN LINE DATA

S

'Length in’

Sikelbaha

i Line cantants on 100 VA,  turge

Travel tima

_ , I .
. . J i32 V ba Iopedance in micro
Sections I milesz S r i g | in oho i seconds
in ohm] i0 mh fin MF {2 « YL/7C 1§ ,

sylhet = 19,67 3,20 g6 0,298 359,90304 106
fFenchuganj
Fanchuganj- 30,47 4,98 60.0 0,464 359,59 745 164
Srinangal
Srimsngel- 22,59 6,66 44 .6 0,344 360,07104 - 121
Stmhjibezer -,
shahjibazer~ J2.02 5,20 62.8 0,490 357.9948946 172
Ashugend
Aghugenj= 23,59 4,40 53.3 0,412 350,35310 153
Ghoragsl '
Ghoresal- 28,54 4,40 53.5 0,412 J6l, 35310 153
Siddhirganj : '
S5iddhirganj~ 9.54 1,45 26,8 0,134 393,98461 S1
Ullon

:i}bnn—fangi 12,380 1,95 28,2 1,180 366, 66666 69
Siddhizganj- 51.30 6,30 -1G1,.3 1,220 286,15410 275
fomilla

Lomilla- 346,179 4,90 5.9 1,454 362,01831 162
Feni
fFenie 60,75 9,30 11%.0 0,910 361,6202¢ 326
Madanhet

- Hadenhat= 24,20 3,50 47.3 4,366 359 ,49265 130
Chandraghona
Lhandraghona- 16,50 .95 11,5 0,090 357.26016 89
Kaptoai

Hadanhat- 8,50 .31 19,9 1,156 357,.61995 46
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3,4,2 Nathematicel Aspresentstion of Lightning Surgs Yeve

Studies of transient disturbances an a trensajiasion

(13) and switching

syster have shown that lightning strokes
oparations are followed by @ trevelling wave of 8 steep wave
front, dhen 3 voltage wave 0f this type reacheas a power trans-

(a) distribution along its

former it causes an unequal strass
windings and may lead to braskdown of the inaulaticn system,
1t has, therefors, become necessary to étudy tha ingulation

bekavicur under impulss voltagea,

An lopulse volitage is 2 undirectional voltage which rises
capidly to a8 maximum velue and then decayg slowly to zerc, The
wéue shape is generally dafined in termg of time t; and t, in
nicroseconds, where £1 is {ha tice tﬁken-by the voltsge wave
to remch its pask velue and tsy isrtha_total time from tha start
of tha wave to the ingtant when it has declined to one-holf
of thpe peak value, The wave is then reforred to as & tlftz wave
(Fig, 3.8) and eccording to B,.5, 923 a 1/50 microsecond wave

is the gianderd wave, The genersl equation of en impulse voltage

100/

507-/

e 'hi ":2 t

Fig, 3.6 Nature of a lightning discherge.
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is given by -

Vit) = v | gxp (wmeSE ) - oxp fomemb)
[ Ay Ly Ry G, ]
= Vexp™®t o exp'bt)

The value of V, & and b for s 1/50 wave hosg banen found

by trisl and error method snd pquation is given by =
vit) = 1,016671 (o~0-T14194% _ -6,073014e, (5 5

Far procedure for celculstion refer to Appendix-{,

3.5 Calculation of T

The calculetion of transemissiaon phd reflection congients
Gsf, v 2nd d have been done by Progremme no,l and shown in

Appendix-A,

3,5,1 ?rugagati%n of Surges in g Line Terminnted by a Finite
Inpedance

Suppose that » travelling wava {E,f) moves slong & line
af surge impedance (Z) snd maet; a8 termination of rasigtence
R (Fig. 3.7), 1¥ R ia not pgqual to 2, tha end af the line can
not have & voltage £ and currant 1, since E/i & 2, There is
tharefore s disturbance which produces a reflected wave (E*,i')

moving towards tha left,



(EpiL) —

z §R

Fig, 3,7 Line Terminated on a Registance R,

The folluwing ralations exiast:
E = id,

E'= = 4'2

3F

The taotal voltage at the end is L + E£' snd the total

current is i + 1%, g0 that L + E' = R{1 + i),

~

Thaese squations give

——— .- —_—

L{i=i'}) = R{iei')
S50 that i' = ( (2R} / {Z+8) }i .o vae
and E' m =i'2 = { (ReZ) / {ZaR)) £ .., ove
The totel current and voltage are
ivi' = (2 2/ (24R) ) 4

and E+f' = { ?-.ﬂf (ZQR)’ L . e ane

({3.4a)

{3.4b}

{3,5a)

(3.50b)

I1f the lins is open st the end, R =z oc s0 that the total

current ig zaro and thes total voltage is 2K,

I1f the line is ghorted at the end, R = D, s0 that the

current is doubled ena the voltage drops te zero,
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The caae for a finite resistance termination is given by
squations (1.4) and (3,5), when the termination is not & pure
ragistence, the result is still given by theses equations but
they must be modified hy tha tarmineted impedance, A load in
the ling mey olsoc be treated as a special case of *terminatfen®

at & given point of the systen,

3.5.2 Surges ot the Junction of two lLines

Ffigure 3,0 ghows the case of two linss of surge impedances
Z, and IB' A wavne (E,i) travels along the laf¢~hand line and
meeta the junction, Seo far as & travelling weve ig concernsd
the righthand line‘can be considered to have an ispedance Lns
so that tha cage is thé agme a8s that shown in 3,7 provided <

is replaced by i, and R by ZB.

The raflected wavs &a thua {E£', i') where

i' = {tZA L Zﬂ)/tzﬁ + Zﬂ}}i a2 (3-591
and E' = ((ZE - Zn)/(lﬂ + &H)}E vse {3,6b}

The trangmitted wave must clearly hove a voltage equél
toe the totsl voltage at the junction and s current equal to

ths totsl, Thus the tranmmitted weve ig {E®, i") where
H : : 3 : .
i"a i+ i' {RZA / (ZA + &B)} i e (3,78}

and E" = [ + L' = (2£B r {ZA + £B)) C - {3,7b)
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(E,i) o (ev, im)

e — -_—
B e —
ZA (EY,iv) ZB

Fig, 3.8 Junction of 2 linesg,

The reflected and transmitted waves at g point whers a
line forks {(i.e., Junction of three lines). Fig, 3,9 representsg
the arrsngement schematically, The surge impsdences ﬁre Z.er
and Z, respacfivély. '_' '. L ' o .

(E, {) —
- (E';“_i,’) ——

Fig, 3.9 Travelling waves at s junction of 3 lines,

Let the incident wave be (E,i) travelling te the zight,
the raflected wave (£',i'} travelling to the left, snd the
transpitted waves (E“,il"], and (E",iz“) travelling towards

the right, The transmitted waves clearly have the sams voltage
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ﬁs'they are in parailali The relaticng ars given by enjuations

{3.8), -

E =47

E'e = 3'Z

"
En = i.l 11 o
'E"'ﬂ ‘izﬂ 5 . e B RN G :. (3'6)

The curfent a% the fork must be esqual to the current

lesving, o that

i+i' e ‘iln +* iz ‘ . mes i see ' (3.9}
G T T T AT Ny T T
The voltage ot the junction-ig’ o - T 2
£ 4 EN g{g?; ,J_?“,‘;;r;j:;i cew . eae - (3.18) -
P T S I ST e

Theae six mquatxana ara a'fficieﬁﬁ-tn find €y E" i, 1'.11 » and

: iz“ for’ an incidant wave nf magnztude E. Eubntitutlng for tha
- turtEﬂﬁEjlﬂ tgrmg nf;%he umltage; we gee that equation (3.9)

. bacomes

-5t S0 (12 v 1/25)

Bdtﬁing this ta equat:.mn {3, :LB} we get

2= E“{1+Z/Zl + ?/2 ),5

,'Sn that the'ualtage at the fark is "

€ = 26/(1e2/2) + 2/1) = 35{1/z>/c1/r41/zl+1/zg ves 13.11)
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The trensmitted current are
e i o £ B - -,ij' -, )
Coexs

whzlst tha 1ncident currcnt ia

ie= "E/:Z.

The reflected yoltogs io

£ e oo HVE S 1)
| L AMT e /T s1/2y)

ang theﬁlcgr‘feq‘t is v . ~ ,A | ‘_" - , f- ) ) L '7 X - .

O ) “l f oy
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i"n —- E /? It ig scen thzt the raflectad wnltage wive

- L. - - e, . e T - N e -~
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13 zerﬂ shen 'i"‘.}?iﬂ N T A L I o
X ; o Loy i . IR WS B g R
C e * - ‘-—..-_. — S rne \-m e Tk -

.'i/z = (1/2) + 1250,

. i.e. then the'paiallei combination of the 2550 impedances

of the autgn;ng lines mt the fork is Pqual to the surge

[

- r . L e e ™ S -

impedances of thn 11ne alunu uhich the incident wave travels;
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Description of difforent programmes and their results
axe shown in this chapter, First ths value of trmnsmigsion snd
raflaction coafficients for forwsrd and basckwerd msoving wavas
for no load connected ars found out, Voltage wave at different
nodes for stroke at other nudes are found and curves are drawn,
for the study ths system ig considered as losslass and distor-
tion free, Single reflection is conaidered from sach node snd
output print is taken at slternate wicro-pecond, Study is made
from 4,000 microwsaconds to 10,000 wicro~gmesnds but results
are uveually shownp uﬁtn 4,000 micro~seconds, The graphs are
firet plotted in large greph papers and then reducsd twiem
by Pantogreph end Xarox photocopy méchina-tn the desirad size,
The computer progrswses ers written in FORTRAHwIY 1anguagé and

run iy IBM-360 computer,

4.1 Representation of Input lLightning Surge vave Pulue

The lightning surge is reprasented by & 1/50 wave
(Fig. 4.1) whieh eccording to the standard specifiad in B.S,

923 is the standard wave,

4.2 Calculation of Yronemission and Reflaction Co~efficients

The trensmission and reflection coafficients are found
for forwsrd moving end heckward moving waves, The programmse
is shown in Appendix-A (Programme-1}, The nomenculture uged

for computer atudy io:
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Alpha = A = transmigsion coefficient for forward moving wave,
Botas = H » rsflection coafficient for = forward moving wava,
Ganma = G » tranamiaaion.cnefficient for backward moving wave,
Nmlte = D « reflection coefficient for backward ooving wave,

4,3 Surgs Voltegs Wave at tode 2{Fenchugeni) for Stroke at
Hode 1(5yihnt}.

Firet study is made for voltsgs build up st node 2{fanchuganj)
for stroke at node 1{Sylhet}, Three sets of results are obtained
fbr na losd condition, loed at node G{Ghorasal) and lecad at
node lzfﬁaptéi) cundition. Ragistive loade of 100 ohe {174 MVA)
nt Ehnrusél ang Bﬂzohm {(217.6 MVA) at Kaptai are congiderad
ohe st a time and the results are shauénFig. 4.2, through
fig, 4,4, Each figure contains three curves whers effect of
cangrdering only one rafliection from sach node, considering
4 guccessive refloctionsfrum sdjacent two nodes and affact of
two strokes of 500 micro-ssconds interval at Sylhet are shown,

The progremme may be seen in Appendix-A {Programme RNo 2),

4,3,1 Surge Voltage Ygve at all Nodes far Single Stroke ot
Node 1(Sylhet)

Investigation is made Far posaible voltage build up at
oll nodes of the aystem for a single stroke at node 1{S5ylhet),

A single programnme is written (refer AppendixeA, Programme No, )
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for this and flow diagrem is shown in Fig, 4,22, First coawputer
- print out is taken for 4,000 nicro-geconds for surgs voltage
wavs at easch node, but later voltage wave rasdings sre takan
for only those nodes where build up passibility sxist, Thres
gots of data are fed i,e, no-~load condition, load at node
6(bhorasal) and lood at node l2(Kaptai) cﬂnditian. The surge
voltage wave pattsrny ere drawn and shown in fFig, 4,3 to

Fig, 4.9 angd fig, 4,18,

- - - Car -

4.4 Surg Voltage Xpve at all Node& for binq e 5 groke at
Node 14(Kaptai)

A computer pragramma is devalnped (rsfar Appendix-A,
Progzenne no,4) for finaing surge voltaqe wayes at different
nodes for single gtroke at node 12{faptai), 17 order to save
conputer time, chsck programme is run, whars only functions
and corresponding tizes (refar page £5., Chapter 3) are printed,
Finally voltage wave pstterns ere drawn using programme no. 6,
Study is made for no load condition, load connected at node
6{Ghoraasl) and losd connectad ot node 12{Kaptai) condition,

Wave ghapes are drawn only for nodes where posaibility of

sppreciable voltege buildeup exist and sre shown in Fig, 4.12,
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4.5 Surge Volta facean

Nogeas llQChgngrgghgu }, Igﬁiddhxrgangl g'g nggmélla)

Functiana nsnd timas ore caiculsted for mdjscent nodes
for atroke at node 1l(Chsndraghona), T{S5iddhirganj)} end
§(Comilla) by progremmo no,5,Tha funciiong end time are
chacked whethe? any possibility of voltage build up exist
engd then these data are fed to projgramme no,§, The output i
the surge voltsge wave shape data and these dots srce pletied
and shown in Figs, 4,11, 4,13 and 4,14, Thig study is also
mada for no load condition, loed at node 5(Ghorasel), load

at node 1Z2{Keptai) condition,

A.6 Ranpatad Lightning btroke of 500 and 1500 Micro-seccnds
Interval

Study is elso mads for multiple atroks, as cne thipd

(8) ahd thsa soximum numbar

of powsr system surges sre aultiple
of Ecmpﬂnents racorded is 10, The tine interval between
atxrokes varieg between 00,0005 and 3,5 sacond), Y0, two sirokes
of same magnituds (1 p,u,) end of %00 and 1500 micro-seconds
interval are considersd to gtudy the effect of nultiple
ptroke, From ths values of function snd time at different
nodes { for stroke st other nodes) it could sapily bs estimoted

whether the two stroke would add vp, Than the data is fad

in progrsome no,6 and surge voltage patternsara drawn,
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4.7 Study of Losded Systen

Ugually surge voltage poaks are damped when the syste=m
is loadsd, for this invesatigation, dusds ¢f different values
{in accordencs with mtctual syatem load) are connected to ell

nodes of the system, The valuep of raesistiva load at differosnt

nodas, are shown in Table 2,

) ‘Aﬁ:artificiﬂl reactor of 4 milli-~henzy is consida;ed
in line between Ullon and Tongi snd with this added value,
Xy B,ly and 3 for node 14{Ullcon) sre found aut, With thig
new value, surge voltage wave at Ullon for stroke st differsnt

nadesa is found oué,



TABLE « 2

Velue of xresigtive load

24,38

1,3320

Talie 67 tasiative load Volue of cosfficipnts ,

Nods in ohm gfﬁagﬁﬁﬂvn Alpha Hate Gamms Dmlta
1 (sylhet) 3030 5,75 0.0 0.0 1.7877 0.7877
2 (Fenchuganj)  B066 2,16 0,9472 -D,0528 0,9430 -0,4259
3 (Szimangal) 3095 5,63 D.9472 ~0,0528 0.9438 -0,4259
4 {Shejibazar) £050 2,88 0,9605 -0,0314 00,9720 =-0,0279
5 (Aghugonj) 1908 9.13 0,92190 ~0,0809 0,.9090 ~3,0909
6 (Ghoresal) 825 21,13 ' 0.8197 ~0,1803 0.8197 -0,1603
7 (3iddhirganj) 174 200,25 0,3017 ~0,6180 0.4776 -0,5224
8 (Comilla) 955 28,25 ' 0.9534 -0,0465 0, 7580 ~0,2411
9 (Feni) 6050 2,88 0.9704 ~0,0296 0.9715 -0,0283
10 (Hadanhat) 603 20,60 0,5%29 ~(,4471 0,9563 ~0,4437
_11 (Chandraghona) 1467 11,88 0,8685 «0,1114 40,8936 -0, 1064

12 {Kaptai) 5808 3,00 1,8840 0,8840 8,0 0,0

13 (5iksibaha) 4356 4,00 1,8483 0,8483 0.0 .0
14 {Ullon) 206 61,00 0, 5654 -0,4346 D.60T5 -0,3925

15 {Tongi) 715 0,3320 0,0 0.0

Ly
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Analysis of computer results are ghown in this chapter,
For lightning stroke at different nodes the effect at cther
nodes are explsined systematically. ln anelysing the rasults

computer print outs and check programmes are mostly consultad,

5.1 Apalyseis of Surga Voltans Wove at linde 2 {Fenchupenyi)

Fig, 4,2 through 4.4 show the surge voltage wove pattern
at node 2 (Fenchuganj) for lightning siroke at- node 1{Sylhet),
The lightning surge appears undiminished {for no loed condition)
at 106 microsecands after the atroks st Sylhet, as this tive .
ia required for ths wove to travel the distance. Ths second
positive peak appeara at 1873 micro-seconde after the stroke
at Sylhat with e asgnitude of 0,98 p.u, This is the wave which
is raflected from node 15 {Tongi), which is open circuited,

The uthir positive and negative peaks are af lower magnitude,

In Fig, 4.2(b} the effect of tuﬁ lightning stokes of 500 micro-
seconds interval is shown, The result is aleost liner sddition

of Fig. 4.2{e) weves. Thera is no denger of build up as the
miccagsive strokes do not superimpoge ons another, In fig.4,2(c) -
the effect of congidering four successive refiections from
adjacent two nodes is shown, In 0ll other studies only one
reflection from sach node is considered, in this study for

pach wava 4 succeasive reflections from adjecent two nodes are
congidered to observe whether any difference between consider-

ing only 1 :eflectiahw end 4 reflections appears. It ie ohgserved

s
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that there is actually no differsnce between fFig, 4.2{a) and
4,2(c), This is becouss puccessive reflectione diminigh. * the
maghitude of the wave. A8 reflection and tranemigsion coeffi-
cianta for forward and backward moving waves are less than one,
thair ﬁultiplicatian succeanively diminizh, =0 the total effect

iz same as for oneg raflection,

The sffect of connecting & loed of 100 ohm st node
6{Ghorashal) is shown in fFig, 4,3{a), (b) &nd {c)., The first
pesk remains unchenged but the second pesk becowes negetive
at 1327 micro-ceconds after the stroke., Tha full lightning
gutyge was passing through node 6§ when thare was no load connected,
as impedance of Asbuganj-Ghorasal (Zg) section end Ghorasal -
Siddhirganj (ZGY séctinn’ueru gome, With load cannected st
Ghoresel some portion of the indicent wave is raflected and
dﬁa teo Qaluu af coefficients it is negatiue. The effact-of
repeated strxoke ia like thet of no loed condition, Thare is

8lso nu appreciable change when 4 successive raflactions are

" conagiderad,

The effect of connecting @ load aof B0 ohm at node 12(Waptal. -
S thona) is-shoun in Fig, 4,4(8), (b) and [(¢), The nffect is
appfﬁzimately same 29 No load condition, This can be exploined
ag = the wave returning from far end reduces toc zern befare
it reaches Fenchuganj, so there is no appreciable change when
wa considered a loed at far and Kaptai, The wave shape is zamo

egs na lpad condition,
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5.2 Analysis of Surge Voltage -8ves at nll Uodes for Single
Siroke 2t Node 1(S5ylhexr} undar oo load fondition,

- The surge voltege wavas at all nodes for single stroke

at node 1{Sylhat) undar no load condition sra phown in Fig,4.5
through 4,9, At node l(Sylhet) the first pesk is the replica

of lightning stroke end eppesrs st zero time, 5acond positive
§aak is the wave reflected froo open and nade 15 {Tangi), The
magnitude is 0,97 p,u, ond it appeara at 1980 micro pecOnds
after the siroke, This weve has pessed many transsission end
raflecticn on ite way, but then elso its magnitude ias 0,97 p.u.,
this ie bmcause the voltagez doubles at open snd node Tongi.

The first negative pemak of 0,36 p.u,. magnituds ig the raflscted
wave from nods 7{Siddhirgenji}. The othar raflacted woveas ars
raflections froz shnd tecdes, i.s. nodes 10{fadenhst), 13(Sikalbaha)l,
12{Kaptai} respectively, The voltsge wave at nods 2(Fenchuganj)
and node 3({urimangal) are almost identical but ghifted in tipe,
Thig im becsuse digtance betwean them ig 30,47 niles and travel

time ig 1h4 micro meconda,

The surgm voltags wave pattern et node 4({Shajibazer) and
noda S(Ashuganj) ies identical ana anly 8 bit time ghifted, Tha
firat ponasitive peak oppoars at 393 aicroeeconds after thea
stroke and ths secnnd positive peak st 1589 microsesconds and
it is the reflected wave from node 15 {(Tongi), The laet ﬁwo
positive peax are from far end nodea, The wave at node 5(Ashuganj)
ig identicol ma Shejibezar, The wave pattorn at node 6{Ghoraasl)

is & bit different me two peaks are closed together, The first
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peak appﬁans at 718 rmicrosusconds, The negative peck appesnrs
at 1024 picroseconds end is the reflectad conponanf from node
T{S1adhirgenj). The next positive peak appears at 1264 microe-
seconds before reflected neagotive component diminighes, The
second positaive peak in ths reflected campénsnt from open enc
node 15{Tongi), The next swaller reflecticons sre from far end

t

nodes.

Interssting phenomena occurs at node 7{Siddhirgenj). Tha
stroke at Sylhet reseppasrs at Siddhirganj at B71 microseconds

after the stroke and the magnitude is 0,62 p,u, The next peak

has & magnitude of 1,27 p,u, This is the componsnt reflectad

from cpen end noda 15{Tongi). At open end nude Tongi ths wave

"

returns uitﬁ dﬁubla magnitude occording to the well-~known
déubl;nggﬂ, up of e voltage wevs 33 1t Qﬁrikun thu-eﬁd";F an
dpen-cir:uiied lins, The atherrﬁéves are reflected coﬁpanent
from fer end nodes. The gurge weve at nose 8{Comille) =snd node

9{fsni) are not so much gignificant,

At Nadanhat the firgt poak appeers at 1634 microseconds
and has a valuve of 0.%6 p,u, Before this wave venighes anathar
wave reflected from open end node 13(S5i1kalbaha) with o magnitude
of U,93 p,u. returns then the.EESultént magnitude bacomes
1,05 p.u, at 1726 wicrossconde. The third pesk has o magnitude
of 0,92 p.u. At node 11 {Chandreghona) the peaks hasve magnitdde
of 0,46 p,u, and 0,98 p.y, No other raflection appears within

4000 miczo secondg. The . :: - highest peak at node 12{Kaptai)



is U.74 p.u. at 2323 nicros=conds, The peak is low as negative

coaponent is present et that instant,

There is no notaceables peak st node 13{Sikalbesha), Most
significant node is node 14(Ullon) and node 15(Tongi). At node

14{111ion) there is a peak of 1,46 p,u. at 1060 microc seconda

after the stroke at Sylhet, This peak is the supmation of

reflacted component from and node Tongi and node Siddhirganj,
The pesition and distance of node Ullon ip such that £t is

only 9.5 miles fram fork node Siddhirgenj and 12.8 niles from
open end node Yongi, 5 it is moat dangezous nods in the system,
Tha peek value at node 15(Tongi) ig about 1,11 p.u., st 111l

micro seconds,

5.2.1 Analysig of Susge Yoltsge Wave at all Kodes for Single
Stroke at tode 1{hylhet) undez Differgnt Loed fonditions

This study is performed for one load at a tinme at nods
6{ Ghorasal! and node 1Z2(Kaptai). Functions and tines are csl-
culsted and checked, Only those curves are drawn where veltage

huild up poasibility was prominent,

First let load st node 6{Ghormsal) condition ba discussed,
when & load is connected at Ghorasal, thes value of alpha, beta,

gonma and deita changes, The reeult is change in thz shape and

reduction in magnitude of wave at ell nodes, This is Lecauss,

before amany load canngcted at Ghorzsal, this section has a

matching, so full wave could pass pither direction without
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rafilection and facilitate build up, This reduces the wagnitude

congiderably, e.g. voltags magnitude at node 14(Ullon} isg

Q.44 p.u, but a%t no load condition it was 1.46 p.u,

whet 8 logd ie connected at node 12(¥Xasptsi) thero is not
go much change in the wave shape at diffarent nodes, From
previous discussion in pars 9.2 it is noted thet reflected
component from node 12{Kaptei} hos little gignificent in the
wave shaps at diffarent nodes, Jue to lcocad st Kaptai the ref-
lected component beccmes negative which sarlisr at no load
candition was positive and is reducead by about 68%., This effect

can be sean in Fig, 4,10(e)} and (i, The end porticn of the

weve ia reduced and negative which was earlier positive (Fig.4.9(b)

 and (c)}{

5.3 Analysig of Surge Voltage Wave pt all Nodes for Single
Stroke at ficde IEZKantaiJUnder different Load Conditicns

The regult of this atudy shows that thera is no appreciable

chance of voltage build up at any node pxcept at ncode 13(Sikalbaha),
This ig also true for loed at node 12{Kaptai) and node 6{Ghorasal)}
condition, Thig is due to pystesm configurxation, But there are
posibility of voltege piling at node B(Comilla) and 9(Feni) fox

repaated stroke of 1500 micro-seconds,

The secand peek in Fig, 4,12 is of cagnitude 1,29 p.u,’
This i3 becauss reflected companent from node 10(Nadanhot)
superinpose with incident component of node 13({ Sikalbaha) far no

load at nodes 12{Koptei) and 6{Ghoragsal) conditions,
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5,4 Apnalysis of Surge Voltage ®ave at Adjacent Hodeg foxr Sinale

Strokas st Node 1ll{Lhandreghana), T{Siddhirgenj) and 8(Comilla)

Before writing the computer grogremme no,.5(refer Appendix-A},
simple check up calculastions are wade by slectronic calculstor
to find the probeble nodes for voltage build up under ligbtning
stroke at other nodoa, Hodes 11{Chandraghaons}, ?(ﬁiddhirgunj)

and B8(Comillae) ara selocted far the study,

For & single lightning struoke at node 1ll{Chandraghuna)
thare ipg posgsibility of voltage build up at adjacent nodes
HthHi), 10{Medanhat), ll{Chendraghona) and 12{Kaptai), This
happens Lecaugs wavey reflectsd from nearby open end nodes Kentad
and Sikalbahe add up., The peak value of voltage ot nodes S(Feni),
iutﬂadanhat}, 1}{Chandraghona) and 12{Kaptai) ere 1,34 p.u.,
2,60 p,u., 2.0 p,u, and 1,76 p,u. respectively, fnly the surge
voltege wave at node 10(Madanhal) <1} is shown in Fig, 4,11,
All the reflacted wave from open and nodes 12(Xaptai) end 13{ Sikal-
baha) add up with the transmittad wave at node 10{Pedanhat),
The peak of 2.60 p,u. occurs at 269 microseconds aftar the
stroke at Chandraghona, Loading the system st node 6(Ghorasal)
changes the wave ahape st the nades 3 bit but the peak vaelue
ienaing the game. This is because node 6(Ghorasal) is fer away
from the nodes under study. L{onnecting 8 luad 8t node 12(Kaptai)
danps the wave shope, Thig ig becauge the raflection coefficiont

at node 12(Keptai) ig no longer 2 but less than 1,

For a single lightning stroke at node T(Siddhirgsanj) there
is pessibility of voltege build up at adjecent nodea 7(Siddhirgenjl,
6{Ghorasal), B{Comille}, 14(Ullan)} and 15(Tongi) under no load

ond losd at nodes G{Ghorassl) and l2(Kaptei) conditione, Thig is
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bocouse reflection from open snd node Tongi contributes mostly.
in fig. 4,13 surgs voltegms wave at nade 14{Ullon} is ghown,

Tﬁs peak has & valus of 2,21 p.u. &t 191 micro sacondg, which
is the superpcsitzon of rsflected wave from nodo 15{Tongil) with

tronsmitied wave from node T{sSiddhirganj).

For a singla ligbtning stroks at node 8(Lomilla) there
is possibility of voltage build up st some adjecont nodss under
no load and load st nodes 6{Ghorassel] and 12{Kaptei) condition,
At nodes B(Lomilla}, 9{Feni) and T(siddhirganj) tha pzax volues
are axound 1 p,u, for all three load conditiang, At nodes
14(uilon) and 15{Tongi} the peck has a vslue of around 2 p.u,
Thin can he aexplainaed as node 14(illlon} iﬂ only 12,8 nilse

oway from open end nods 15(Tongi).

5.5 Analygisg of Multiole Styokes at Diffsrent Npdes

From tha analyais of function and time for all nodes for
stroke Bt different nodes it is observed that at some nodes
poassibility of voltage build up exist , if multiple lightning
stroke occur, Hultiple {two} strokes of 500 and 150U microseconds

ars congidered,

Faor multiple lightning atroke a2t node 1I{3ylhat) there ie
poasibility of voltege build up at node 6{Ghorasal) for no
load condition, The surge voltage wave at Ghorasal for 500 wicro

seconds intervel is shown in Fig, 4,15, The first ptroke reaches
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Ghozagal st T16 micro gseconds ang the reflacted wevs from open
end node Tongi reaches at 1262 nierc seconds with 1 p,u, and
0,99 p.u, wagnitude respectiveiy, The second gtroke at SGD
vicro gpeconds nfter firpt strako reschas Ghoragel ot 1216 micro
seconda (716 » 500 « 1216) with = 1, p.u, pagnitude, This adda
up with the wave reflected from Tongi ond the value resches
1.51 p.u, wagnitude ot 1263 micro sweconda sfter the first
stroke. with load at node 6{Ghorasal} there is no possibility
of build up. ¥ith load connected st nods 12{Keptai) the ref-
lacted wave from far end diminighas (Figé 4,17} but ths pmak
value rsmeins unchanged, This is becsuse far end nodes has
legs significant i,a. the wave diminighes much before it resches
tha depirsd node, The rurge voltage wave at node 3I{ Srimangal)
for repeated atrﬂkg of 1500 micro seconds intervel at rode
1(Sylh;t) uyndar iagd at nndaLlElKaptai} condition ig shown in

Fig. 4,16 , The ppak hes a value of 1,41 p.u, megnitude,

With multiple satrake {1500 micro seconds intearval) st
node 12(Keptni) there iz ponsibility of veltage build up nodes
BiComilia) end 9(Feni) under no load and losd st node 12(Kaptai)
condition, In both conditionsths poeak value (1,28 p.u,} remaein:

the sate but the wave shapa is different (Fig, 4.19 {a) and (b)),

For multiple stroke at node lil{(Chandraghone) there is no

posaibility of woltage huild up Bt adjscent nodes,

for multiple .truks at node 7{.iddhirganj) there is

voltags build up ot sdjecent nodas,
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For repeatad stroks of 157 wicrdesanonds irterval at
node § (Comilla) thers ig poseibiliity of voltage build up ot
nodes 7{Siddhirganj), 8{Comilla) and 9{Feni) for sll three
lped conditicns, In Fig, 4,20 surge voltages at nods
T{Siddbirgenj) end 8(lomille) ere shown, In Fig, 4,21 surge

voltsge wave at node H{Feni) is ghown,

5.6 Analysim of Yully Losdsed System

The system is loaded according to loeds ghown in Table-2
(Fage-47}, All the studiss are made under this condition, [he

sffeet is that peak values st all the nodeg diminishes very much,

whan g artificisl reactor is connected in betwaen node

14(Ulilon) angd node 15(Tongi}, the possibility of voltage build
up does not change much, This is Decause change in values of
tranemisgsion and reflection cuefficients are supersed by pra=-

sgnce of open snd node 15(Tongi) only 12,8 miles away,
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6.1 Loncluygien

It ig abgerved from the study that for single lightning
ptroko at snd node oylhet thare is possibility of moxinum voltage
built up at node Lilon for oo load es well as load at node

Kaptmi,

For single lightning stroke at end oode Kaptei there
ig pomssibility ef voltage build up st node Sikalbsha for no load

#= well as load conditions ot bLhorsgal or Kaptedi,

vhen gingle lightning stroke st nodes Chandraghona,
4iddbirganj end tamilia sre cnnﬁidarad there is possibiligy

of voltaga build up at nodes adjacent to tha disturbed node,

for repeatsd (two)l strokec of 500 micro seconds intarval
at und‘nudes Sylhet and Kaptoi there is pogsibility of voltage
build up at rodes Ghoragal; fLomille snd Keptai resgpectively,
There is wvoltags build up pogsibility at nodes Ghoressl, Comilla
end lillon for repested strokes of 1500 micro seconds intaerval
at node Siddhirgenj, when there ig rapmstad stroke of 1500
pmicre seconds intarval at node {omilla thers ie voltage build up

possibility st nodes %iddhirganj, Comills end Fani,

¥When loads ore connectad ot all nodea of the system,
the lightning stroke hes less gignificence and voltage build up

poeaibility diminishes apprecishly,



8.2 tature lugrarel, v

fhu cumile. nhenomena of transiesnts due to lightning
surgeg on Eszt  Lid of Dangladesh power system has been gtudied
by digital comput.r, «iue UF¥ L7 Puosza are identified ae
dangerous points from operation point of view. This is the
second siudy on lightning surges and the firet tige a digital
computer waa used for lightning aurge study, This type of
study is very important {o powsr enginasrg of the country as
lightning surge caugas 2 few majer interruptions esch yeex
in tast Grid during the ﬂansédn. Further, more datailed

computer studiss mey be perforved. Sope uf-themares-

{1) Study of lightning surges on & power system usihg three

phose of transmisgion line rather than single phaea,

{2) Study aof switching trsnsients on s power syetem using
Bewley's Lattice Method by digital camputer, bwitching

trangipnts may be simulsted by digital computer,

(3) Study of lightning curgss on a power system conaidering

machine {(Genarator) transients by digitsl computer,

{3) Study esnd investigstion into the naturs, wave shepe and

duration of lightning in Bangladash,
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00 32 Jwl.M )
I=NODE+§~J

32 1TCi=-1i=] Wide2wiTia-0)

EENS TR I R R VIR ENHBFY
11024 =T W The2ngu 1)

ITCE9)=1 T L4+ 29 JT0 140 ,
C SEPARATE STORAGE FOR WODE 7 AND LG FFYS ARY Y EME
~ IFINODE= T1500,381 4303

303 IF(NODE~L0) 500,302,500

301 00 SC1 I=1,15%
FENTI=FF{])

405 1T 1=l WE)
GO 1 50¢

302 N 5¢2 1=Lel8
FEIQETNIFE(S)

E¢2 THICtiI1Y )
Gl YO 830G , _

C FUNCTION AND JIME CALCULATE OGN FOR NODE 1t

. 104 NOD=NOBE~10
G YO (105106 1074108,109,110} 4ROD

105 PREERD=bo0 ,
FELCLZI=0( 1T OB{12)
FECLQI=GCLLI*DCROI2ALRL)
U0 40 J=),.9 :
Iz 1¢=J
IFCLLEQ. 51 GO TO 200 . _
FELIJ={FFOI+13%Gii+1) DUIDSA(T+1)3/70(00e0)

60 10 440
268 FR{SI=CULL)SGLLIUIPGISI NGB #3 (720 (b 40 (B e Ao inAlTI2ALL ALY I1RA
RIRLELIYEUN)

40 CONTINUE , . _
FPELAI =L FRELOISGLIOI D3] fA RGN /0 QL)
FELIAI={FR{AI L7 a0L 14) ®ALTY ) /0QT)
FEOLI9)alPRL L4) 20 R4l en{15) #Aa(14) /D (1l4)
13 A5=g T AN
11 12)= 35070 41}

GO 4) Jelyld
Is 1§~ .

4F IV p=1til+ile2aT0L
PTCAe= W RQde 22400420
R INLICIR (ML L ERISY )
FTCLS=1 30 1abe2 090014}

GO 10 Sdq. ‘
C  FUNCTION ARG YIME CALCULATI OGN FUR NODE 12

106 £332y=0
PR ILI=24 T 11}

00 91 f=1,3¢

ST ERII=1TT e 11}

Gl 10 564 , k
c FUSCTION AND TIME CALCUTIGN FGR NODE 13
3 167 00 66 121,15
o 6¢ FF(1)=FFEQCT)

ok IORE e ey SR R D Tor e A SRy ] wE e kg e 2 o

ok ek R &

PO BFTRPCRE T VRN S S~ 3

e LLVEE .
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84

13483

JRTRAN 1V J&ON-Fli-435 3= HAT NPGM DAT E

FE(E1I=FRE 1 0) 965 g)

FF(12)=FF(121%G (10
FRUA3)aFFEL 0D

&1

DO €1 I#1,13 - )
[1¢E)=1 310t 1)+29g8(12) '

GU T sad

1de
¢

FURC 10 AND TIME CALCULATION FLR in
00 1€ I=1s7 , N
EFCEISFE X T I9a( 14)

=

12

DU i I=8,13
EFEL)erF 1) 264 1) 9G{14)

EFLLGI={FFT(L4) % (14) )Y /B(14)
FELRS3=FF 7L 15) /GEL4)

OO 32 I=1412 _
LT Ed=1 T EN+2e 3901 3)

L1 141=1 TH L4)= JTC(13)
132511 Y7L 50~ 374 13)

|

60 15 406
FUNC TION AND TIME CALCUYEON FCR NODE 15

161
84

00 86 I=1s15
FELI)=FFCT

81

DO 81 l=1,14
ISTUALIRIOR I LNAINTY]

2ae

TH 5= TIC I+ 310131+ JT(14)
WA T TE( 3, 35) NODE

35

FORMA T 2/30X, *FUNC YL UN AKD TIPE AT NJOB*I&/ /)

WREITEC e 30ICE SPEC(T) 58 TUE) of @1 415}

26
ice

FORMATC AL LL1C,F 3 CaB,0100 )
NODE=HBOE+ L

643

TFINDBE~ LOI1CL 9101 4602
LE(NODE L T i IG0 Y0 1 04

114

CALL EXpY
END




TRTRAN IV F6N-FO~-479 3-6

MAL NPG H

DAY E

16/05/79

TIME

Qo0

1344

¢

PROGRAMME Nie 5

©

C

CALCULA YIOGN QF FUKNCTLUON AHD TIME 2T ACSACERT NOGE FORA STRUOKR AT

NODE L1s7 AND &

DIHEN SION ACLS) 4B ULSY 26 (h5) 4D (L5) 2 JT (L&) o FRELOD, ST L1635 ITTL LY S
IFENM 14}

REAB(I:I:](J?(f)ilﬂljiﬁi
RﬁAD‘lng}(&(l'sTﬁlulai

READC Ly LOIEBLI) o1 =1 4i 3}
ﬂEAD(l:lﬂltbillgIsi;lﬁf

READC Ly LMD of #2 515)
FURMA T 1415}

fosb fiet
£ e

FORMATLEFLQ.6) - o 1
SYROKE AT HMODE 11{CHANRAGHONA)

CALCULA TION FOR RODE 9
NDODE= 9

FRCBI=6( LU $G( 91D { 81 (9}
FF{ S =GL 18)

FRULOIGOICI (9 LAY

FF{lilﬁlFFilﬂl*nilﬁt*ﬂilli*ﬁilﬁl!fﬁiLQl

FROL2I=(FFL LRI Al LLI#BLL2) %G (LLII/B01)

FEELANn(FPERAYRBE L)) /BLLLY)

Fﬁglﬁithtlliﬂﬂ(123*5(11)*5!103
=

TTC9=d TC RO+ DT 9)
pQ 3) i=1¢,12

31

LR Ei= F(I=1)42494F1~2)
TTCLe= T Qe (i}

b &
GO0 _14¢

"

346 NODE=1¢

CALCULATEION FOR NLDE 10

FELSI=GL Q) *DE G A (1O
FE(LGI=1.0

FECLEP=0L SO B¢ LL)

FE(1Z1=D1 1Ol 131958320 %G (11

EFC LAl LY E3 ) PRELOY
AR YE R IR ARG

M=g
L1 6)=s 301

LT L)=38L T 10)
11032301 1O 1ide2 g TLIL)

ITH I =T T L2)=299%CL0)
N=9

G0 TO (0@ _
CALLULA TEON FOR NODE 11

it

NODE=11
FRCOY=( LQI %0 (S *ALLG) 2 (1))

FECLOY=DL LA oa( L)
FE{IAYenl 13)

FEC12)mAl k1) 4B( 12} ,
FELE3) =G 10 9D{ 133 A0 100 9A(11)

FRULISI=0.C
M=g

FT(21i=0




al
L}

£0S FURTRAN IV 36CN-F0-479 3~6 H01 NPG M | DATE  16/U5/19

1 im

ousy

13 1232w TC L))

L0 48 F1 0= 24000 1 G)
DU 49 FiC18)=1 YL LO)
GO uY W :
oLl Gu_ 10 160 _
~ CALCULATIDN FOR NUDE 12

Y 112 NUDE=]}2
6053 BEOLOYeA{ LLI#BE L2 SG{1E Y *D{L0O) 0A{11)
G154 FR{J1)aal i) il and i}
IS/ 1] FECL12Y=A011)
T FR{ A =(FPO R oot 0y 2413 »a 10N /0010)
LIVEY FR{TEI=G(L0YPA( 1LY
buse Me g
pose R INYILELNETESY)
30 &0 FT12=Jd 711}
006} TTClE e2n Tt LGEe (L)
oed N= g |

COMRUM FUNG TION AND TIME GALCULATICA
OLod Ml BL Z€ Ixleim.
At 4 J*M*I"‘I )
OGLY IF{JdoERs 5)60 10 9 &
0064 FECIISOFFRE J#L19G{ Je 1) s (Y oA e L F /L aeL )
0ue? 60t 2¢ ‘
0L oR g FRLSI=IFF{ 11 9G0 TE oG (o) *0{5) %A (o) ¢A (7)) 7 0(7)
OG &Y 2¢ CONYINUE
90 74 FELCIQY={FE( TIRGL T oDl 1A ) sat T 17047
U7l FREBOI=(FRL G 2L 10l sDOLS aAl1e) ) Fi il 4)
goT2 DO 31 1®1.N
Go73 REIRS G
DTS 21 1Tt A=l T del o2 4000 J)
UG7s 11613 =3 1 1Ghe29dTL22)
DUTS T iade] YT 244T1L13)
Gyz7 IGTWEILIR{STITFLFRFLY)
GIRL WRITE( 34 35)KORE
Gute i85 FORMATC /730X, 'FUNC YIDN AND TI 0E AT KODE* {477 )
00l WRITMEL 34206001 o FOLT ol TUL) oI =1 ol 80}
DOE | A% FURMATIBE1IC,FLga541101)
0082 KOD=KODE= 8 |
GOE3 GO I 3¢ell) 920242190 0D

STROKE AT NOUE T4 SIDDHE RGANG?

CALCULA YIOR FOR NODE 7
LoBg 113 NODE=YT
G4 FF{1¥=1.0
ALY FECAaB 8)
Ub 7 FE(YI=A{ B e < sc(d)
poay FEO&IunD( &)
OGESR FE{SIsGL )20t B 2a (&) #4(T)
WIVETS) 00 46 L=lys ‘
ot 4 BFOC(YoirF(lel doGel+T1) SRy wACIPLD D /UCTHLY
g0y 2 RO 61 iniGy)2
Ogs3 4 Fr iy =(FECI~2) A0 ~1) *BAL) AGET~E) 3/ 0¢C1~))
Cl94 FRELA={FFOLOIACLUI OBL LRI MG ELUI Y /7B {20}
S04 s FE(Y4)=D( La) %At 1)
G094 FRELS =6 L4E30DL L9) *ALL4) #A( T}
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__ o067 1% =g
GO 11(&)u2¢41¢?1

GOge GG 48 1=49,12

VRO 42 Tl TOL- L) 4200708 ~1)

0101 I €)= 2% YL &}

D02 DG &3 inleS

gie2 Jué | :

Glu4 43 1X(Si=1T0Ie il 29970 3

Glus TH12)=1 1 kQh+ZagT(12)

Olvs I Lal=T({ 1+2¢JT13)

0107 FYCESIn] TU1a)+220T{14)

oius RO 44 I=LelD

QiU FEULM=FELTD

0L10 44 JTUII=TTL}

Glit WRIIE( 3y ITINGDE _ 4

0112 WRITEC 3o 360EL oFFUL) of TELD ol =1 41 %)
CALEULATION FOR nNODE &

R E MOOE= &

Ullg Fria)ol. 0

PDiLs FEL Ti=0( &) sB( T}

D1ié O 90 I=1,9

GLr? 80 FF{TJoFEN 1) /al 7}

0ils DU 53 I=#,13

DLi9 81 FRUEISFE U SIGL D

0120 PO 82 Imi4yls

DAzl §2 FFIII{FFI LI TII /ALY

aizz 11CE)=J I G}

aiz23 EY( 71=13%] ¥t 6}

0124 DO 9 t=1,5

YL 3 THII=1YH)I~JT6)

0126 DO "4 Iupyls

TE¥¥ 54 T LI=1TH ¢4 &)

0128 KRETEL 3, 35)0DE

pLRY WRITEL 3, 36}(1:rFtllflT(I}ulnlulbi

CALCVLATION FO NODE &

oLID NODE= 8 )

S B3 D0 60 lei,?

03§33 8¢ FFt L)=sFF 1T ) sal 8)

91383 0D 6} (=6413

0134 €1 FECY)I=FFITL /G0 8)

REL DD 43 §=314,33

a1x0 ¢2 FFULI=RE U1 oal 8)

G137 it 8)ma¥( V)

D136 00 €2 Ini,?

0139 43 IV DIt i+ T T

U el 0U 64 128,413

Gi4al 64 ET(Li=f1NULI~JdTi T}

0142 DO €3 I=l4yel5

LK 65 IH FywI T )+dT07)

O ieg KR IE( 34 AS5INDOE . _

1s5 RIETYEC 2 A640T FFLEY SETUE D o] =) (1 5)
CALCULATION FOR NODE L&

Giae NODE= L4

V147 PO ¢ I=Ll+6
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0150 DD Gk Iskyli 3
Bilusi 11 FECLI=kF H I PG 7) G {1 &)
DRy FECLaleGl in) |
%i%3 FFUASY=GI L4 sD( 15)
(154 D072 Imjal3
@155 12 ITHII=ITH LI+ IT(13)
0156 FT0 Y b B3 370 L)
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U5y P EShet T ladez ol iy)
0159 WRETEL 3y 3SINODE
G &g WRITES 3236000 oFT{E) ol TULY 41 el 415}
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Hiel NODE« 1S
Olb2 DG 81 i=lyl4
RLE] 81 FHLi=1T{1i+JdT{Le)
oica E 1S =T 130+ 4T( 14)
pied WRETEL 35 SSINQDE
G ias WRETEC I 26047 sFFUT) ol TEE ) o1 ok 41 5)
[ STROKE AT NGDE S{COMI LLA)D
- ¢ CALCULATION FOR NiDE 8
RL6T NGDE=8
Qlay FF‘ EI’-LG
Uity EF{9)en( 93
giio FECTh=D{ Thoa( 8)
FErl P EM=Gl NI ML 6) 2ALT) SA( 8)
0172 FRCS)alE 714G 6) 2005 fa(a) oA (T A (R)
GLYS DU 9€ 1ele4
0174 Jw e _
D175 9 FRlJ)={FFR{ e} oG { Je i) WDl J) s JeLd /708 d+1)
0i7é& FRELGI=AL SY#BLLO) %G 9)
G1TT gC ¢t I=11,12 ,
178 9 FFR(Ide(FFUI=-LiMA{E~1) B3 (i}aC L~12)/700{ =1}
gire FREI el FFCICI A0 L LB (1) 26 (10 7800)
g18u EEE Lal=0LTImD(14) »al7) *A(pB) _
glei ﬁﬁliﬁlm(FF(1ﬂ3*9!i&l#&il§i#Atlﬁiliﬂii&j
Qlez 1H{ €)=¢ : '
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184 P Tre20d ¥ 1)
0i89Y N= &
IS GO 16 124
¢ CALCULA TEON FOK NEDE ¢
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disng 00 120 Iml,15
GLav 120 FF(LI=FE{LIop( )
G 3190 FELCE8I=0C 914D 81 2A(9)
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o1ve 123 DO L3¢ 1=K
0199 deeNe g
20 230 ITai=l YU e2 0070 03
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Paui 130 TREI=ITU-1e2 00700~ 1)
G203 PV 23 =1 T 20ae2 0470012 ~
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G235 1TC5i= fldad+2901( 14}
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201 WRITEL 3, Eéi(l.rF{litlT(I).Iwiul §
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0 2u9 GO 143
C CALCULA T10M FOR NODE 7
0210 148 NGDES T
22it FF(7)=1a0
Ul e FE{ 8200 1) =0l Q)
FFE EF(g)=a( 9) *G( 4} o
214 FELIOI=A( SIoBL10F4G5( ) G (8]
TS DO 141 I=11482 , _
D2l 148 ERCI=(FF(l~18A0E~1) ®lisaei-103/0¢1~1)
a1y . FROISI=(PREIQI sAC DY M3 130 o i i /7B (L0}
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220 FELEI=2GL Tt 6) $AL T)
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G233 NEY
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G234 IRy LG40 42(12)
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"YEX] Wi I TE( 34 35INDDE . o
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¢ CALCULATION FOR NODE L4
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P2 DO 141 128,13
PLY 183 FECIb=FELIII60TIe00AG)
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C CALCULATIDN FOR WODE 195

07254 NOLE™ L5 _

0255 P2 140 1=14+14
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// JOB UETSY

J7 OPTION LINK,LIST
// EXEC FFORTRAN

e

C PROGRAMME NOJO . &
{ CALCULATION OF VOLTAGE AT DIFFERENT NGDE .
DIMENSION FF(15),ITL15),F{40C0) ,RF{%000) .

110 REAT{ 1, ICH FF{ I13,1=1415}

READ(L, 11} IT{ I),I=1,415)
10 FORMAT{8FlC.5)

11 FORMAT{1E515)
AAA= 0014154

EBB=€.,072C14
VI=1.01€£71

D0 84 I=1, 4CCC
84 F{1}=0.0

D) 90 K=1415
N= IT (K}

Q= ABS{FHF{K )}
{FIQ-0.0C11)90, 90,91

g1 D3 9C J=1, 3C0
55=J

X=—AAA¥SS
¥Y=-BEB*55

EXX= EXP{ X)
ExX¥Y=0.0

TF{J L T.TIEXY=E XL Y)
V=YD { EXX-EXY)

M=N+]
FIM)=FIM )4y FR{K }

90 CINT INUE
WRITE(3y ZEJUL1,F{ L}yI=1,4000,2)

C VOLTAGE WAVE AT NODE WITH REPEATED STROKE CF 1500 MICRO S ECONDS
C INTERVAL

DO 22 i=1,4CCC
23 RE(OI=F 1)

D) 24 1=1tC1y 4CCC
24 FLL)=FU114RFLI-1500)

WRITEL 3, 571)
37 FIRMAT(1Hl, 20X, * SURGE VOLTAGE AT NODE WITH REPEATED ST ROKE OF

1 1500 MICRO SECONDS INTERVAL'//)
WRITE{ 3y Z€IL I,F{ 11,1=1,4000,2}

36 FORMATA110 I5,FT7.21)
Gl 7O 110

END
/¥

/1 EXEC LNKEECT
/f EXEC

V£
/E

D
&
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APPENDIX-B

- . T P . .- f [
o — .- = . .- . . -

L. -

Cmnverslcn af. L;ng Constants ito per-linit QD us) -and V1CErVErsa.

"“ & » . -
PR R R = - S NN USRI S P St it

.+ .. sn e - o - . ---r-‘:' " x ,'"-r T LI
currents, KVA and Impadance Anwa circuit are,
+ . M R -

p * ¥ T - . - oy .
5- e, . - - T e -1 U

PR Y- TR RS- e
Vcltage,
- : - . Lo " ‘-.- r‘. B

A Tl

‘uftan axprassed 26 a percent ar. par un;t*af & Enlacted bagse

oxr reference value of each of thase nuantities, for 1nmﬁance
if a base~umltagé cFﬁ12ﬂ KV is chogen, voltages of 108, 120
and 126 KV become 0,90, 1,00 and 1,05 per unit or 90,100 and

185 parcant-respécﬁively.

The per unit velue of any quantlty 15 da”ined as the
ratio af the quantzty to 1ts base value BK"rBQSEﬁ 25 & dec1mal

The retio in percent is 100 times the ualue in aer unit,

-
"'4t

Uolta e. curreﬂt, KUA and Impadanrea are éa relatad

' that smlactzoﬂ nf ﬁase ualues for ﬁny twn ﬂf tﬁen deﬁazmlnss

the bﬁse walues a? the remainxng tuu. Higually base kuﬁ and

boge wultaga in xy &zm tha‘quantatias aelected ta spacafy the -

‘baaa,

For 51nqls phwae aysﬁam or three phepge systems whers

tha tecm current refers to line currant, tha ters vnltage

xafars'tu.vﬂltagertq asutrol and the Rerm R¥A refers to KVA

pEt phasa,‘theffnllawing fernulas relete the verious guantities,

: - AL i - _Base KYA
Rty m. . 5 Amn: e . -
Bage currsnt in Amperes = Bage Voltage in KV

oy . . .jﬁaah Voltage dn RV)
Bage Impgdangmlin ohms = Tnse MUA

Roge Pawer in K¢ = Egae KYVA

Lase Pﬁﬁer‘in MY = Baoe VA



a%

Per Unit (r.u.) Impedance aof a cirduit elament

Acutel impedance in nh&g
= +
Hase impedance in ohog

Firce thres phass circuits are snlved as 8 single line
with & ngutral return, the bases for quantities in thé izpadanca
diagram sre KVA per phass and KV from line to neutral, But data
are umually given as total throe phage KVA or MVA and lina
te lineg KY,

SAAPLE CALCULATION OF ACTUAL VALUES OF R,L and £ AT NEW BASE

OF 132 v AND 10D vA FROR P U, VALULS AT 132 KV AND 100 MVA HASE,

Hase Iepédance I, = (bssoe K?)zfnaaa MVA ghnae,

&

e (132/V9)%/(100/3) = 174.0 ohme.
Physical obms = p,u, values x aysten base chma,

Physical ohms = p,u, chma x system bese chms (Y) = Bell, ofnE
base Z

Physical resisteance R in obms, = p.u, valuve x 174.0

pou, velueg x 174 80 x 103

314

Physical inductanca L in mh o

6
Physical cepacitence C in af = 22! lgzmg : égd

1, Jongj-Ullon Section
Z: e (D.0112 + j0,0437) x 174 = 1,9488 + §7,6030 Q-

Re 1,950, L = E&;- - lagggﬂ— - 24.2 mh

/2 - A0LUDY _ 2,816 x 10" aho

174
=5 .
C/2 = Eég— x lﬂﬁdpf = ;&Q%gfaa“_ « 10% = 0,09 NF

ote T = U,18 /MF



aq

2. Yllon-b%iddhirgmen]j Spction

Z = (0,00835 ¢« jU,0362) x 174 = 1,452 &+ j 6,3 S

Re 1,450, L = IL/’ woe ‘5.3/314 = 20.8 mh

2.105x10" 7208 ¢
14 7t

= 0,067 /.41"

b/2 = j0,00266/176 = §2.105 x 10  wmho, C/2 =

. L a0, 134 };\F

in 8 similar way perameter values wore celculsted for
all the pye section units, : - -

a

Travel tima is calculoted ag

Tha lightning surgo wave trauaia nt the speed of
light (186,000 miles per sec.), 50 the wave travel 0,166 miles

psr micro aeconda,

3, Igavel time for tllon « Tonui Section

v om “%QE%E = 68,8 & 69 micro seconds,

In a similar way travel time for sll sections ere

telculatad and are ghown in Tohle - 1 (Page E#£ la



100

APPERDEX= [

Mathesnaticel txpregsion for o 1/50 Wove

A 1/50 wave is a standard wava used for feprasenting
2 lightning surge wave, Hathematically it is reprcaented ss

t/T - E“tfrz )

Vit) = Vv (8 1

e ¥ (ﬂ- - .se som {1)

whare a and b are constants whose values are to be found out,

Time () -
Fig, 7.1 The input surge voltage wave,

Q%%&l = - aVa-at + bUe_bt = 0

ae-at = ba-bt

2 (s = b}t
5 4

{a - b} taax = 1n §

. i 2
tmax = 20 dn



We have two conditions thet the velue of V{t) is 1 at 1

101

micro-agcond end 0.5 ot 50 micro geconds, Putting thess velues

- -]
le a=b in b P - w {2}
1= vie™® - s ()
0.5 = u(e""s‘ﬂ”’-;s”b) aae (4}

S2, we have three e vations with three unknowns to salve

from msguation (3) V = —:%——:E ens (5)
from eguation (4) & = = E%" in 2;5—'+ a'SUb)- - 16}

from sguation {2} b= 2 ~ 1n

To
1)
a)
3)
4)

3}

L

Tl

find the polution

Agsuma a and b first,

Calculate ¥ from sqn, (5)

Find a from agn, (6)

Find b fron mgn,{7) with initial value of b, Repeot this
atep until b converges to a new valus,

Then repeat from stsp (2) again,

To have an initisl vzlue of 8 and b wa proceed ag follow:-

frem (3) and {4)

{7



L0, 2= gooo ,*. &= 0.0141458

. 50
Substitute in (4} C.5 = Ve ~ o

e"e V = 1,015

Putting ¥ in (3}, b = 7,22

e Let 8 = 1,01414538 «0,0141%5

b = 7.2¢, then ¥V = 1,015

After =2 few trials the solution becopas:

V = 1,01p6705
a = 0,0141936
b = 6.07383136

and T, = ‘% = 70,4584209 micrs seconds.

TZ = % = 0,16846628 micsro seconds,

Lo2
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.@heck“
" V(e-at B—bt)
At 1 micro sec, V = 1 ﬁlﬁﬁ?ﬁﬁ [ei. e -8 2 )
! BEe . 2 M8 70,454209 G, 1666620
=0,9999959 |
' R - 50 ¢ )'_
At SO micro gec, ¥ e l.ﬂlﬁﬁ?ﬁﬁ e TU,454289 -e 0,1646628
o = 0,5000005 , g} o
ThTET T emES TR T A TN Dy T
P “_-::" --"::"; * ‘_'P'- o l\‘/ ..i.' ..a 5‘-‘--‘"‘"’ ‘ t—-!—-,.\’.‘s..:.i"'T'..—‘ [

ﬁn the mathenatzcel exprasszan far s 1/56 wave becumes

- )

um 1, masn( -0, 014194t «n6.0730188y

and is shown ia Fzg. 4 1 (p&ge .ééi 1.
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