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ARSTRACT
FACTORS AFPECTING THIE INSULVPION CR

UEV SYSTENS

Mesui Biyikdzor
ll.3. in B.U,

1DeTViIgon Frof.Dr.Neviat Czay

Emergization ard recuergization overvoltiges are the primary
factors i egtablishing power syetem insulasion level., Ag ihage over—
voltages are generatod by ihe cloging operation of the circuit orealer
which can be centrolied to nroduce the minimum surge, then ingulzticon
level can be reduced Tor cconomic system design., Howaver other causes
of oveivoltages (steady state, fault, fault clearing) which are not
controllable other than initial systen desirn may produce sufficiently
high voltazes wiping out the savings made,

In the thesis, the cause and maximwa overvol tages produced during
the noraal operation, fault and fauli clearing which would indicate
the lower limits of gurge reduction by the adjusiment of civcuit breaker
are investicatad ond the meacures to control these overvoltages; are

exanined,

Key words: Circuit breaker, Trannient recovery voliape, Rata of
rise of recovery voltage, Opening rosiator, Shunt reactor, Fauli,

Tranped charge,
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( AL
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TEOLASTONTNA DTKT BDEN PAKTURLAR
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Tou Yoneticisi: Asst.Proi.Dr.Nevzat Cney
Aiuetog, 1973 ¢ 124 sayfa

wriilensden dolovy neydann gelon agira
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Eueryileme vo tckror
ger.iimier, enerji cistemlerinin izolaeyon seviyesinin tesbitinde an
druarl il faktirdin, izolasyon geviyesini ciglirerel ekononik bir zisten
tasarimi yapabilmek idcin kecicilerin Fapanmasindan dojan hu agiri ge-
rilimlerd, keaiéileri kapanma aninda kontrol ederek azal tinak mitakindir,
Bununla beraber, ancak ilk gistan tosarimi sirasinda Lontrolj miimkian
olabilen difer agiry garilin sebebleri (Qurman rojim, ariza, ariz

taaizlenmesi}, Kepicl kontroluyla clde adilalkilen kazancy rokedsiilecek

darecede agiri gevilimlere esebeb oiabilirler.

%u tezde, kegiei kentrolfile az1ry gerilinlerin ddglirclenilecosi
alt Limiti tayin aden durgun rajiny arzie ve ariza temislenmecinden doe
fan Aglrl gerilimlerin gebek loxd, mziisimun de serlerdi, kontrol careieri

arastirlimakiadar,

Anahtar kelimelac: Kesici, Gegici rejin diizelme gerilimi; Dizalnme

goriliminin vilgelme opani, agina direnci, géni reaklir, Ariza, Kalici
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CHAPTHR I
INTRODICT L ON

1.1 Gereral

D

It is well known that proper insulation coordination is an imporzant
frnotor in the economic design of transmigsion systém. Once the marimum
opereting voltage is eeptublished, the insulation reguiremsnis are basically

determined by the overveliages that can occur on the system,

Overvoltiages can be olasgified in iwo primary categories:

l. DIxternal Ovsrvcliages: Thepe are caused by atmospheric discharges

(1ightning) and are indey encdent of system operating voltage,

2o Internal Overvoltagzes: Thess are due to system faults and awitching
operations (connection or disconnection of load, interruption of circuit

elements), ard transient and steady state voltage variatiors,

The cvervoltages due to lightning are essentially independent of woltage
class neglacting moderate increase with the height of the tower since '
heights are much less than proportional to operating voltége. Ligktning
covervoltages will generall be dominant factor for insulation of the
syetems cpsrating below 300 kv, where the ayatem ingulation levels are

(36)

conperable,

In the systenis opeurating betwsen 300--500 kvy if adequate shielding
of the lines and low tower footing resistance are rovidad, the overveltageg
# p ’
procuced by eclosing anl csclosing (i.e. closing on trapned charse) heciine

the deciding factor for the choice of 1nsulat10n5 )

]



If no spocial preocautions are taken to limit gswitching surge magnitude,
overvoltages ag Lich asz 4 times nominal line to neutral (crest) voliage

are possible, wvhere a value of 3.5 p.u. may be uged as an annroximate meah

(3, 31)

values, It should be observed that the 60 Hz and switching surge

flashover strength of insulators do not increase in direct proportion to
the number of insulator units and gap spacing, but saturate as the voltage

(2)

level increases (Fig. 1.1)
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Dae to the saturation characteristics of air and porcelain dielsctrics,
it has becoues nucossarm to take stepe 1o Lindt switching surges due to line
energization and reenergiszation to less than 245 peu at ENV and UHV systen
levels in order to make them econonically feasable. 4s these sUDrIOeS are
generated by the cloging operation of ile circuit Lreaker (CB which can
e adjusted to produce the minimum surge, then golution of the problenm
bacones straight forward, Effective switching surge contrel can he gained
by synchrorous closing of the circiit breaker by controlling the timing
of vreaker contact cloging, by inserting one or nore resistors acrosa the

. . . . (26127) .
breaker contactes, or ty combinaticn of these methods,. By using
these various coantrol @ethods, n2arly all energizing and reenergizing

transients can be reduced to 1.5 pau or less, tho nore the reduction, the

cogtlier the CB becoming,

If the overvoltage levels due to line enorgiszation and resnargization
are reduced below 2 p,u, (infact, UV system voltages are only feasible
if thig ie so), then other overvoltage caupes, in particular faults, load
rejection; fault clearing must be taken into congideration, Thego latter
caugaes, in general produce overvoltases sonewhere botween 1,0 pett and 2,0 p.u
of the system nominal voltage depending wpon system condibions. However,
as thése causes, conirary to the cage of energization, are not controllable
other than by initial eystem design, they must be checked out first to gee
if further savings are possible by reducing the inzulation level lesgs than

2.0 Pells

1.2 Purpose and Scope of the Thesig.

The purpose of this thesip is to invegtigate the causes and maximuwn
overvoltages produced during the normal operation, fault and favlt clearing
which would indicate the lower limits of surze reduction by the adjustmant

of C3.



In Chapter 2, steady state overvoltages and measures to reduce them
are examined., Overvoltages due to faults on transmission lines are
analysed in Chapter 3. Chapter 4 presenty the trangient overvoltages
due to load drcpping and fault clearing. The influonce of systen
configurations and measures to control overvoltage magnitudes are also
briefly examined. Finally, in Chapter 5, the behaviour of lines after
its disconnection from the power source and preparation of line 1o re-~

energization are studied.

In all cases, firsi a theoretical study of the problem is made using
single phase system, then the system is simulated on the digital computer
using the already developed Transients Analysis Program, the outline of
which are given in Appendix C., The digital computer results are comnpared

with the theoretical derivations,
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CHAPTER II
STEADY STATE OVERVOLTAGRES

2.1, Introduction

Generally, overvoltages in the steady state period ocsur on a
transmissiocn line that is either connected to the system at only one cnd,
with the receiving end being disconnected or loaded below its surga
impedance loading. Such situations arise during normal operations and

. , 1)
can continue from geveral seconds to many mlnutes.(

External ingsulation degign of EHV transmission systems is largely
detcrmined by switching surge and in gome rare ocases by lightning

(2)

requirements, If the insulation is designed on the basis of these
requirements, the sirength for power Trequency voltages and clean insulators
even in wet conditions is nomally very high, being more than double the

(3)

stress, This also can be congidered sufficient to withstand power

frequency overvoltages (steady state ovaervoltages).

However, insulation failures may occur due to sgteady state overvoltages
in wet weather conditions and are cauced by contamination of the insulator—

(2)

surface,

Contamination flashovers on transmigsion systems are initiated by
the deposition of airbone particles on the insulators. These particles
may be of natural origin or generated by artificial pollution which mostly
is a result of industrial activities. It ghould be noted that these depcsits
thenselves do not decrease the insulation strength vhen they are dry. The
loss of sitrength is caused only by the combination of two factora:

contaminanis and moisture. Infact, moisture is always nacesgary to



produce a conductive layer on contaminated insulator gurfaces.

Contanmination problems are beyond the scope of the thesise. Further—
(4)

more it should be noted that according to a report by CESI, pollution

does not peem to be a problem in Turkey for the time Leing.

2.2, Loadings of the Line

A newly constructed EHV transmicsion gystem usually have line
loading well below surge imedance loading for both normal and emergency
conditions in the early years. In the long range, the line loading

eveniually will reach to normal magnitude asgociated with EHV transmission

systen.

A line will show different characteristics under different loading

arrangement resulting in different overvoltage magnitudes.

a) Underloaded case at receiving end:

v S ,
@Joami, ° |

Pig.2.,1 Single phase line

When the load at the receiving end is below the surge impedance
loading (Fig. 2.1), load impedance Z is greater than line surge

impedance Zo.

=6
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Using the equation 4,19 developed in the Appendix A, sending end vcltage

V. can be written interms of receiving end voltage V

5 R’
and lcad impadance as follows:
i Zg, ] )
7 - " L : . 2.1
¥S VR {‘QOS FL 4+ ZL slnfuJ (

4g the ratio ZO/ZL ig legs than 1, then

4

Cospt + ﬁs—— Sin 3y ! < 1 (2.2)

This impliss that, receiving end voltage magnitude VR is greater than

gending end voltage magnitude VS y that is,

If receiving end ig opnon, then 2&200
4

T Vv 2 .
V.S Vo Cospl (2.3)

This is the well known Ferranti effecti.

A physical explanation of the phenomena is as followg: A4s ZL

is greater than ZO, then the capacitive line charging power V; / X is
2
greater than that of uged by the line inductances IR X] whore
XC and XI line cupacitance and inductive admittance. This surplus
']

reactive power causes the voltage rises at lhe receiving end,

Shunt reactors are norinally installed at the EHV gubstations to

line surge impedance
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absord the additional reactive power produced. Shunt reactors and their

effacts will be discusged later.

b) Surge impedance loading at receiving end:

When line is terminated with its characteristic impedance, the power
delivered is known as the surge impedance loading (SIL). From equation

(2.1) with

LOAD =~ SIL and %L: Zo'
{“ M
Vss ?h l~ cospl-+— J sinP{J (2.4)
Hence
f
’ Vol® l VRI

For lossless line under SIL condition the reactive powser absorbaed

by the line is equal to the reactive power gonerated i.e.

R .- I, X (2.5)
X
¢
v
. ) Viwll _ VI
T RTR Y VT (2.6)

where L and C are line inductance and ocapacitances regpoctively for per

unit length,

1 is the total line length.

At SIL, V and I are in phase and there will be no charging

ourrent. Therefore optimum transmission condition is obtained,

-3
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o) Overloaded case at receiving end:

In this casey

LOAD > SIL ; zL< Z_
ZO
Vs:: VR I;cos Bt + J —Z;:-— Sin pl
[“ Z 1/2
lvslz ng‘ Lcosin + ( ~§;— 2 Sinig{A (2.7)
Z 2
Sinoe -Ei— >1 D lCos(u 4 ”22“ sing| > 1 (2.8)
L
Hence ‘V [ > ‘V |
| 's (gl

The induotive lose of the line I; X, is greater than that
generated by the line ocapacitances V; / XC and the ingufficient amount
of reactive power causes the volitage drop at the recaiving end. Ir order
$0 mAInisiz dle measiive o esattaYuian Tor nee e at west

) [ ) B

levels,.shazt CAPATLEOTS AN Laed L0 getevale $he addedtesral twa, dive
power. An infeed of reactive power inlo a lire rises the line vcltage,
and this is most pronounced near thé point of infeed.

2.3, Saturation Effeot§f5:7,8)

Ag it is explained in section 2,2., for the line loading bLelow
SIL, the excess line charging currents (reactive power) flow into reactive
loads and machines located on lower voltage facilities from transmission
lines., This line charging current flowing during light load corndition

cauges veltage rises from the system source to the sernding end of the



e

L A T AT i 8

a)

b)

line and from sending end 1o reced wing end. ther the voltuge rise
acrogs the rpystem inductance is high erouch ‘o make the transformer
operate above the knee of its magnetization curve, the nonlinecarity of
the curve generated harmenics which can regult in increased overvcliages,

1‘

OO -

Ll,L ~ short circuit and
mn

magnetizing inductance

i
.—1, L_Z of" the {rargfrreer
e T [ —
: i 2,C -~ Inductance and
i
. ai capacitance of the
w‘“) L. 'v'l c -.- .
- m & line.
I
f

Fige 2.2 Cirenit din which the occurrence of regonance

phenomena at higher hirmonie is possibla,

Fig.2.2 shows a typical circuit with itlg equivzlont to be congidercd
in the study of saturation effect of the trangformer, If the transformer
iz in saturation {(cperaticn voltage is above the knee point of the
transformer magnetizing curve), the magnotizing current flowing through
the nonlinear inductance Hn containg a fundaméntal fregquency corponent
and components of odd higher harmcnics.(l' If the naturel frequency of

the linear part of the circuit i.€.4,

1 JR
fo = N Mot (09)
<LJ "' Il ) ¢

is equal ic one of tho higher hammonic frequencies, hicher odd harmonic



overvoltages will be caused at various points in the actual network.
I the transformoer has one of the winding delta connected only the 5th
and higher harmonics can cause overvoltages in the actual networit, the

third harmonics being reduced by delta winding.

It is well known fact that in linear series circuit of L, R and G,
extremely high voltages can occur acrogs L and C componentg, particularly

if the natural frequency of L and C is near the gource v-.Ii <e

frequency.
y

Y h
<?——~VL —_— V.
e — | e

T — I
< v
- %
\
L W

Fige2.3. Simple series resonance.

Prom Fige 2.3.b, it ig evident that the voltages Vi ard VC add
give the applied voltage V. But, because the voltage across the
inductor leads the current in phase by 900, and the cepacitor voltage
lags the current by the same amount, the phasor disgram appears as in
Pige 2.3.b. It ic seen that both Vi and V. oan far exceed V.
Voltage condition of this kind can be sustained when the power frequency
is near to circuit natural frequency. Therefore, under certain
circumgtances the capacitance of poﬁer circuit can come into series
resonance with the circuit inductance to produce excessive voltages.

This phenomenon is called ferro-regonance if a saturable transformer ig

present,

~11—



Consider a line with an unloaded autotrangformer connectad te its
receiving end and fed by a power source as shown in Fig. 2.4. The systenm

is simulated

M S R Y Y
= 292 km | .
e | e e —
(::}u@mm>] f QE§§>4wJ/
A

Fig. 2.4 EHV system studied for transiommer

saturation effaect.

in the Trarnsient Analysis Progran and the line is energized from ito
gending end, The obtained voltage waveform shows that after the transienis
due to switchirg had died oul due to line logsesz, there are gtill over—
voltages (ngwp.u ) caused by 1lhe hamrmonics appearing on the waveforms
(Fig. 2,5). These harmonics arc created by the transformer saturation
affect,

§9><1o)(11)(12)

2.4. Reduction of Steady State Overvoltages with Shunt Reactor

2.4.1. General

When the initial loading of transmission gystem is less than surge
impedance loading, excess charging curreut will appear on the line terminals.
This results voltage increase on the system. By compensating a portion
of charging current, shunt reactos are used to contreol the voltage rises

and to maintain a flat voltage profile on EHV systems.
Deoreasing of charging current by meang of shunt reactors is an

important facter to control the steady state overvoltages due to trensformer

saturation. As il was explained in the pravious section, ferro—resonance

12~



(pus Butatedea ayg jE JOUWIOFSULIL0INT POPROTUN) UOTLRZTIIDUQ
duTT 9seyd 99JY3 J91JT SWIOISATM 9583 {0A PUS FUTATEO0Y ®G 2 Iy

/ \N_, /, \ ] rnl-
/ | H 4
\/ \ M </ \ . | / Pt
AR : \ P YN \
/ / / A \ / \/\/ / / ..\ Q) \ ._‘ , 8-
~ A . i i . ! b ’ .
v VA \/\/ L ,,, 7\ Y R i -
U B I O L i A A T R A
S A N O S S Vo e
\ ! R ! \ Vo , / A L .
v N T - S L N U
J' [N RN I E AN T U
a0 st tl sy mloony ok/as by el de v ier) drlor dle e a4
N o T w\ v . I 2R v M.ﬂ \.\o 1
Vo Loy ‘ | SR TR
; ! _ \/ ~ ' ,\ ! / /i
A , M ] v/ N . \ /
\ \ \ f N. T_ | /o \\ / v 1 ,Q . /\ / v g
/ /.,\ Vs / Y / ,/ { > ! X /g
N Ay Vo b I\ A/ 12
/ \ b i b AV I A [
o \ wa \/ Lol | \ \ B ;3 't
vy ! b v Vo
. i/ \ ] N/ 2
L .
L 3.3m> "7
v

wZ62 S

a7 e e s



oscillations occur between line capacitance and nonlinear transformor
magnetizing impedance. When voltage level reaches to ncnlinear part of
trangformer magnetizing curve. By using shunt reactors, operating voltages
are reduced below the saturation region of transformer. Thus, any ferro-—
resonance ogcillations are prevented., Reactors should of course have
linear magnetizing characteristices up to a voltage level specified
according to calculated temporary overvoltages, inorder to reduce the

rigk of ferro-resonances caused by themselves,

10
2¢e4.2. Determination of Reactor Regquirements and Method of Connec}iog. )

The reactive compensation determined during load flow studies under
normal and contingency conditions (peak and light load conditions for

sunmar and winter) are also included in steady state.

There are two alternative methods of connecting reactors tc the

gysten.

l, To connect directly to the EIV transmission lines.

2. To connect to the tertiary of the stiep—down transformer bank.

In evaluating these methods, several factors are considered
including relative equipment cost, amount of reactor capacity required,
effect on open circuit voltages and quality of voltage control. Usually,
the EHV reactor is permanently connected to the transmission line to
avoid the added expense of an EIV brem;er. The reactor is size for the
reactive requirement at maximvm loading. This may be from 20 to 100
percent of total compensation required, the remaining perceniage Leing
located as switched dry-type reactors on the tertiary winding of an

EHY autotransformer.(lo)

- -



The effects of shunt reactors after line drepping and fault

clearing will be analysed in more detail in Chapter D,

In general, reactors connected to HHV lines are either direotly
grounded, or in some cases grounded through a resistor to help decaying
of trapped charges. If grounding resistors are used, they produc:

excessive losges as given below,

292 km

(S () /F I

I L0°/6 L0%/o
- ]
Q{ cB \ R

)

rr

Fige 2.6, Resistor irsertion in the neutral of shunt reactors.

For the power gystem shown in Fig. 2,6. which has the characteristics
given in Appendix D, an optimal grounding resistor of 153 @ as calculated

in view of the principals discussed in Chapter 5, is inserted.

The complex power absorbed by reactor together with 153 ohms
series resistor is %
(v

»*
5=V I= -..22_‘, (2.10)

N | |
waere = Z, 4 R=0.111 + j 1.666 p.u

1 oUW
Bxlpu

-1 5



in 100 MVA and 380 kv basges.
then

and S =P 4 j Qe 1.327 & j 19.852 MVA (2.11)

If the system is in oporation for 8766 hours in one year and the price
of electricity is 0.57 TL/kwh, the power loss due to series resistor costs
6.66 million Th. in a year. Therefore, grounding of chunt reactors

through a resistor is very costly one interms of system losses.

To avoid the power loss, the resistance is short circuited by a
circuit breaker under normal service condition (Fig. 2.6). This breaier
will, for example, be switched off after interruption of the unloaded
line by an underfrequency relay which is energized by line oscillation
and the resistance will damp the oscillation between line capacitance
and reactive inductance in such a manner that after 0.4 seconds no
remanent charge will be present on the line. Directly before closing the
line, the resistor is short circuited and line is reenergised without

(13) The voltage and current rate of CB conneoted

trapped charge on it,
across the resistor are calculated as 13.9 kv and 52 A respectively for
the system shown in Fig. 2.6 under nomal service conditions. Hence
either a medium voltage circuit breaker or a power spectionalizing breaker

which is much cheaper can be used for thig purpose,

16~



CHAPTER IXI
OVERVLTAGES DUE TC FAULTS

3¢, Introduction

As the insul tion 1« sels are decroased, t a:sients that ara urually
considered neglig.ble %al» on added significance. Prime exairples are
transients associcted wit: fault initiationfl4)(?5)a6) Becauge of
random nature of fault ouurence, control ig extiemely 4ifficult, Tra
vitimate ninimun - sul: o9 on level may possibly b¢ deternined Ly thega

trangients, naleng condpel of switching surge acs lemis,

After all, Lo oa 7. 14 occurg on 1 tranemi. sion Line, it ‘3 Uz ally
cleared by the tperaticn - £ the circuit hreaker, 30, it the line flogh~
overs occur due to the v rvoltagres ereated by “hy fanltbs it does not
seet to be 30 important, This ig certainly trus ‘or u gingle ULV ling
feeding a lower voitage trinsmission system which will Yave noraally hish

level of insulation,

However, for interconnected UHV 1ineg & faull overvoltage may easily
be transe.tted to other lineg, causing flushovers in thega lires and

forcing them to open,

3.2, MNodal Derivaiion of Di:ferent Types of Fawlts on Lireg

4 theorotisal investi; tion is carried out in pairaliel with tha con-
puter siudy to unda gstand . he cauge of overvolta-e:, Thig study explaing
¢

the travelling wave: of by different modes (groiv . anc sarial i, each

having it surge impedance ind gpeed of +travel.

(14)

3.2.1, Simulation of the Fa. ts.

Faults can le sepre. ted by sudderly applie volta @ to the livs

..17...



_at the fault point, The applied voltage is equal and oppogite to that
existing on the conductor at that time. The line to ground voltage:- at
the point of fault may be found by applying superposition princinle i.e.

the act of voltage injection and the influence of the gource are treated

separately,
- —
Whose which would —
Resultant have exigted if ' Those due
Vo;ta o the fault doesn't -+ . to cancelation
€ initiatcd J | voltages

- Before occurrence of the fault, there are ba anced three phase

‘  sinuso1da1 line to ground voltages at the fault point, Therefore, the
‘<h.:voltage components due to system gource are thres phacge halanced
sinusoidal yoltages. However, the cancellation veltages will be

.. different for the different type of faults,

3.2.1.1. Single Line to Ground Faults,

Yo
C [ 5
Vi \ e
Z .
a g ﬂ,‘
I.(J
%
r

Pige 3.1. SLG Fault on the line and its
equivalent circuit.,

Cons1der a 380 kv line which hag modal characteristics given

: Table 3¢Is To find the transient voltage due to SL3 fault on the line,

~18-
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hence

Va = V Cog wt (3.4)
Z .
V.= 2L VCos wt (3.5)
4y
v Z ! % 2
o= 3l V Cosw (3.6)

A1

The values Va ) Vb, VC correspond to initial transietns at 4:0 and

cauge initial jumps on the voltage waves.

The modal component of lhe injected voltages can be calculated by

using formmula C,19

= ~1 ‘
V ode Vph ane (3.7)
”}'"‘ - 0 rV
- < a
1 1 1
Vm ode ™ | 3 IERE Vb 3 '8)
1l 1 1
- e vl B AN
Vv
a Vb _
TETT T T mode 1
Va Jb v
°
P T O T Ui
v < |3 3 + 3 mode 2 (3.9)
mode
Vv v v
= -+ L - — mode 3
6 6 3] e

The aerial modes 1, 3 corresponds to positive and negative sequences

modes, the ground mode 2 corresponds to zero peguaence node.

The phase voltage at the fault point interms of the modal components are

eV (3.10)

vphase = mode

=20~



3¢2,1,3. Three Phase

wnd

b?

to Ground Fault

Ve
- o e
TN T
ey
/}7 7

Fig. 3.4 3J¢

€.

To

are injeciad tec e

V =V Cos wt

V Cos (wt=120)

L\t

&

V Cos (wi-240]

Since the injection vol=.

the equaticn (3.11, grou

(mode 1 and 2) will travo’

3e3

&

&

g

affect of Syst:a Par.

sinulate the 3 ok

' <

fault on ths line and

valent circuit,

-8 to ground fault, pr

ch phases rosnectivel

28 at the fau.t point =
1 moée (mode ) ig ze ¢

. Hence no overvolta, ¢

sters

Yerminating impedance

As the teminating i

(hi ht ghort cireu.t MV,

inciease in the ne¢ative

inpedancs (infinitc bug ).

other lines,

f tky line (ihort eiic

sdancs of the line at b

the roducel overvol: .

flection « '@ worg®

b

‘armination

|Q<

+ -+

T

“ts

*ault voltares Vﬁ'

thera

(3.18)

(3.19)

(3.20)

‘e gymmetric:l, from
and only aerial mocae

is produced,

it Lva)

th ends decrcane
ag increage -uas to

L3 4ern

which ig apy:oximatec 1L/ a bug having geveral



) The line length:

The surge travel times after occurronce of the faultc depend on the

" line length,

determined by the travel time.

the line length.,

wave of the unfaulted phasae, the crest overvolt

c)

The fault locati

The maximum overvoliags

point of the line.

return to the midpoint from the both ends at the same time.

waveg cancel

voltaga.

on:

The period of surge pulses on the 3ine waves are
Therefore, crest wvervoltage depends on
If the first pulse appears on tiie crest of the Sine

age is maximum,

orest occurs when the fault is at the mid-

Becausa, on the unfaulted phases, the refleoted waves

d) The time of oocurrence of the fault:

The crest overvcltago: due

at the crest voltage of ihe phase to be faulted,

fa:l4, 4if ¢

aad.wumy the indoce

Therctore the travel ling

this causes Dighes ¢

Cempuysr Resndi

304'

ad vl

vol

regt

for

The study was male orn Trangient Analygig Progo:
- system shown in Fig, 3,5,

- transients, faults were applied at oritical points

fre bo

« @Ol tha heal thy pha: o

the farlity pha.

The current

one another and the voltage waves combine to double the

to the fault ig maxinum when the fault occurs

n gimulation of the

at ‘he faul - point o

will &lgo a LAAn .,

5t 'ge waves will have m: ¥ . mum magnitudes and

~orvoltages,

v Fault,

n by simulating power

To determino the maximua fault initiation

—25.-

on the basic system,



feeding 292 km l feeding
+ -+ + t K
networg l 4 12 YL I natwor

Pige 3.5 Scheme of transmission system.

Variables in fthe suudy inolude fault locaticn, source configuration,
-?: line length, "ine <o. aination, Tho follow i paragraphs desoritie the

mogt significont ram Lia,.

A geriss of g .udies vas made for differ .nt fault locatiions on
the line with SLG :'avl¥e The lire was fed b two infinite buses from
the both ends. Tho crest overvoltige varisd from 1.72 to 1.84 p.u
as shown in Tuble 3.. I, The worgt fault locition is at the midpoint
of the line, «nd the naximum overv.ltage iu .t that point, The voltage

waveform is shown in Pige 3.6, for this ocase.

In the other niudy, the line length in lecreased to 146 km. and
the overvoltages wore caloulated with SLG fa .1t at ite midpoint. The

crest overvoliage is increased tc¢ 1487 pa.u.

As the source s!ort circuit MVA increcc s, the overvoltage cue to
SLC fault is inorease¢d. The maximun crest voltage 1.84 p.u is obtained
when the source ghor: circuit MVA s infinii: Line sources cornected,
decrease tha overv.liages due to $.G fault. Also, as tho source impedarnce

increases, ovorvolta; e seen on tle bugbarg 1 :aches to 1.63 p.u.
For the iine wilh iniinite ro'rces cour:cted to ite both end,

s Yo
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the maximum overvoltage is calcoulated by varying the time of occurrence
of the SLG fault at the midpoint. The maximum crest voltage of 1.87 p.u.
is obtained when this time is 1 msec. after the crest voltage of the
phase to be faulted. The minimum crest voltage 1,37 is obtained when

the voltage of the phase to be faulted is zero just before the fault

ococurrence,

The results of studied cases are summarized on the Table 3.II on

the following page.

The notable characteristics of waves of the voltage on the un-

faulted phase can be stated as follows (Fig.3.6.)

l. Thore is immodiate initial step inorease of about 0.3 p. 1,
This ig due tc initial induced transient voltages az explained in

gection 2.101.

2+ A itrain of ocually spaced posgitive I Uses are superposed on
Sine waves. Thesge pulses seen in Fig. 3.6 result from travelling waves
originating at the rfault point due to negativ) voltage injection and
reflected from the euis of the line. The poriods are detom:ined

by the travel time of the modes.

28 -



~ Teble 3.II Transient Overvoliages ocaused by SLG Fault on the tranemigsion

line for different gystem parameters.

Source type
Sending Heceiving

line

favlt
length 1location

Time of

the occurance Fault The crest overvoltage

of the fault type

along the line

end end (km. ) after crest (peu.)
voltage (msec) 0 /2 N/h {
infinite infinite
bus bus 292 /2 SLC 1 - 1.84 - 1
inductive inductive
gource souroce 292 /2 SLC 1.42 - 1.84 - 1.42
20000 MVA 20000 MNVA
ipductive inductive
gource  source 292 L/2 SLC 1,63 1.66 1.63
3000 MVA 3000 MVA
1 line 8§ dinductive
+ source 292 (/2 SLG 1.25 - 1,52 - 1,39
inductive 3000 MVA.
gource
3000 MVA
4 line 5 inductive
+ gsource 292 /2 SILG 1.23 - "1.58 -~ 1.39
inductive 3000 NVA
souroe»
3000 MVA
infinite infinite 292 /2 SLG 1. - 1.87 - 1.
bus bus .
infinite infinite 292 L/2 SLG 1. - 1.76 - 1.
bue bug
infinite infinite 292 (/2 SLG 1. - 1.5 - 1,
bus bus ‘
infinite infinite 292 \/2 SLG 1. - 1.41 = 1.
bus bus
infinite infinite 292 e SLG 1. - 1.37 - 1,
bus bug
infinite infinite 292 /4 SLG 1. 1.74 1.65 1.61 1.
bus bug
infinite infinite 292 3L/4 SL¢ 1. 1,58 1.58 1.72 1.
bus bug
infinite infinite 146 L/ sLe 1. - 1.87 - 1.
bus busg
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CHAPTER IV
OPENING OF THE CIRCUIT BREAKER

74 18 20
4,1« General Principles Invclved,(l" 18, 19,20)

The aet of opening oircuit‘hreakers is a gource of overvoltages. Mos*
common rsasons for openirg are load interruption, :ine dropping and feult
clearing. The overvoltayes due to switch opening :nd problemg of HV

cirouit breaker (CB) for st scessful operations are gtudied in thig chapter.

Cirocuit interruptior arter the curcent zero iz a race between the
inorvase of dielectriec strength of the switch and racoveyy voltage. Namoly
successful interruption depends upon whether the braakdown ingulation
strength within the gap exceeds the trangient recovary voltages produced
by the circuit (Fig. 4.1). The Trangient Recovery Toltage is the voltage
trangient that ocours across the terminals of a pole of a cireuit switching
device upon interruption of the current, ugually deusignated asg TRV(1§)

The capability limits of HV oirouit interrupting devices are determined

largely by transiernt recov ry voltages.

The waveform of transiant recovery voltage varies according to

the arrangement of acutal circuits. The recommendationg of IEG<2O)o

n
cirouit breakers specify the methods for describing the TRV. The

following parameters are vsod for representation of rated TRV (rig.4.2)



Dielectiric

v
bll'}d up //
/s - voltage//,/
‘l ' //< 7 stren .
// voltage - dielectric
/,' stregs Build up
// S
/
/ s/
/ ! /////
/
/ ’ l/
v e _’
- - o g -
a;:‘w\/ time ‘ m/ time
voltags voltage

&) INTERRUETI N MAINTAINED b) INTERRUPTION #OLLOWSD

BY DIELECTRIC FAILURE

Foege 4el. Build up of dielectric strengti angd voltage stress
betwaer cirouit breaker contacis from the instant of
currenl zero,

U

o= Teference voltage (TRV peak value), in kv,

t3 % time to reach voltage Uo' in psec

Uc/t3 « Trate of rise of recovery voltapge (RRRV), kv

/ psec

Furthermore a time dela;- (td), in Pseo y 1s iniroduced to chow the irfluence

of terminal capacitances, which are always precsont in a syctem

~3]e
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Fige 4.2 - Representation of a specified TRV by a itwo-parameter

roference line and a delay line.

4.2, Analysig of Different Modeg of Operation of the Circuit Breaker.

For rough caleulatiors, the mathematical analyesis of three phase
representation is more complax due to the nutual coupling between the
phases, the sequential opeii~g of switches, nonlinear conponents etc,
Therefore, it becomes practi-al to study tho bohavicar of awitcliing
surges by means of a digital computer (Appendix c). Howsvery, methematical
analyris of some siaple netw vkg can be nale by usis : hand ecalev ' ations
(Apperdix E) for ertabliskiiz: an insight 214 to fesl for tho natire of
openirg surces,

1

vn e

4o 2ol Yoad Reisction

«a'the followines subgec ions, the diferent k n g of single nrage
I 1 €. 1
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lead rejectiong are gtud ad to pet an ilea of swit. hing {rongiont ng
TRV,

4. 201'11 &1‘611 Resistive

w0rd Rejcotion

Consider the elementary network in Fige 443. hieh represantg a
transiisgion line an. hag pocely resigtive load at gce: ViIAg end.

1 pu
20 Bz, TS
(Q# el S0 MM S
N Zo:. Y e L
;,r! R = 557 00
s

Vigedel Single phage line with
resistive load

The characteristicg or the zy.tem ig given,

Fopr gimp dicity R ig chogan
to reprogent SIL oondition,

The response at the Teceiving end aftep load 1o ection nay be found
by applying superposition rriciple; i.e., the act o;

switching and the
re trecte

- influence or source o 3.separately.

Those which could

have exigteq if the )
= switeh was not

operated

Hesul tant vol tage
and current

L)

Those die to
cancell .tion
current or
voltage.

To represent switch opening, a current is injectc through the

with the current flewi:
The 6ancellation ocuprpent may be taken ag { <

oiroult breaker °pposite in gisn 1g bafore switching.

Iwt for transient time sinoe

=33~



the contacts of CB are usually open at current zero and I Sin wt = Iwt,
In cocdinates of time vs. digtance, Fig. 4.4. shows the travelling waves

due to ocurrent injection, representated by straight lines (Appendix B).

A B C
* Z o
Iwt "
IE:
Ll
T 77
a ..L 3"’1 jg &2“1
” - FTOA
e e 1
t J T
A |
! TR — !
.‘\\\ ’:
T2 \‘\” ~';1 l
i i ~_ = ONE PERIOD
/fa,,/”/l’ -1
e | ;
Ty .
EI?\“\«-N ' b
.\\ - !
— |
T N i
e e e ‘;TJ v

Fige 4e4¢ -~ The la‘tice diagran for voltase VB? after

currvent i=lwt injection.

~3



Voltage wave Vbz derived from Fig, 4.4. ic given in Fige 4.5, In
actual cases since the 1ine has resistance, the voltage Vbz eventually
becomes negligible due *to resistive logses. By superinposing voliage
to the voltage wave V

2 B
ware not operated, ths transgient voltage wave V.3 is calculated at the

wave VB 1 which would have existed if vha gwitch
point B after load rejoction, (Fig. 4.5). Then, TRV accross CB contactg
Vb —Vc will be voltase at the line side of CB - VB sincne the load
side voltage VC is equal to zero.

The waveforuas V} znd VC are also calculated by using the Transiont
Analysis Program on digital computer for the gane elenontary networl
Fig 4.6 (dppendix C). It can be seen that the roughly caloulated resultg

| and digital computer results are nearly same witi each other. (Table 4.1)

Table - 4.1, TRV of ¢ for resistive load rejcotion, - Rearesentition

by two pa:ameters,

TRV peak { time coordinate | rate of rius

; ale BOC /4
| value, Uc t3 (p ) u/
S N L L N
[g;nd caloulation 1.2 2000 0.6 x 10~
. —_— - e e
Transient Analvgis l | -3
o . 2 "
Program Results ! i 1500 ! 0.8 x 10

4.2+142  Inductive load Feiisection

In this case, Fig. 4.7 defines the system which representis a gingle

line with an inductive 1o0-.d at the recoiving end,

,;ﬁf,‘é‘;::;: il
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FPige 4.7 Single plase line with
inductive losd
Receiving end voltage is smaller than gending end voltage in magnitude

and same in the phase.

The voliage waveforms aoross the CB havs been calculated by using
superposition principle and the Bewley's latiice technique (Fig.4.5).
Voltagq.wa?efdnn YB in the Fig. 4.8 represent; the line side voltage of
CB after its opening operation. TRV across the CB contacts Vb - VC is
squal to line side vo! tage Vb since load side voltage Vc is zerc.  The
terminel voltage wavoforms of CB also have bean culeulated by usging the
Transients Analysis Program after the inductise load rejestion (Fig.4.9).
Table 4.II pummaric:ues the result for TRV cal mlated by hand ecalculation

and digital computer study.

Table 4.II TRV of 0B for inductive load xre .eotion - Representation

by two parameters.

ﬁ%v poak | Time  ®RV

value V, coordinate | 1,/ty

| peu 13 (Pseo)

... .
Hand caloulation | 1.08 2000 0.504 x 107
Transienis Analyeis,; i~ T -3 |

1 2 0 ,

Program Result :“08 000 0504 x 10
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4,2,1.3 Copacitive Load Rajeotion,

Notwork shown in the Fige 4,10 repregonta a gicgle yhaee trantnission

-

o s et at Tan o e

1ine which Lag a owna:itive load at the rece:ving and,

1 Peul

£ Hz nomhET (L i {
R Q

!
t
{
1
!

: e b M

A T et

i
S ! 1=300 un

R 4

Mired O Singlas ohas: Lane Loboennoo tive Lend

i
g Ag in the =rewious ¢ sesy line ic topaless, Seniir~ end asd re.sising s

! voliages ars -wme u the phage. Seceiving erd voltage S5 greai:r in tha
; magnitude tho: ser 1 end voltage due to ~crranti effece ond canaoitiva
i

load.

After “re Loiw -cejectiom, the voltage avel g acl V63 the ¢ have
J ! 4

—

been caloulsaicd by viing the previous metlc. and proced & (Fiffdgll).

The voltaps wavel: ~. obtained from digital omputer stuny are rnc

in Fige 44120, iv e the operning ocours o ourreat zerc vhe rapacitive

1 0ad

%

ig left char,od at peak voltage V(, Tre line side voltage ilan
z

gwings away at %0 Hz froquency and the voltime amcroms the contacts builde

1 e e T T o

up sinusoica’ly, vu: initially at a very ¢ rate and aher 1/ cycle

from current inte.r ption,; voltage has itr aaxisus valus [ Table 111D .
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Table 4.,III TRV

o

B for capacitive load rejection — Representation

Ly two parameters.

.Uc (pou)

%, (Fsac)

Hand calculativn

]
-

10 @GO

i
!
!
!
|
{
|

| Computer Resulis

2.76

10 000

2,2, Line Onening.

Long lines at no load behaves like a capaciter due to line charging

and input impedance can be simulated by an eguivalent capacitance as

follows

in 1. 7 Yo s
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After opening of ihe lina; source side voltage VA Follows the gourne
voltage and a nor-uniforn charge will be trapped on the line. The
non-unifermity of the voltige aleng the line is caased by the Ferranti
offect and it will result in waves with amplitudes deponding unon the
degree of non-unifcrmity, <loshing up and down tha line i-ith a fundascatsl

’

freguenay 'J./ YILC nrnta: Zins lows danp then out (Fir. AWl

4.2.%.  Fault Clearings.

46203, The Tarminal Pault “laaring,

Pigse 4.15 ashowg a power gystem feading a fuult and its eguivalent

circuit,

T\ s | . N - N —t I
Sty O e |
'/ |

Figedddh Vower srster feeding o fault ard itl: eqpuavrilent cirepit
nan o cireust braaber clears = faust.

I im all the induciance linitirg the current tc *he froutt ani o ig thc

natnral capacitancsy of “he cirerit adjacent to the cirourlt Lroaker,

Circuit breater orar: at current wero. Sino ti~ zourse voltaze .8
a ginugoidally varm ang cueatidy ard is et ditg pesd at b moment, it do
oxnrosged as V Convit, o Mo cirveudt epening, the cirwsdl equrat.iong are
az followss
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L



L 4L + V., =V Cog wt (4.1)

1= ¢ -3¢ (4.2)

I)
w; ‘
— t - .3
Vc (t) = P V (Cos w Cos wot) (4.3)
W -
1
where W = -'*fé'-

usually w°)> w, 50 equation (4.3) reduces to
v () = V (Cos wt - Cos wot) (4.4)

It may be concluded frym equation ( 4.4) that when a short circuit
js interrupted the voltage will swing to twice the system peak in half
period of oscillatiors W, (Fig. 4.16). For the recl systems, the
oscillation usually contains several frequencies because ol the very
conpl icated network configurations, If L and/or C ire hkigh, W is low
and rate of rise of recovery voltage (RRRV) is low. Thereiore, with a
large amount of interconncction, the capaucitance is high,; lieance JERV is

low and also BRRV decreasca with increage in fault *evel since L decreasus.

The severity of high fraguency component which is superimposed on
the normal system voltage can be reduced by connect:ng a ragsistance R,
usually referred as the opaning resistor across the contacts of (B
(Fig. 4.17). This resuli: in reduction of the TRV vhich increace the

interrupting capability o (.

=47 =
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Fige 4e17 Circuit bLiriaker with shuxn
resistor ¢.earing a faull

The formula for high rroguency is

B 1
- = U5

1 /1 2
fo =% V53¢ (4.5)

1./ 1

From this equation, it san be seen that when I is lens than —3-

the expression under ths square root becomes negative. The high

frequency transient is oritically damped.

nature of transient end: and it becomes exporartial,

Fig. 4416 showp U2V across the CB which clearz 'he single lina

ground fault necr the sonding end fer the syctem ghown in ige 4.10.

Yo achieve reduction of R= 3700 2 which iz o

TRV, opening resistor
1 /L

B

than 5 e ig chunted during the fault clsariag of tho mention
Figc 4o18 Sl U

nysten. the caleulated TRV (i pencix C) wvefonm ulh

woss not contain any o: rillatory transientg,

?.3¢2 ShortLing Faullgp.

A short line fa.ii, usually called kilons ivic fault iu o faulw
ocouring a shors disiarce from a CB down a tyaismivsion line. This

ghiown schematiczlly :n Fig. 419,
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FPige 7.9 Short-line fault,

After the interruy . >n 01 <irrent,the voltage on iia avpply sics will
opciilate with the s otwoid requency and ultimate . ap; reich 19 cpen

just ag i lhe case of & termini . fault. The amplitule

..

cirenit voltage,
of the cocillatisn /i1l be reduced, horever beciuw: 1 of the recuecnd viltage

drop acrosg the gur ne wiorke  On the line gide 0 charge 107t aften

]

the snterruption wil! sel v waves which travel & g the line an’ bacy

agair with the velocity ¢ ight being rcflected . both ends. fThese
travelling waves will give 'ise to the vcltage or tane line gide of the

CE tle sawtooth fcit. as phem in the Fig. 4,20, fince theare s no
driving voltage or tuids wide the voltage will uliis ately ! ecome zsro
becauce of the lins losses. Thus, TRV of the CB hi s high frequenay saw=—
tooth component., The freguency and the amplitude «f this wave is goverrcd

by the line length, For short lines this time ic very brief, incdicating

—

the voltage rise to the i .t peak is very fast.e .s tho distarce to the
fauli becomes greater, the .mplitude of the sawtco h compunent increasas,
the rate of rise of the suuw .coth component decreasts and “he fault curcert

decreases.

4¢3s [Three Phage Syctem Ars}: sis,

“he basic system corfi uration studied are #:-.m b the gingle 1li:e

diagr of Fig. 4.21.
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To control the steady state overvoliages, shunt reactors sized to
80 percent of the line charging MVA are uged in the study (half at either

' Gnd) .

2
! The data of system parameters to gimulate the coneidered power
sysiem on the Transieats Analysig Program are ligted in Appendix D.
4¢3.1s [Three Phase Loa! Dropping at Normal Conci domg and Dug o
e
Emdtoa&mw(
4¢3.1e1 Computer Regult:
Different kinds <. oad dropping study aie giucied on computer for
i different sour:e and 1:u t conditiong with corp: nsatsd and uncomperssiad
; liness Algoy o /X o (reing resistor is inseri: 1 to pee ity e’fact ir
reducing overveliiges o SLG fault clearing c.oa (Pig, 4.2 4},
; Tabla 4.1V . mmariz. s the overall study &.. giveg the racaiving ond
; neximam voltage ¢ .gnitod s after loac dropping  Figures (4.22) and {(¢,23)

show an examplc ¢ thray rhase load drovping a  1omnm:l condision an! due

te SLG favlt on 4o 1i:s respectively,

dedele2 Analysir oo Gom 11 3r Resultg

The voltage - ise 5. “he raceiving end to i, 6 p.u, afte~ load resaotion
; (Fige 4.22) ig du- to Jarranti effect and voltig: dreo of ths capacitive
f current lowing from lune to the generator.(ZI’ Horeovar, high frecuency
transients, caunse. by (i -ch opening will appe: r The overail affect of
thuge dynamical o arvel 1o eg and trangients wii!l rive rige 1. high voltage

cront,

i Ag 2 comsecucace <. LY fanld near the rece sing erd of the lire

...54..,
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shown in Fig. 4.23 load is disconnecoted and receivin; end vcltage rises
$0 1473 poute mince *he line is subjected to L:ith lowd rejuction cvervoltags

and voltage rige of itho hea.thy phases due to neutra’ poiant displacoment.

I{ the sourcs short civeuit MVA ig incroe:i sed; overvoliape poak is
increasad at the receivzing end after loed dro:ping dve to fanlt there,
ag the secress: in “ho terminating impedance .t tle sendire and (i h
ghort cireuit IVA) rer :lts in an increame in !'he nasgative reflocticn
there for the iravelli iy waves originated from the CI openirg at the
raceiving end., The worpt termination iy zero impedarce (infinite bus),

which iz approximatad by a bug having several otier lines.

For ghunt compensated lines overvoltages due to load dropping is
less since the line charging is oompensated to reduce the dynamicl over—
voltages. Moreover, openin; resistor ingerted acros:; the CT during the
opening damps the transient components and overvoltages are reduced,

4e3,2 Fault Clearing,Overvoltages(l4'l5'16)

Because of propozsed low insulation degign levelrn of future UHV systens,
fault clearing transient overvoltages mey excced the controlled switching-
surge levels digcussed previously. This part of gtudy is devoted to the
investigation and control of these fault clearing transients. Only single
line %o ground (SLC) faiult condition is exarined cince it has the highest

s . (16)
probability of occurreice.

._59...



A3.2,1. Computer Results

feecing | o 292 km
network | CB 11

Fige 4.25 Single diagram ¢f system studied
for SLG fault clening
For the unloadel ?ine in Fig. 4.25, and taking into congideration
the various possible ccmbination of feeding networks, the voltage wave-—
forms are oalculated f<r the clearing of SLG fuults ati the gending ende
Example bf waves obtaired for fault Clearing Overvultages and TRV across

3

the GO are showr in Y1, 4426 and Pig. 4e27.

Pable 4.V gives the summary of study for cvervoltages and TRV ater
SLG fault clearing, Overvolitages as high as 1.88 p.u. are outained oy

clearin; fauwlis witk breakers not using opening rezintors.
o g op z

The opening resistors in values of 10 k¢ 4 4 k © (000 arm
ingeried during the cloaring of SLG fault on the loeal gourcs for tie
gystem which has twc single mource (local and remote). Resistor insertion
times were apprcximstely 30 milliseconds. Wareforme ghown in Fig.4.28
and Fig. 4.29 iive “he overvoliage waves and TRV aeresg €U for 200 ohms

. ry

opening resistors. 4is can be obgerved that, ‘he 230 0 cpaning recistor

raduces the Live tc = und system overvoltasc froa 1.68 pou. 20 1.0 pen
and cavases dams nes o o JRVe  Talde L IV oswmin o owep 17 dnl mence

B DA AN T R A SN I L PG T L WGBSR G & T e wme Y Vo :
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Ta;)le 4. V‘

laxe. Fault Clearing Ovorvoltages and TAV for faulted phase

across the (3,
Sourcs Max., «r__~ i {
| MVA fault C. ok iy | RRAV [
Feeding line induotive voltage P ;“ Pseof kv/ psec
Network source |pouroce Pell, De i l
1 short line| 6000 - 1.68 1.88 1500 L «389
ll sh ort 1line 3000 1‘ S A 1 o B *“"'""} T
+ 3000 1.71 1.71 1200 i 442
inductive g, i i !
1 ghort line| 3000 | T
+ - 1.66 1.57 2200; .2216
1 long line | 3000 ( ;
S - S S a |
1 ghort line; 3000 ; !
+ | |
1 long line | 3Q00 ‘ i
+ 1,58 1.46 12001 378
inductive g, | 3000 . ; ;
1 long iinme | 3000 | - 1.77 1.77 2900 .1899 |
- - — 3 ) . ] !
|
1 long line | 6000 - 1.7 1.7 | 2500 | .21 ]!
i e ; |
2 long lines| 3000 - 1.75 1.75 30000 .18 |
T o '
2 long lines 6000 | - 1,788 1.788 2900} .19
I - - RS SR NS
4 long lines 6000 - 1.786 1.786 | 29oof .191
,,,,,,,,,,, —_ g —. e 4
1 long line | 3000 !
+ | 1.6 1e47 2200/  ,208
inductive g, 3000 ;
2 long lineg 3000 I ]
+ 1.66 1,56 2300 [ 2210 |
inductive g. 3000 , I
..63.—
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Table 4. VI Ovorvoltagns and TRV at sewdivy end of unload line
rfellowing single line to ground faulv clearing

vergus opening resistors

Maximumn i

fault clearing 1 RARV
garouit Breaker | voltage peak 13 kz/
type (peua) (pony psec psec
_— [ RN I e
Without opening 1.68 1,604 2900 0,171
repsistor
U AU SO b ]
10 k . opening 1463
' Resistor
AL 7 opening Le55
Tsgistor
U FUS VI SUNPOY S ISR N
200  opening 1.52 152 2900 0,163
vasistor i

1.3.2.2. Analysis of Computer Results

Difierent systen configurations on the source bdus have the following

influence on the RERY and the overvollages producad.
«Q A

1. Ap the le gth of source line is increased, RREV is decreased
and fault (laaring overvoltages are decreased hrocause of the
following reasonssd
a) Gircuit capacitance io ingreassed.

h) Travel time of surge waves are incroased.

2, With the number of lines cennected to the source sidls bus .9

ey

increag.d , RERV i3 decreased and fault cleswrins cverveliagen oare

) e



increcsed due to!
. S
a) Source side surge impedance is decreased (RRRV =V2 Tiy Zo).

bB) Reflaction from source linse end are increaged.
When induciive gource is connectod with line source, RRRV is

increased and fault clearing overvoltages are decreased since:

a) Source inductance makes the voltage wave steecper.

b) The reflectsd waves from the gource end will refract
through the inductive gource at the pending ond. Ii. other
words, the voltage surge coming from the line source

will not be doubled anymore.

When the short cirvou:t KVA of line source area ircroased, fault

clearing ovarvoltarsepn are decreased and RERV is increased gincs:
a) Reflecticn of suge waves from line gpource end g decreasged.

b) Bquivalent systen capacitance increases.

When ghort circuit MVA of inductive source is incrcased, RRRV
ig decreasyd and fault clearinrs overvolizges are inrcreased since

gource ing-cgvanca decrcaseg.

5] o



CHAPTER V

BFFECT OF TRAPPED CHARGS AND ITs LECAY

(13)(28) (29)

Introduction,

L
c
P
.

If ary phase of an AC transmission line or cable that i not carvying
load is interrrupted; the energy stored in the slectrosiatic dielectrics
at the moment of interrupticn remains trapped on the transmission linea.
When the line ia compenssted wilh AV reactors, the ogcillaticns of

travped charge tal:s place among the line capacibtance and the reaciors,

Howsver, without reactor, trapped charge on tho line may Le congiderad

congtant.

Iie magnituds of the trapped charge prevailing at the mament of
reenergization of a transmigasion liﬁe materially influsnces the sevarity
of overveltages, With a brappa¢ charge eugal to the crest of the noermal
phase to neutral voltage (1L peli.), the ovarvoltage at recolusurs would
reach an anplitude of 3 p..t. as the following single phase lins (Fir.5.1)

indicates.

In three phacs gystems, due %o coupling betwoen the phasna, the
overvoltage nmag. tudes nar be ag high as 3.5. pau, 3 The ingulation
levels in all EMV & -stems are nomally chogen in accordarca with the
ovarveltages generute? when cloging on trapped charge which could be

very high as the above simple eralysis shows. Howsver, ty simple

measures taken during tho design of the lineg, the effectis of trapped

B



R i
- -1l p.u trappod oharge
(a)
R L ~»= voltage due to
v trapped charge
A e R
i \\\\\\\\ -~ -~ JSuccessive ref-—
\\\\$E\~ T 6 lection voltage
I ! _
T D ~— regultant vcltage
2 41 e =
e ' [ |
(\\i\\\ I‘?. 3- { ‘ﬁ:
~2 \\\\ | |
\\\\:gi\ 2] | |
- T I I
&3 | I !
T =2 1< ! l ‘
-2‘///////‘ | |
<<; . . o
\.\\ m m )
2 ~—— i T, T 3 time
w] T DI R e e

Fig.5.1 Single phase line reenergization |

(a) Single phase eystem,

(b) Lettice diagram

(¢c) Receiving end transient voltage wavefoma.

charge can be nulliified tharefore reducing the geverity of the overvoltuages.

In the following sectiong the trapped charge and possible voltags

oscillations following interruption of charging ourrent of a lon; unloaced

line and measure tc discharge the trapped charge will be examinad,

.-69__



5e2e Trapped Charge Decay after Uncompensated Line Dropping

5.201, Trapped Charge Dus to Hirh Side Switching

The resultant voltages left on the three phases of a tranamission
line opened by the tigh voltage breakers arc given in Fig. 5.2. The
maximum overvelitage occurea on phase ¢ whnich is the first phase to clear,
caused by capacitive coupling with the phases still connected 1o the
bus (a function of the switching sequence and of the ratio Cl/co)'

The p.u. overvoltage has a direct and a periodic component with
fundamental fregquency 1/Tl whare Tl ig the travelling time of ths
gurges on the line. The periodic component is damped by the line loss
while the direct component corresponds to the voltage of the tirapped
chargo.

(27)

5e¢2+2.Discharge Through Opening Registorg.

When an unloaded line is dropned by & circuit breaker equipped with
DT y quipp

opening registors, some of the trapped voltage is drained through the
opening resigtors, the decay being dependent on the gize of the resistor

as the following single phage analysis showd.

a) Dropping a line .ed from an infinite bus:

Fig. 5.3, Line dropping scheme and its eguivaient circuit.

70—
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The system analysed is given in Fig. 5.3. The act of opening and
the influence of source are treated separately using superposition
principle. To ohtain the ocomponent of Vs due to opening of switch 1,
Vv 1is set equal to 0 , and a current of fundamental frequency and

opposite in sign to the one existing through CB at the time of opening

is injected., Then :

«~ iR - IR
(5.1)

Vs(s) = —<rer = {sRC+1) (e~3w) e
where 8 1s the Laplaoce transform operator.
- N - ol
Vs(e) = 5 IGWII R T G eI (5.2)
RC RC RC
and
- JEwWRC jut ~(1/RC) ¢
t) o= ST -
VS( ) SuR0t 1 [e e (5.3)

Jwt

Since V(t)=Ee and  I=jEwC

Adding the voltage dus to the influence of the source, the complete

golution is obtainel as

ACET L R (5.8

b) Dropping of the line fed from an inductive bus :
CB
./
o
——BOS0 A
R

- d 1,

| |

Fige5.4 Equivalent circuit for line dropping {rom
an indugtive gource

V(t)=E o

12



The aunslvegis given in the preceeding section by including sourcs
& [ &3 i3

inductance L as ghown ia i'ig. D4

Vool o . iR . - - TR ) /5.5)
R+ sl +1/sC g (RCs + LCs“ + 1) (s~jw)
2 . v ey B 2 2
letting o= R/2L G 1L - (h/'(:,u)? S
then
v (5:\) o _IR._ - fo ~IR .
5 , 2 - 2 2 2
LC(s~jw) (s +Rs/L+1/LC) LC(s~jw) (s"+2Xa+o+ (3 )
Vs(a) — ~IR(g+ X+ {aiv)
2 2 Pt 2
Ic §r—«’,s+a)d - (o(+§w)"J e+ A)“+ (32}
. [ A
V. (s) — _=IE (s+2k+1w) 1 _ 7. '
) h Py ; - - .
o [Feleagm?] | (0 R® = (sgm® (ere®e o
o - b ' -
V(,(B) — - IR - 1 _ LB Ay Jw l
® 2 12 2
IC [ o +{ Xrjw) ] 5 - Jw (s+A) +p
and
) : - R 3
Vq(t) — - I { ejm' - t(Cos G*a + (n><4.~;]“w/(3).?jinpt)§ (55)
(1-—w2/wg + ;j?.okw/w; ) -
The complete solution is viwven by adding effect of source ag:
g o)V i BwCR r'jwt ~ ot A3 N
V() = - S = Le - © (Cospt 4-~- Sin 5t
) 2 - L I)‘ 1~ < i
1—wlLe (1w LC) (L~w LC+jwRC) L 3
(5.7)

-—'l' 3 —



5.2.3. [The Choice of Opening Registor Value for Trap Chorse Decaying.

A

The zingle phase system shown in the Figure 5.5 ig gimulated on the
Transients Analysis Program. Fig. 5.6 shows the regultant waveforas of
the trapped charge obtained by inserting different registors curing the
opening operation. Fige. 5.7 shows the waveforms for the trapped charge
obtained by inserting 4 k.. opening resgistors for different line length

after single phasge line dropping.

cB

Vel pauw /8 . k

oSl J

@ — AN !
3000 MVA R

Fige 5.5 Single phase system

CB is equipped with opening resistor.
Results obtained from the above study can be summarized as follows:

1, As the opening registor value is increased, the itime constant to
reach the steady state increases Lut the trapped charge magnitude

left on the line¢ dacreasas.

2, With the line length increased, the trapped char-e marnitude lert

on the line decicases and the time to rearh the steady state increages,.

The formulas (5.4) and (5.7) are helpful to undersiand the above results

obtained from the computer study.

From the above results the following conclugion has been arrived.

~7 4
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~ The reduction in the trapped charge depends on the value of recsistor,

line length, time periocd of ingertion.

~ The trapped charge left is less if the resistor value is high,

However ihe insertion time should be made longer.

5.2.4 Three Phage System Study

The three phase line fed from an inductive source with line gource
shown in the Fig. 5.8 is gimulated on the Transients Analysis Progran (see
Appendix D for its parameters). Line is dropped by opening CB and 4 k L,
10 k (L opening resistors are inseried across the CB breakers for 30 milli-
seconds.' The obtained waveforms are shown in the figures (5.9), (5.10)

and the trapped voltage magnitudes are summarized on Table 5.1,

- _
292 km : 3
o X
, ' —~/———f 292 Im |
1500 MVA -
~ ——v444/~/i+
1500 MVA R

Fig. 5.8. Three phase system studiel for the trapped

charge decaying.

For 4 ki opening resigtor inserted 30 mpec, less charge is tfappad
than 10 k {L opening resistor since the time constant to reach the steady
state is less. But, if the insertion time is infinity, the volitage trapped
is less in the case of 10 kf) opening resimtor than that of the 4 k JL

resistor case,
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Table 5.1 Trapped oharges on the phasec after 3¢ no load

uncompensated line dropping.

Phases A B C
Without opening 1.1 1.2 1.5
resistor

Witk 10 kNopening 0463 0.41 | 0.39
resigtor

30 mgeoc. inssertion time

With 0.46 0,41 0.39
4 kX flopening resistor
30 mesec. insertion time

(8) (30)

56245 Low—Side~Switching

As the following analysis indicates, when lou side switching is used
as opposed to the high side ewitching, a completely different case is

obtained as there is now a path available for the draining of trapped

charge.

Several oases of low-side opening have been analysed with different
line length, ground resistance and winding loss. The resultant waveforme

of one of the cases is shown in Fig. 5.11l.

As the line length deoreases, trapped charge decaying is fast and
frequency of oscillation decreases since lesser eleotromagnetic energy
is trapped and frequency of oscillation iy inversely proportional to the
total line ocapacitance. Change in the ground resistance in range 23 />
to 4 N does not result considerable effeot cn decaying time of the
trapped charge. The oscillationg of the trapped charge can be explained

~30~
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~as follows: VWhen the line ig dropped, the electromagnetic enerpy tranped

on ithe line has a path through the magnstizing impedance of ilhe tranufermer,
by which it can discharge., MNowever, as long as tho core is unsaturated,
this represents a high iapedance and the discharge is very slow. While

the transformer is in tho non-saturated sitate the ogcillation frequency

is usually much lower than the nower frequency. Thugz, the transformer

will enter gaturation a few milligecond afler switching, ircroasing the
frequency of cs¢illations ard their damping. The oscillation frequerncy

with the ir.ngformar in the saturated glale is goveral times the nowoy

o

fraguency =l the damping time constant ie of the order of gose tentls of
a egngond.  whon ko amplitude of the voltage oscillations iz lowr enc ok
the transformoer will return to the non-saturated state, the low fre.ercy
oscillations will start again and the process described above mzy reneas
Heels until the amplitvie is suck that the transiomer will rencin in
the nen—-gaturated statae,

(24)

5¢3+ Trapped Charge Phenomena fer Shunt Compensated Lineg.

When a line with ghunt reactors is switched off, the trapped voltage
will start oscillations similar to thogse appearing when the line is loaded
with power iransfomers. However, because of the characterisiiocs of the
reacters used the oscillation frequency will be quite clese to the pover

fregquency.

The simplified circuitl for a compensated line has two natural freguencies,

‘ 1 :“"”l— 238 W, == —'—,‘r
W= / \/I(O and wy =1 /Vic,



Fige5,12 The equivalent circuit for shunt

compensated lines.

Therefore, if a no-load shunt compengated and transposed line ig opened,

two main natural frequencies appear in the ogeillation of phage to ground
line voltages. Howover the amplitude of Wy is approximately equal to the
feoding phase to ground peak voltage whereas the frequency W is negligible

(24)

for many cases.

3/
-/‘\ P

1500 NVA ‘
40 % 40 %
777

77772

Fige 5013 Shunt compensated unloaded line.

Fige 5414 gives the phase to ground voltages by opening at subsequent
ourrent zsrog of no load fully transposed line shown in Fige 5,13, The

oscillation frequency ig 1/22 and is approximately equal to flzlﬁyﬂ/LCf c/msec,

83~
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5341 Influence of Line Losg on the Dacay of Trapped Charpe.( 4)

The results of computer study for the system given are chown in
Fige 5.15 indicating the effect of Iine loss on decay of trapped chargs
voltages. The time congtani for the decay of trapped charge veltages ars

calculated from the related figures by using formula (Table 5.1)

= .0

VAl e gin wot (5.8)
The mathematical computation of the time constant of decay of trapped

charge voltages due tou line loss can be made by refering to Fig. 5.15,

The distribution of the ourrent along the line can be agsumed to Le

approximately linear (origin at the end without shunt reactor) (Fig.5.16).

fy ’ CB I l R
_C%-mil_xiiww e e e .,_w__{

mm—

Figs 5.16. Current distribution along the line,

The eguivalent line resistance is tiven by the power consideration:

l

t
R = -35_-- r (I -%5- 72 ax = o —’f-é- = -FL (5.9)
I ~ 30 3
where RL ¢ equivalent resistance of the line
I ¢ r.m.s. Current in the shunt reactor

r ¢ unit length line resistance

L' ¢ 1line length
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wieglecting the line inductancs

T = AR 5.10)

i the help of formulas (5.9) and (5.10), the expression for fZI becones

']

6L, |
CL = (5,11)
Fall

the system under study, the calculated time congtant for decay of
ped charges duo to line loys by using the derived formula is given

'‘able 5.1l.

e 5,11, The time congtant for decay of trapped charge due tc linc

loss at ghunt compernsited lines for different percentage,

’ T (ssc) C_ (gec)
(H) L ( 1!
) The time constant Time congtant
.ctance cf calculated calculated
6L
it reactoer from oomputer = R
results from L7 p(
L] 27 . O [} 3
1.2147 1.2
) 4431 2.75

4s it can be seen the resulis of Ty, caleculated f{rom the rssult
omputer study and formula 5.!] are u-me. %he line loe; dovg not
mgly effect of the values of tle decay and timo consts t docroasen

he percentage of ghunt compe 3:.tion increages.

i




5.3.2 Influernce of the Reagltor Loss on the Decay of Srapped Charpe Voltasre

¢

Shunt reactor logsses are, in many cases, a dominant rfactor for the
(24)
decay of trapped charge voliages., For ingtance, according 1o a rcport,

in a 8C0 kv system (60 Hz, 30¢ km line length, h=,31 (percent of shunt

compensation), Q= 350), it results:

'th= 3,7 sec. due to reactor losses
= 5,38 gec. due to line losses

e

In the computation, the reactor ig simulated by a constant inductance LR
. . Ry . 27 ¢ IR
with & congtani resistance st computed at RR=-~——~§~-~— where f
Wi, “
is rated fregquency and Q=-—-= 18 the quality factor st rated
*“---. N
I
voliage and frequency.

The decay time constant dve only to the reactor losses im

t
b1

=
N3

Q

i 12 %
L ed&)
7 £ ’

i

]

f=e]
j=a}
™

R
if the reactors are aquipped with meries resigtor; i.c. 1id ithey have an
gquivalent Q=20, the effect of the line loss ig not aprreciablao,

The total time consgtart of the circuit can be evaluated by synthesizing

time congtants due to line loseg and reactor logg as

T = (5.13)

.,.....].'.._.
.ZL

1
=2
R
where e ¢ time constant in case of no line logs

C :  time constant in case of no reactor loss
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3.3 Opening Resistors

Fige 5417 shows the effect of opening resistor inserted 1.5 cycles
f rated frequency on line discharging of three phase shunt compensated

ine given in Fig. 5.13.

It can be ohgerved that there is negligible effeot of opening
sgistor on the trapped charge voltage contrary to the uncompensated

ines. The reasons are:

a) The line inpu? impedance is greatly increased by the high degrae
of shunt compensation, and therefore the transients at the
opening resisgtoer is lowered,

b) The main time congtant of the transient current through the

regigtor when it is inserted is doubled if shunt reactors are

connected to the line,

3e4 Resistorsg Inserted in the Neutral of Shunt Compengation

(13) (25) (26) (27)

Reactors,.
Ch
T 1,// : line
’ T
( |
- “ Reactor :
~ ]
= EE
!
Resistor /CB |
. ] 0 \
:
1
7T s

Fig. 5,18 Shunt Compensation reactors with

resintors inserted in the neuiral of it.
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For itransmission lines compensated with ghunt reactors, a damping
esistor may be breifly ingserted in the reactor circuit in ordor to damp
he voltage oscillation produced by the capacitance of the interrupted
.ine and the inductance of reactors, when the line is disconnected (25)
Tige5.18). The resistors may be connected to the system permanently.
Wt this is very costly one in terms of system losses (section 2.4.2).

herefore, the resistor would be inserted in the circuit immediately

.fter the main breaker opens and short circuited just before it recloses

8 it is explained in section 2,.4.2,

By considering the damping effect and resistive power loag during
;he normal times, an optimum value of resistor should be selected. For
;he power system shown in Fig, 2.6 which hasg characteristics given in
lppendix D, a grounding resistor is ingerted in the reactor circuit in
yrder to damp the voltage oscillation (trapped charge oscillation) ;

yetween the line capacitance and reactor inductance when the line is

iisconnected on no load.

To reduce the closing overvoltage factor in EHV systems to values
less than 2.5 p.u, the irapped charge should be compleiely decayed
iuring the dead time (400 millisecond) before the line reenergi"ationg3)
By negleoting the decaying due to line loass, the v:lue of resistor

3y which the reactor is grounded can calculated ag follows:

el (5.14)

here
W C = decaying time constant (sec.)

L * Reactor inductance (Henry)
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R =

for the complete decaying in

- 2L
4T s 4 w2

R+

Hence

B = 153 ohms.
Waveforms calculated by the
charge decaying on the line
reactor and earth are shown

from the waveform ig nearly

Reactor winding

Series resistor

0.4 g, with

resistor (ohm)

(ohm)
400 millisecond

L= T7.6H

Transients Analysis Program for the irapped
with 153 ohma registor inserted between
in Fig, 5.19. The time congtants calculated

equal 10 0«1 BoC. j
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CHAPTER VI
CONCLUSIONS

For the future EHV and UHV power systems insulation design, the in-
sulation requirements are determined by overvoltages occuring on the
system. If the line energization overvoltages are controlled and reduced
to below 2.0 peu, then the other sources of overvoltages should be in-—

vestigated for proper insulation design.

Steady state overvoltages occur on the systems when the line is
loaded below its surge impedance loading during the initial stages of
operation which is not a problem in the long range. When the voltage
rise across the system reactance due to loading below SIL is high enough
to make the transformer operate above the knee of its magnetization curve,
the nonlinearity of the curve generates harmonics which can result in
inoreased overvoliages. Raising the knee of saturation curve (may be done
by the transformer manufacturer) or reducing system voltage below the
knee of saturation curve by application of shunt reactors, the steady

state overvoltages can be controlled.

For the power system shown in Fige3.5, maxinum overvoltages were
evaluated for SLG faults initiating at various points along the 1line

(Table 3.II). From the resulis obtained, following conclusions have

been arrived:

l. SLG fault may produce an overvoltage on an unfaulted phage

as high as 1.87 p.u.

2. The worst fault location from this standpoint is at the midpoint

of the line as the maximum overvoltage occurs at this point.
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3+ The worst termination condition is zero impedance which is
approximated by a bus having several other lines. Therefore, as the UHV
system increases in complexity, the transient ovarvoltages is generally

higher,

In Chapter IV, switching oonditions with partioular reference t¢ CB
design and overvoltages due to load rejections and fault clearing have

teen gtudied,

l. For resistive load rejection, the CB must be capable of withstanding
the peak value of system voltage within 1/4 cycle after extinction of the
ourrent, and it must develop the required dielectric strength at sinugoidal

rate,

2. A CB for opening capacitive lcad and dropping unloaded line nugt
se capable of withstanding appreciably higher peak values of recovery voltage
(2 peu) than are encountered in resistive switohing within 1/2 cycle from

surrent interruption, The RRRV is at sinusoidal rate of the power frequency.

3+ After inductive load rejection at the receiving end of a line,
roltage across CB reaches to 1 pe.u in times less than 1/4 cycle of rated

‘requency.

4. After clearing of a temminal fault, TRV across the CB riges to
" peu in the form of a damped oncillation superimposed on the systom voltage
1ith the natural frequency 1/ Vic (Fig. 4.4). Hence, to interrupta fault
surrent, CB must have a high rate of rise of dieleciriec strength, and it
met be capable of withstanding, in the gingle~phase cage, peak recovery
roltage up to twice the peak value of gystem voltage almost ingtantenously
fter interruption, Opgping resistor inserted during opening and Las a

L

ralue less than —%— < daaps the transient oscillations after fault

Jdearing,
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In three phase study, system parameters and different type of its
mfigurations affecting on the value of transient overvoltages due to

sad rejesction and fault clearing have been obgerved,

After load is dropped at nomal conditions, maximum overvoltage peak
36 p.u is obtained. This voltage rise is due to Ferranti effect and
ransients caused by CB opening. Overvoltages following load dropping
18 to fault on line rise to 1.73 p.u dus to neutral point displacement.
hunt reactors connected to the HV lines reduces the overvoltage nmapgnitudes
ince the line charging current is compensated. Moréover, opening resistor
= 4 kfracross the CB terminals during the opening damps the transient
omponents and overvoitaros are reduced from 1,55 pe.u to 1.41 p.u

Table 4.1V).

Overvoltages as Ligh as 1.93 p.u wore ovtained by clearins SLG fa:ilt
ith oreakers not using opening resistors. Ag the complexity of UHV system
5 increased (fault fed by infinite bus) RRRV is decreased and overvoltage
s reduced (Table 4.V). Low ohmic value resistors (Less than 1 kN.) limits
18 overvoliages. For ingtance for ZOOIlOpening-resistor, maxinun over—

oltage is reduced from 1.68 p.u. to 1,52 p.u (Table 4.VI),

In Chapter IV trapped charge phenomena which ip important as fer as
aenergizgtion is considered has been studied. If an uncompensated line
3 droped from low voltage side, trapped charge decays through the giep-up
rangformer (Fig, 5.11)., However, after-line dropping by high side
vitohing a d.c trapped charge stays on the line (Fig.5.2). Bu using
1itable opening resistors (R;$>—$E->>4000 f.) during the opening, some

f the trapped charge decays through the resistors (Table 5¢1).
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If the line is compensated by using shunt reactorp, trapped charge
ogoillation occurs between line capacitance and reactor irducitance.
In order to prevent any unfavourable conditions that might arise when the
voltage across the terminals of the CB are at full opposition at the
instant of closure, the trapped charge should be drained out of the line.
Opening resistor has negligible influence on the trapped charge voltage
decaying (Fige 5.17). On the other hand, recistors connected in series
with reactors cause decaying of trapped charge at very hign rate (Fig.5.19).
However, due to large power loss under normal conditions this golution

is very expensive. These series resistors sliould be ingerted after line

is disconnected and shorted before line closing By the use of & madium

voltage CB.

These oopclusions are based on the system constants and configurations
used in this thesis. Vhen specific EHV and UHV systens are boing degigned,
hewever, it ie very important that these type of transient overvoltagesn
should be investigated using the methods discussed. Thig will insure
cdiscovery of any combinaticn not covered by this thesis that may preduce

hicher overvoltages.
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APPENDLX A

2
DERIVATION OF TRANSMISSION LINE EQUATIONS(3 )

The trensmission lines are represented according to thair length and
the accuracy required. If high degree of accuracy is required in calculating
%0 Hz lines more than approximately 150 miles long, the parameters of the

line are not lumped bul are distributed uniformly through the lenght of

the line,
L T.dl I L
S > | —— EANRN
T+ T+ ] ; T+ o +
| |
| . 4
VedV LoV y Jz
. I R L
| { !
l- l | i | o - L | 5
PR — X - N

FigeA.1 Transmission line represnetaiion
showing differential line elaments.

Fig. A.1 shows one phape and neutral connection of hres phase line¢.Let
us consider a very smalli olement in the line and calculate the differerce

voltage and difference in current between the ends of the elament,

Let x = distance measurod from the receiving erd,
% = elementsl lernsth
zdx . series impedance of elemental length

yax = shunt admittence of the elemental lengih

The rise in voltage in the direction of increasing x  ig the product of
the ourrent in the element flowing oppogite to the direction of incrsaging
x and the impedance of the element or lzdx. Thus

dV = Izdx

av

e 17 (4.1)
ax

or
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and IR:~

av

"&Z“\ xx0

Taking the derivative

the righthand side of

ard Vo 2 s v e
i

whare 7 = Vz7y
r

Then substituting the

and letting ¥ vz

o B
VX_) e
“
[*8
vV 7+
ST
oyl A\ o Z
ant T{X) = e
Iy
[
At recoivring end load
V.
- i
A, = e
~ “d

of V with respect to

wqse (A.1C) for av/dx

4 \ = V‘ N :,"2—.‘ ~ V
R i r
(£,11) for V and

saraes for V,
i

we cbtain

sucreat ig equal to
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- Vyz iz called the propogation constant and ig a complaey quantit;
= T J
¥ = o4 jp (4.17)
whare

Kt attenuation constant

@ ¢ phase constant

fer lossless line X~ 0
(for longlines X D R e, X %0)
thuﬂ, r -
z z .
1 s s -] X} .
V) 2 5 T ) (0 4% ) o P h qm 2y o F o (818)
IJ I.IL
L _

By substituting trigonometric functions for exponential termg in Bgs.
(A.18) ad new equation is found.

v(x) = VR ECost + —Z;—’- Sin {ng (4L.19)

v
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APPENDIX B

PROPOGATION OF TRAVELLING WAVES

B.1l The Wave Egquationsg

If the line losses are negligible (R=O) and
. P
5 - \/é?[_:: D VIC =

2 = Vafy =V %

C

than Egqs. (A.14) and (A.15) give

v= o1V £ () + R £, (%) (3.1)
ik () e ) (5.2)
[o]
where
fl (t) = VR +2IR zo and f2(t) - VR —2IR Zo

Now by Taylor's theorem

£(t+ a) = P £(t) (B.3)

if Bgs. (B.3) is compared with Bgs. (C.1) and (B.2) their solutions

are immediately apparent as

. X X
V o R P e , s
£, (v + — )+ £, (b - ) (B.4)
= e (e e ) * £ (t - —-) (B.5)
“ 1" v 2 v ¢
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Any function of the fommm

f( 4 F=2-) (5.6)

represents a rigid digtribution, or travelling wave, because for any
value of 1 a corresponding valuc of x can he found wsuch that
(t e ~§— ) has a constant value, and thereforo defines a fixad point
on f( t F —é»). Corresponding values of x and +t which define

the same point on & wave are given by

b'e PR
1 - e =;C_D for the forward wave

. (B.7)
t & - ::cl for the backward wave

Their velocities of propogation are found by differentiating Bqs. {(B.T)

ag shown
dx
-az— = V = ~--%:f- for the forward wave
VLC (B.8)
dx - 1
—a¥~ T Y T e e for the backward wave

Vic
Thus, it is seen that the voltage and current distribution of Egyg. (B.4)

and (B,5) are propogated as travelling waves, and each may be congist of

a forward wave f2 moving in the direction of positive x and a backward

wave fl moving in the direction of negative x , both wave having the

same velocity. It is also noticed upon comparing Bgs. (B.4) and (B.5) that

\' L 1

e e e Z = ———— . .
= z o 7 for a forward wave f, (B.9)
v L 1 .

— R e ——— I s I3 e mewmiee ; a 1w (B.
i G 4y Yo for a bacward wave f2 { lO)



that is, the ratio of voltage to current « the surge impsedance - im congtant,

B.2s Reflection of Travelling Waves

V,i v, an
—_— ——
N
2 . Zy
vr,it

Fig.B.1l. Junction of two lines or cables

of difforent surpe impadance,

A travelling wave V, i, which encounters a discontinuity (change of" gure
impodance), generates a reflected wave V' , it, travelling in the

opposite direction. (Fig. B.1)
Beyond the discontinuity propogates a trananitted wave V' , i" 5o that

UM VeV (5.11) '

i" =4 o4 it (B.12)

If the surge impedance before the discontinuity ie Z1 and the surge
impedance beyond the discontinuity ig Z2 y in accordance with squations
(B.9) and (B.10) the voltage and ourrent wave are related by the surge

impedance of the line.

\'4

A
——— o= g (B.14)
i!

V"

- = Z, (B.15)
in :
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Substituting Eqs. (8.,13), (5.14), (B.15) into Ege. (B.11) , (B.12)

and solving for the various quantities, there result

VARVA
2
Vie V —;~:Zl— the reflected voltage (B.16)
27
zamzl
it m—i et the roflectod current (B.17)
2+ Zl
2,
AT the transmitted voltage 4. 8)
YA
2
22& ‘
LS QS the transmitted current {(3.19)
¥,

The factor in Egs. (8.16) in the reflection coefficient, i1 eq. (i.,18) it

is called the transmigsion coefficient,

Por Z,= Zl (natched tcrmination), there ig loig line, For cpen
circuited, Z, =00, reflioction coefficisnt =+ 1 5 woltars is ioubled
at incidence, current red:.-ad to zero. For sphort-c.rouite.l, Z>;')'
reflection coafficient = . 1, voltage raduced to ziro, ou-rent doubled

on incidence,

B.3. Mutuaellvy Coupled Ciren itg

‘he travslling @ ave ogwitions for a conductor cartl lcap, «nlargec

for tiree parullel cuudﬁctorm 1y 2 and 3 are (all vcltar ss to goound): -

V = 2 i “ o NI T B.2

1% 41 % 127 AL (8.20
v, ==~Z21 i+ 2y Iy % By i (B.21
V. =2 i A 1. + & L22)
E R M B PR PRSP (8,22,
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whare Z's are gelf and mutual surge impodanceg. It can be shown that

r
LY

212: Z and 2, 4 $ 4137y

21 237 %0

Egs. (B.20) to (B+22) apply to the forwerd waves and the trangmittied
(refracted) waves beyond the junction point. Similar equatiors are valid

for the reverse waves generated at points of discontinuity, -
e T B TR B TR
Vé .-.-—2312 1{ = 4y i2' - 223 ii
V3 ommiyy Ay - ARy AT, - Iy Ay

(Reflected wave quantities have one prime, transmitted quantities have
double prime. The pozitive direction for veltage and currents is the

direction of travel of the forward wéve.)

V= V!V ' !

1 1 1

"o 1 i
A A A (
BE ey

3.4. The Reflection Latiice (Bewley's Lattice Di&gram)(j3)

Before the days of digital computers, Bewley proposed a cchem of space
time diagrams, called iattice diagrams. This ig a graphical methods of
determining the voltages at any point in a transmission system and is
an effective way of illustrating multiple reflexions which take place.

Two axes are established, a horizontal one scaled in digtance along

the system and a vertical one scaled in time.

....]_O_C)..
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Fig.B.2 The reflection lattice.

The principle of refleotion lattice is illustrated in Fig, B.2., Three
Junction, Nos 1,2,3 placed at unegual intervals along the line, are shown,
Thems junctions may consist of any. combination of impedances in seriesx
with the line or shunted to ground. In fact, no restrictiong are placed
on the generality of the impedances at the junctions au far as the

lattice is ccncerned. The circuit between junctions mnay be either ovear—
head lines or cables having, in general, different surge irmpedances,

velc~ity of wave propogation and attenuation factors.

Now stariing at the origin of the initial incident wave at the upper
left hand corner of the latiice, obtain the coefficients for the reflected

and refracted waves at each junction to the incident waves arriving there

=110-



from both the left and the right, and p~oceed until the lattice ig conpleted,
The coefficients lahelled as follows:

a ¢ reflection coefficient for waves approaching from the left.

a': reflection coefficient for wavesg approaching from the right.

b ¢ refraction coefficient for waves approaching from the left.

b':t refraction cosfficient for waves approaching from the right,
X,3: attenuation facliors for section between Jjunction,

it will bo obgsrved that(33)

l. All the waves travel downhill

2., The pogition of any wave at any time ip given by the time scale at

the left of the lattice.

3. The total potential at any point at any instant of time ig the super-
position of all the waves which have arrived at that point up until
that instant of time, displaced in position from each other by

intervals equal 1o the differances in their time of arrival,

4, The previous history of any wave is easily traced; that is one can

find where it came from and Just what other waves went into itg

compogition,

5 Altenuation is included so that the amouni by which a wave is reduced

in travelling between junctions ig taken into account,
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APPENDIY C

34,35
TRANGIBNTS ANALYSIS pnoanm( 4135)

C.1 Ini.roduction

The Transients Analysis Program, originally developed by IreDommal
of the Bonnevile Power Administration; calculated the overvoltagesn

resulting from switching operations in a mpscific power gystem network,

The program can handle aystems with a maximun of 400 busea, 500
branches, 20 switchas, 100 sources (current or voltage), and 25 non~
linear elements. Tho gystem to be studied may have distributed or

lunped paramoter olement and arbitrary excitationa.

The input data required are:

-~ Branch data (distributed or lumped parameter)
~ Switch data

- Characteristics of non-linear olements

- Standard excitation sources

~ ZAxternally definod excitations

- Time gtep and total time.

The printed or plotted oulput can be obtained for

-~ Node voltagas

- Haxinum and ainisum overveltage nagnitudeg
= Dwiteh current

-  Branch currcnt

~ TRV acrsog the (B

=12



(34)

- C.2. Used Solution Technigue

Electromagratic itransients in arbitrary single or multiphase net-

works are solved by nodal admitter-e matrix method.

The method of cherazteristics and the trapezoidal rule are combined
intc a generalized algorithm cepable of solving transients in any network
with distributed as well as lumped parameters. The metho¢ of characterictics
is uwged for lines and trapezoidal rule of integration is used for lumped

paraneters.

A digital computer solution for transients is necoscarily a step by
gtep nrocedure that procecds along the time axis with a variable or ficed
step width At. The latter is assumed here. Starting from initial con-
ditions at t1=0 ; thie state of the system is found at t = &f, 244,
30%;00000y until the maximue time tmax for the particular cace liagm
heen reached. While golving for the state at t, the previous states

at '5"&13, t" ZA't, seo ey are knowrlo

A limited portion of this "past higtory" is needed in the method of
characteristics, which is used for lines, and in the trapczoidal rule of
integration, which is used for lumped paramaters. With a record of tlis
past history, the ernaticig of both methods cen be reprosented by simple

equi. ~lent i pedance netwe: g, A nodal tormulation of “heo pro tem i

m

then derived from ti:se 101 .0orks.

C.3e Solution for Singlc Phage lletwork

Cedol Logslrsg Line

Although the method of characteristics is applicablé to lossy lines,
the ordinary differential equations which it produces are not dirsctly

integrable. Therefore locs is noglected at this stage.
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terminal b

terminal a

ibp.(t)

Z <%>Ib(t“T1) v, (£)

v ()

II

Fig.C.l. I) lossless line I1) Equivalent impedance network.,

As we have explained in Appendix B, gurge travels along the line.

If the travel time to get from one end of the line to the other is
le —%— T 1 VLC (1 is the length of the line). Then, the voltages

and current in Fig. C.1 can be related as
vb(t - Tl) +Z 4 (t-Tl) = Va(t) + 2 (—iah (t))' (¢.1) :
From this equation follows the simple two part equations for iab
i ()= == V(1) + I (t-1) (c.2)
ab Zo a a 1
and analogous

iua(t) = —21;- v, (1) + Ib(t—'rl) (C.3)

with equivalent current sources I  and Ib which are known at state
a

from the past history at time t—Tl.
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Ia (t—T1)= - (“g;_) v, (t—Tl) -4 (t»Tl) (Ced)

I, (t-1,)=- (é;—) Vo) - i (82) (c.5)

Fig. Ce2 chows the corresponding equivalent impedance network, whieh
frily describes the lossless line at its terminal. Topologically
the iteminals are not connected; the conditions at the other end are

only seen indirectly and with a time dealy T through the equivalent

1
current sourcss I,
Ce3e2 Inductance
1 .
node a _ B @C@@Gﬁ&ﬂ9-—m~ node b
(1)
©)
iab(t) Iab(t-At)
— ] .
Vo (%) Re2L/At vy, (%)
e e AAAAAA
(2)

Fig.Ce2 (1) Inductance. (2) Bquivalent impedance network,
For the incductance L or a branch a,b, (Fig. C.2) we have

V =V = L ——22ne (C.6)

which must be integrated from the known state at t—- At to the wurknown

state at
' 1

. N . ~ 1
1ab(1.) =i (t- At) + T f vab (t) at (c.7)

t- At
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using the trapezoidal rule of integration yields the branch equation

L) = S (L) -0 (8)) ¢ 1 (+-41) (c.8)

where the equivalent current source Iab is again known from the past

history.

Iab(t-At)z iab(t- At) + (At/21) (Va(t-—At) - Vb(t-At) )

The equivalent impedance network corresponding to equation (C.8) ig

sbown in PFig. C.2

C.3.3 Capacitance
C
| b

|
(1)

(t) ' de b
node a =Y Iab(t_bt) .. no

-AAVL
R=At/2C

(2)
Fig.C.3 (1) Capacitance. (2) Equivalent impedance network.

For the capacitance C of a branch a, b (Fig.C.3) the equation

t
Va(t)\- Vb(t)’-:—%— / iab(t) at + Vb(t- At) . (C.9)
t- At

can again be integrated with the trapezoidal rule, which yields

i, (1) = (-f%—-) (v, (¢) -Vb(t))-l- I, (t=41) (c.10)
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- with ihe equivalent current source Iab known from the past history
2¢
- - - i -At) - 520 A1) - - .
Iab(t At) - lab(t t) 3 (Vé(t t) V%(t At) ) (Co11)

An equivaleni impedance network ic shown in Fige Co3. Its form is identical
with that for the inductance,

Cs3.4 Resistance

For the completeness the branch equiation is added for +the resigtance,

) 1
1ah(t)=-—§- (Va(t) - Vh(t) ) (c.12)
1.,(t)
a - AANANANA
R
Va Vf

Fi{fo C. 4- Resistanc‘&

| - . ] ‘
type of l
% branch N J ;
:’M T ‘ T T wmhmh——;
! transmisson | 1 i . }
J— . et LT (4= 0t
2 —§}~“~{Z:L"_ﬂf-L* ~~~~~ b line 7 L (-0
¥ I e NS S
At i A '
, 22 Co{te
I 2L i ab( );
e -t wed
- j
¢ < !
~ I o 5 i
e EmE L e
N
R .
N o

©1g.Cehy  Ceneral impedance network,

Ced.5 lodal BEquations

Perforance eguation ¢f sach device can be written as
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i=-j=yvV (€.13)

Algo a matrix equation at time 1 3
[x] ) = ] - [4] (c.14)

with

[Y] nedal conductance mairix which remaing unchanged as long es
i

t remains unchanged.
(V(tﬂ column vector of node voltage at time t .
[}(tﬂ column vector of injected node ocurrents at time % .

[5] known column vector, which is made up of known cquivalent

current sources I.

In Eqs. (C.14) part of the voltages will be known (specified excitations)

and the others will be unknown. Let the nodes be subdivided into a subget
A of nodes with vnknown voltages and subset B of nodes with known

voltages. OSubdividing the matrices and vectors accordingly it is obtained

from Eqs. (0014)

._. - - ~ -
Yo ¥y VA(t) 1A(t) 3,
o = - (C.15)
Tpn Yo v (%) 15(4) Iy
from which the unkncwn veotor VA(t) in found by solving
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[}Aéj [EA(£ﬂ : {}tota;] - [%Aé} [ig(t{} (C.16)
[I‘”J“al]: [iA(tﬂ ) [jAj (c.17)

The equation (C.lé) ig best golved by triangular factorization of thae

augmented matrix {&AQJ, iYABJ once and fcr all before entering the

[,

B
tire step loop. The sane process is then extended to the vectior {;, ‘“lJ

in sach tite step in the mo-called forward solution, ~ollowec by bac .

r'“ b}
V()
L

substitution to getb as indicated in Pir.C.6,

i

(2) (1 INITAI LY.
R ——— — AL e
.\\\ e 5 A | viumh«oJLLu FACTC T ATTC
\ : o I BaCt TINRE STEP:
\\ ; N | — (1) FORd Hi SCLL Il
.\\\ E (2) “ACK 5 .sTIVSTION
3 : \

Fig,Co6 Ropeat sclution of 1.near e« uation:.

The network may include any number of switchas, which mer chango
their positions in accordance with defined criteria., Thay ars represented
ag ideal (H=0 when clused and R¥ oo when open); hcwever, any brancl s
may be connected in series or parallel to simulate physical nwrepartise

(e.g ‘time varying currunt depenlent resistance).

When gwitching position has changed some modificutions mast be nade

on the calculation,
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Ce5 Lossless Multiphase Line:

Equations (4.5) (4.6) are also valid for the multiphase lines if

the scalars are replaced by vectors V, I and matrices 2 I

r. 2 -
RS CHON I H M h_(ﬂ]
L dx2 - ’ B
= (¢.18)
) )
4 I0ht) 1 o= '[y} lrz rx (x 't;)]
P | 8

The solution of Eqe. (C.18) is complicated by the pregence of off-
diagonal elementis. in the matrices which occur beocause of mutual coupling
between the phases, This difficulty is overcome if the phase variablesg
are transformed into mode variables by.similarity tfansformations that
produce diagonal matrices in the modal equations, This is well known
eigen value problem, Each of the iﬁdependent equations in the modal
domain can then be solved with the algorithi for the single phase line

by using its modal travel time and its modal surge impedance.

Multiphase lines with distributed parameters are assumed to be
balanced (uniformly transposed transmission lines). This shall be
defined as follows: The self-impedances of all phases are equal

among themselves and all mutual impedances are equal among themselves. i.e.

r— - —
2 7 2z Y -Y -Y
Z = 8 m o S e} m
& 1 = Y - ¥
8 m
Z
Y
e 8_... - 8 _J
2.+ 4 47 2, 4. + %
> o
wore 7 = L7722 1) g 37T e
3 3
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For "balanced" lines iransformation igs definoed by

r )
\’Vphase:] = (Q] [Vmodeﬂ (¢.19)

Lo L
z 1T
i :.rs' vi (c.20)
phase LJ | _mod
with [ | 1veoeol |
Q l:
_J 1 l"‘r’I e o o 1
1 .
y with M = number of phases
1 l s o . l""plr___

let's define

2] = [

: ) 8 Sm Sm
. with SJ::
‘ S )

where [Q}.-l [SJ EQ] = /N < 1,

with Zob SS + (1i-1) Sm M= nunber of phases

A S
1 Qs Sm

) /

and 2{1 =b/ = agrial mode = (S - § )1/2

2 s m 4

X = g ol 3 =(a - N 1/2
3 ground mode (os + (M-1) om)
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It can be shown that the phase current vector (i b> entering nodes at terminal
a

a toward b can again be written as & linear vector equation

- {IE (¢c.21)

and analogous for iba . Iquation (C.21) is derived from a set of modal
é -7

equations, subjectad to the transformations (Cel9). In building YAJi'
-7 ) a
b ‘ in (0.16), a matrix {é is entercd instead of a scalar value l/Z.

_AB] 7 1
The vector ;Ill , which enters IA” ig calcvlated from the past history
L 3

of the modal dhantities. Since the span (t-T]) for picking up the past

is different for each mode, a tine argument was deliberately omitied in
M
writing [?a | . Even though the nodal equationc are in phase quantiiies,

the past history must be recorded in modal quantities,

Cob. Lumped Series Hesistance in Line

To approximate logssss in the lossless line repraesentatior, Lle
transient program luaps R/4 at both end and R/2 at the middle of the

line where

Rzr1l i
. {

whare 1 = resistance per unit length

17 1leungth of the line
R/4 _ R/2 R/4
& o AAAA ANAA AN b
digtributed distributed
Lc Lc

I

Fig.C,7 Lunmped Series resistance in line.
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APPELDIY D
U U ¢
SYSTE PARALNTERS USHD IN 5TUDIGS

Generators

Rating : 150 iiva
Rated voliage: 15 kv

: 3 7
Zerc sequence impedance: 4.4 % nen

Negative sequence impedance: 12.1 % n.u

Set—up transformers

Nomirnal ratinc: 138150 Kva

No load voltage ratio: 380/15 kv

Short sircunit reactaonce: 127 pau

No loai current at baze voltage: 0042 % v.u,
Per unit voltupge at knee point: 1.117
Magnetization carve alope ratic: 0,00063

dec marnetization curve is uscd

Autotrangforners

Nominal rating: 130/180/44 uva
No load voltage ratios
HV : 380 kv Iv: 154 kv LV: 15.8 kv

’

Short cirecuit reactancas:

X(HV/1V) = 11 < pou ,  X(HV/LV) = 27,8 < p.u
X(IV/LV) = 14.7 % p.u

No load current at base voltage: 0.49 ¢

=123
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Per unit veltage at knee point: 1.111 p.u

Megnetization curve slope ratio: 0,00166

d.c nagnetization curve ig usede

380 kv transmigsion lines

Pogitive and negative sequence gygten
R, = 0.0315 -0 /kn

L, = 1,009 mnH/kn

C, =11.6 nF / knm

1

Zaro sequence cystem
R = 0,314 -/km

Lo =3,1258 nH/km

CO =7.75 nF/kn

snunt Heactors

Go=Ted2 + J 2406,6
Q =334 L=7.66H

Saturation curve~linear.

Load

S =145 + J 178 VA

Bug capacitanca

C= 250 pk

System freguency

5 Hertz



