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Fundamentals of Fault Clearing, Switching
Phenomena and Circuit-Breaker Ratings

Transient phenomena during fault clearing—Shorteireuit current—Transient, Sub-trasient and
Steady-State—Current and voltage variation during arc extinction process—Transient Recovery
voltage—Switching phenomena—Circuit-breaker ratings,

3.1. INTRODUCTION

The following phenomena can be observed during the fault
1. As the fault occurs, the current increases t
wave and thereafter the amplitude of the wave go

the sub-transient, transient and steady state. The
the normal zero axis.

clearing process :

o a high value during the first half cycle of the
es on reducing as the waveform passes through
waveform of the current is asymmetrical about

2. The voltages across the circuit-breaker pole after the final arc extinction (called the transient
recovery voltage) has a relatively high amplitude and rate of rise. The voltage has a high frequency
transient component superimposed on a power frequency component,

In this chapter the above mentioned phenomena have been studied with reference to the he-

haviour of circuit-breaker. For the purpose of analysis, simple RLC networks have been considered,

The generator has been represented by an e.m.f source. The equations of voltage and current have
been solved by simple rules of differential calculus.

The analysis of short-circuit current

and transient recovery voltage is followed by Circuit-
Breaker Ruatings (Sec. 3.19)

3. Overvoltages can be generated while closing circuit-breaker on capacitor banks or loaded
transmission lines. These are minimised by pre-closing resistors and surge suppressors.

3.2. NETWORK PARAMETERS : R,L,C

An electrical network comprises the following network parameters:
— Inductance

— Capacitance — Resistance.
The resistance can be neglected as a first approximation,
(i) Inductance, Inductance is defined as
dA
L=%2
di henry ..(3.1)
where L = Inductance of circuit, henry.
A = Flux linkage due to current i, weber turns
i = current in the circuit, amp.
The e.m.f. induced in an inductor is given by,
_dA_, di
e="p =L dt volts (3.2)
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Energy in inductance L henry at the instant when the current in it is { amp. is given by,
11}
W, = 1/2Li% joules .(3.3)
(1 joule = 1 watt second) " -
[ jve circui instantaneously. Hence when the e.m.f is applie
nductive circutt current cannot changg ins : ? .
Lt In[)m";‘l;mz current is zero at the instant of closing the switch. Also we know, that the current lags
a = . i -
: ie 90° in the inductance.
ind applied voltage by .
" Considering sinusoidal voltage applied to an inductance, the current lags by 90°, therefore, the
Itage of the circuit has maximum instantaneous value at the current zero.
Vo While interrupting the current flowing through an inductive ci‘rcmthsuui: gstzrtiaprlsi‘ﬁt;n;; l;r:
i ircuit-breaker should in
transformer loaded by an inductor, etc. the circui raker
mt{[l)f:ﬁ’ c?.irrent zero of the altenating current wave. If the arc extinction takes pllace at thelmftl::m]
2 ent zero, the energy in the inductance (1/2Li%) is zero. However, if the arc is sgddenefe;n tl;;
cﬂ;li-;ed befor,e the natural current zero, at the instantaneous value of currc?t, ‘say i amp1 ,D
:nergy 1/2Li% is suddenly interrupted by the chopping of currentttu ;l:x art;ﬁcrf‘lerzseiz ::t Ul;i, ne:;
i i isi ransfor 5 E
: henomenon. The interrupting of low magnetising currents of tre s
% s;-bt?czlir attention. The circuit-breaker should be capable of interrupting sth Fturrents without
za]:,ting damaged or without giving rise to over voltage above the permissible limits.
(i) Capacitance. The well-known definition of the capaci‘tnr is: "'I;.vo or more conductors
separated by dielectric (insulating) medium.” The capacitance C is given by

C:iq- farads (3.4)
duv
where C = capacitance farads ; ¢ = charge, coulombs ; v = voltage, volts.

From the above definition, it is understandable that transmission lines, b?}s:hmag,ai?“;:?lﬁ
breakers etc. have inherent capacitance between phase and ground. In snpfab;:?sles | : cl t?breaking
may be negligible. In h.v. circuit it becomes important and may not be negligi ItL,. n cn‘vvun ;
phenomenon, capacitance plays an important role. The voltage across capacitor is given by

dv = %‘1 volts

Energy in a capacitor is in the form of electric field and is given by
W, :% Cv? joules «(3.5)

where C is in farads
v is in volts, g is the charge in coulombs.

There exists a distributed capacitance between conductors and between conductor and gnlmtn:
in case of transmission lines. The flow of alternating current in the transmission llnI: is assqc:a e
with alternate charging and discharging of this capacitance. The currents taken ‘by t e];apan:lv:rn;c;
for charging are called charging currents, The charging current flow in transmlsgmr: 1[1,]:;-.%;,131
the receiving end is open circuited. The voltage across a capacitor cannot change ms.an y.
While closing a circuit-breaker on a predominantly capacitive circuit like a capacitor bank, the
current flowing in the capacitance is given by
_odv
i=C =
where i = Instantaneous value of current amperes
C = Capacitance farads

dv/dt = Rate of change of voltage, volts/sec.
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ceur during pre-arcing betweey
e stresses on the cireuit-breakey,

— Paralleling of two capacitor banks

— Closing and opening capacitor banks,

— Closing and opening unloaded transmission lines on no load

3.3. VOLTAGE EQUATION OF AN RLC SERIES CIRCUIT

The valtage equation of an RLC series circuit is given by

di i X D
g LEE +Ri + Pl j:dt volts -.(3.6)
e = impressed voltage

L% = voltage across inductor
[#

where

Ri = voltage across resistor

C ffdr = voltage cross capacitor,

For an alternating e.m.f, the induced voltage e is given by

e=E,, sin (ot +9)
where, E,, =V2 Erms and g = 2nf. Angle 6 de
then 8 =0 ife = E, att=0then 6 = /9,

(3.7)

Pends on magnitude of e at t=0.Ife is Zero at ¢ =0,

3.4. SUDDEN SHORT CIRCUIT OF R.L. SERIES CIRCUIT

Let us see, what happens, when switch S of circuit shown in Fig. 3.1 is suddenly closed,

£ R

€=Ep Sin(wirg)

Fig. 3.1. RL series eircuit under

study.,
Writing as equation for current i on the basig described in section 3.3,
L%JfRs:euEm sin (o ¢ + 6) ~(3.8)
We shall solve this equation t

0 obtain an expression for current i,
neous differential equation of first order. The
tion, i.e. and particular solution ip i.e

i=i +i,

Complementary Solution, ;
side Eq. (3.8) equal to zero,

L% 4 Ri=0
Rearranging the terms,

Eq.(3.8)isa non-homoge

complete solution is the
sum ufcomplumentary solu

..(3.9)
t hand

©

. The auxiliary equation is obtained by putting the righ

Le,

di R
£+Ldt‘0
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log i + R t=%
Integrating, bt
R
i=—=t+k
44 logi 7

X is some other constant. Further,
| is a constant of integration given by % = log, A, where A is some
where :
we know that log, " =x Hence

lﬂg,_. i= |°£‘.’e e[—R/L)t

i=A R

+log A

..(3.10Y
: i . : lled
Taking anti-log . e exponentially decaying component call
L lution of current i. It is an e i ) zero, positive
e comf 1’;"]}1‘: ;t:gii:;c?e of constant A depends on initial conditions. A may be zero, p
. Component. Th : -0
g:iegative depending upon magnitude of e at ¢ = 0

Particular solution of i (i,) Take a trial solution

.(3.11)
: ; 0)
i=Ccos(ot+8)+Dsin(wf+ ‘
§ is of E, sin (0t +8).
Such a trial solution is taken because the R.H.S. of Eq. (3.8) is of the form E,,
uc
di . di*

Obtain 5 and @ of Eq. (3.11)

i i both the sides to get
i i coefficients of like terms from bot
and subtitute in Eq. (3.8). Equate the o
C=En i 2
R

R?+0®L?

Substituting these values of C and D in Eq. (3.8) we g}e;. :
e ————— R, sin (ot +8)
£=_R2+w2L2Em cos (mt+e)+R2+w‘!L2 "

Let § be the angle of impedance triangle

-10L

R

R
oL N R
Sinq,:m. cos ¢ rR2+m2L2

Substituting sin ¢ and cos ¢ in Eq. (3,14),

.(3.12)

..(3.13)
D= Em

..(3.14)

¢ =tan

E, .
-E . Mo c0s ¢ sin (0 £ + B).
i= R2+:::2L2 sin ¢ cos (mt+B)+q_R2+mzL2
bove Eq. is of the form .
The R.H.S. of the a s(j]r‘;e(A ? B) = sin A cos B - cos A sin B

Ey,

m ...(3.16)
i == : sin (@ ¢+ 06— ¢) (
Al i C. Component
Eq. (3.16) is particular solution of Eq. (3.8). It is sinusoid called A.C. Comp 3
Complete solution L
i=ip+i,
From Eqs. (3.10) and (3.16), we get o
: E e .
AR 2 g Sin (OF + 0 - §)
AT R I

s i 4
This is a complete solution of Eq. (3.8). Let us put the initial condition to evaluate
is is.a co
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At t =0; i = 0. Because the current in inductive circuit does not change instantaneously.
Assuming I to be too small as compared with wL;

VRZ Y 0?L? = wL

w=tan" ! U—E‘ =90°

and

Case 1. Switch closed ate=0

Hence e=0att=0
0=0.
Also i=0att=0,

E,

From Eq:(3.17) 0=A+ =" sin(- 90°
* \fR?: w?L* s ]

E

wl
This is maximum value of A, hence the d.c. component is maximum when switch is closed at
voltage zero. This case is called Doubling Effect. Because peak value is 2E,,/0L, at the peak of
first current loop. There is as slight drop in the instantaneous value of the current from ¢ = 0to

=+

the ¢t = ; Therefore, the peak value can be considered to be approximately 1.8E, /oL instead of
2E,,/oL.

Case II. 8witch closed at e = E

max
e=E . att=0.
B=n/2

t=0att=0we get

0=A+E, /oL sin(n/2 - 1/2),
A=0

Hence A is zero, if switch is closed when e = E,ax- Thereby the d.c. component is also zero.

From cases I and II we observe that the magnitude of initial
depends upon the moment of closure of switch, or vol tage at the

Let us interpret result of the solution.

When an R-L series circuit is closed with an alternating voltage source, the resulting current
consists of two components, the d.c. component and a.c., com
imposed on the d.c. component. The magnitude of d,
instant of closing the switch. When the switch is ¢
imum (Fig. 3.2). If the switch is close
waveform is symmetrical about the nor

value of d.c. component Ae~ (F/E¥
instant of occurrence of short circuit,

ponent. The a.c. component is super-
c. component depends upon the voltage at the
losed at voltage zero, the d.c. component is max-
d at voltage maximum, d.c. component is zero and the
mal zero axis as shown in Fig. 3.3,

T
ATATR

Fig. 3.3 Switch closed at voltage maximum,
no d.c. component,

T D.C.COMPONENT

Fig. 3.2 Switch closed at voltage zero,
d.c. component maximum.
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i i i sinusoidal voltage of implitude 400 volts
3.1. A.C. transient R-L circuit. A 50 Hz stnusor _ i ;
Exfi!cli'lf:‘i series circuit of resistance 10 ohm and inductance of 0.1 H. F ind ang exp{::.l.‘esmn fr;;t
is appls of the c:'urrent at any instant after the veltage is applied, assuming the vo m‘_'{’“'-lzz‘em
:?E qa!:#;”t of application. Calculate the value of the transient current 0.02 sec after switching on
the insi
' Sm.) - )
i Solution. Refer to the derivation in section 3.2
R =10 ohm
L =0.1 henry
f=50Hz
2 nf =314 B
VRZ+ oPL% =107 + (31.4)* =33 ohm
Angle ¢ = tan™ 'L /R = tan™ 131.4/10
From the mathematical table, we get
¢ = 73.35° = 1.26 radians
e=E, sin(@t+0)

Given @

at t=0,e=0
since the switch is closed at voltage zero.
Hence 6=0
The equation for R-L circuit current is
L%+R£:e =E,, sin (0 t +8).
i is i ~(R/LK En sin (wt+ 6 +d)
The solution (Eq. 3.17) is i =Ae + s L
Putting the value of i at ¢ = 0 and other given quantities
' E
0 L i - 72.36%) .
= + - sin (0 + 0 - 72.356%)
0= A R T
B i =490 4 953) = 12.1 (0.953)
L.e. A= ?ﬁﬁf sin 72,35 = 34 (0.953) {
Hence i =12.1(0.953¢ 19% 4 sin (314t — 1.26)].

Angle in the bracket is given radians. This is the required expression for current. Ans.
The magnitude of (d.c. component)
at t = 0.02 second is given by

ige=A°~®/LX - 191 % 0.958¢7 10 %02 = 1564, Ans.
=

Example 3.2. A 50-cycle alternating voltage is applied to an R-L series ci;'f:a;it b‘g); cio.:‘jz?rorr;
switch, The resistance is 10 ohm. Inductance is 0.1 Henry. The r.m.s. value of applied voltage i
volts,

(@) Find the value of d.c. component of current upon closing the switch if instantaneous value
of voltage is 50 at that time

(b) What value of instantaneous voltage will produce a maximum d.c. component of current upon
closing the switch ?

(c) What is the instantaneous value of voltage which will result in the absence of any d.c. com-
ponent upon closing the switch ?

(d) If the switch is closed when instantaneous voltage is zero, fin:! the instantaneous current 0.5,
1.5, 5.5 cycles later.
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Solution. Let us calculate the quantities for Eq. (3.17) i.e.

E
i:Ae_m/L}t+m?E§asin{w+ﬂ+¢)
R=100
L=01H

& R/ _ ~100'
VRZ ¢ o?L% =102 5 (0.4)% =33 ohm
s gl PBEL
¢ =tan R =tan 10 =172.35
2r radians = 360°
72.35° = 1.26 radians
Epps=100V
Einax = V2, = V2 x 100 = 141.3
fo=e 1008, Léé—'asin (314 t+0-1.26)
i=Ae-100¢
This is the equation of current in tl

(a) Switch closed at ¢ = 0, when e =
stantaneously. Therefore,

+4.3sin (314 ¢ + 0 - 1.26)

0 and in an inductive

i=0att=0
. From Eq. (1), we get
0=A +4.3 sin (- 1.26)
A=4.3s8in 1.26 (Note 1.26 is an
=43x0953=4,1
= D.C. component at ¢ = 0 ig given by
Ae” (R/L)e = 4,1 100¢
(b) The maximum d.c. component wil
zero at the instant of closing the switch,

gle in radians)

=4.1e%= 41 amp

I be produced if instantaneous value of applied voltage is

(¢) The d.c. component will vanish if e =Epax ie. V2 x 100 = 131.3 V (instantaneous) at the in-
stant of closing the switch,
(d) Like Problem 3.1,

0.5 cyeles = 0.5 x 0,02 second

1.5 cycles = 0.03 second

5.5 eyeles = 0.11 second
Substitute in Eq. (1) taking A = 4.1 from part (a),

given in Figs. 3.2 and 3.3, Howeve
ction. An oscillogram of three-phase
When the aiternator is short-circuited, the currents in all
high value (10 to 25 times full load current), during the

airgap is large during a first couple of cycles. The reacta

r, in the alternator, the waveform
currents is shown in Fig. 3.4,
the three phases rise rapidly to a
cle. The flux crossing the
¢ these first two or three (there

first quarter cy,
nce durin

SWITCHGEAR AND PROTE CTION

(1)
e circuit,

circuit, current does not change in-
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ﬂﬂ : [ku ﬁo& JAWAWAN.N
PHASE R - UI v

PHASE Y —

PHASE 8 {-\Uo’tfn 5 Quﬁununur\unvnun

ircuit of 2 rnator.
Fig. 3.4 Waveforms of currents in 3-phase short circuit of an alternator

is no definite number, it depen on the e C\'CIEB least and the short circuit current

3 ds machin ) 15 ent 15
gh This reactance is 1 sub-transtent reactance and is de oted . The first few c cles
high. C called b-tr ent react s den by X ¥
come under sub-transient state.

ircui rent is less rapid
i lue of short circuit current is
he decrement in the r.m.s. va . e
h i%erdac?::eﬁﬁlz{-‘izfgs tileeﬁrest few cycles. This state is called the Transient State the reac
than the deer

i e is called transient reactance X ’. The eir cuit-breaker contacts separ ate in the transient
in this sta
state,

sinusoidal state called the
Stﬂaﬂ_i}'nggL};:}'}?hit:r?:fcif;ntced ii‘:lstﬁ?: 322::13 Egia?l-gé ?:;arde;glg::earef‘lt;i(llli;:‘fd, The X;d. is cal\edtdlre::
aXisSsi:”nr::{(:eh:}?: Os;i:te:;t:lgiiurrent of the alternator lags behind the voltage by 90°, the reac s‘mc
invﬂg;?s?gzrd[f‘r‘:;ta_a:i:hree:(,:s ::;{ponent? in thr} til:ﬁeep:;?e; ail:\. rﬂ;fif;fgrt; l:l;.}clz fl,lnmset\::tv;it:ﬁ:::
E{ri};?t%l:ifzéc};}:::(?ig: :fostl:jrlﬁ:?:c{:}itIEJ:r;igt?soz;'a Hénce the waveform is symmetrical as shown
: Filgéfi;iing e en"eIOPes‘:I‘:;;srif;i iﬂz EEEEEO?M is extrended to meet t‘h:‘a tmn}
timeEc’r‘:;iI;il?: if ;;E:S ;?tﬁ}fiznevxi}gfg:datu meet the ordinate at B and LC meets the ordinate o
zero time at C. Measure OC, OB and OA.

i i B in trasient state LC is
NM is a portion of envelope in steady state LM is a portion of envelope in tras:

i i ] lope in sub-transient
a portion of the envelope is sub-trasient state and LC is the portion of the envelop
state,




separate during ‘trasient state.’ The r.m.s,

the first, half ¢
during the

cussed in details in section 3.19,
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The currents and reactance are given by the following expressi

ons :
=%4 =% .(3.20)
- %:5‘2—‘; A3.21)
=%§=3{% .(3.22)
where [ =

Steady state current, r.m.s. value
I’ = Transient current r.m.s. value
I"” = Sub-transient current, r.m.s, value
E, = Induced e.m.f, per phase
Xy = Direct axis synchronous reactance
X4 = Direct axis transient reactance
X+ = Direct axis sub-transient reactance
OA, OB and OC

are intercepts shown in Fig. 3.5.

Fig. 8.5 Oscillogram of current is the phase having zero d component,

short-circuit current att
ration of th
val

ircuit breaker and is e
a circuit-breaker closes on existing fa

As the short circuit occurs, the
tacts start separating after the ope

tion is called the breaking current of the c

If ult, the current would increase to a high value during
d 3.3. The highest peak value of the current is reached
making current of the cirreuit-
making current’ have been dis-

yele as shown is Figs, 3.2 an
peak of the first current loop. “This peak value is called
reaker and is expressed in kA.” The terms ‘breaking current’ and ‘1

Though the short-circuit current varies continuously during the sub-transient and trasient
states, the representative values can be calculated from the equations 3.20, 3.21, and 3.22. The
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F

£ ient transient and s teﬂd}"ﬁtate reactances can be determined exper llll.elllEIll)" IW conduct-
sub ans '
I . B 1 stead
t from Eqs (3 20) ( ) calCulatmg subtr ansient, transient an ¥
15 clear to (3.22) that while nd st

i short-circuit current
ts: the respective reactances should be considered, The examples of shor
rents;
stlgtziirlil;] in S’ectiun II of the book.
a

6. CURRENT INTERRUPTION IN A.C. CIRCUIT-BREAKERS
3.6.

i i e i studied
i terruption process WIIIIbe studi
: current and the voltage during the arcin L Jrosespilbesnidied
The wsvefﬂ{'anj; fr‘li}:.trigi::ﬁ applies to the circult—breai:}frs emp[i;:)y{:;gi;?;ri?£$?;];12801111iqu|e :
L mnﬁ‘ ircuit-breaker generally adopts the zero- o 1 r e
ool hreake load at rated terminal voltage.
interrupt?on. b S : connected to a generator on no loac ; idpial yoltais. The
Cuisldelf g icslri‘i'nu:)tpzlr;eﬁfn:;ion and the other side of circuit-breaker is short circuite I3
circuit-breake

8.
R _¢
) I
Rl | |
Mp.  aof M ! SPHAR-STE
| SHO
el g b Is | circurr
i
Yy

«®

o

Fig. 3.6 Sudden-3 phase-short circuit of an alternator.

i : al is zero,
ircuit-breaker be closed at the instant when voltage oftgrmma(llB W1 ‘: ni;tét;flul;;{trl':c
" g :.u;.l 1;; t circuit current in phase B will have maximum d.c. comp Jack god oo
" \SF:;(::‘I‘: E?‘s:u:r:n: I[;rwill be unsymmetrical about normal zerr; wus1 asgi}éa:,leit;n ; ,Ed L .wm
e i 3 ircuit current in a phase hav £ 100
e the‘tyglca}s‘z?ﬁ?{ié' f;:z}f};:: tc 1:(:{1; Hence the current is zero lﬁeftf)-re tt :u{;;. t;::lt ::: y_c 1{3‘,
Heohs Th'e Niting 01'1! d and the current increases to a high value during the first q Loy
the short circuit is all? P. l%r current loop (shown hatched) is OM and this is the m?gmi{]i 1 m{jm.
e 0 1f thefmhrrzrg during the short-circuil the instantangnus peak vgl‘ué- 1‘:{ It{?s :3 ).(pmgsed
f:?l]:::::ts l‘fl;:puies ‘;aﬁ‘;d the Making current.. In the figure the making current is :
in k?e];e:;‘ Icome to this making current after covering the remallnlng px'uc.c?s {E:v:r:iSt.ll]E:.i :.Jemung
The circuit-breaker contacts separate after a few cycles sm(fe: tl}: hxri :]{91- b at
mechanism takes atleast a couple of cycles. Let us assume that the circuit-

PR . . eakin
t ¢ =T The r.m.s. value of short eircuit at the instant of contact separation is termed as Breaking
att=T .M. s.
current.

>4 contacts.
After the qepa-ratiun of contacts of the circuit-breaker, an arc is dr.awr} -h::i\::i? :}I:E s
The are currer;t varies sinusoidally for a few cycles. Att =Ty a partlctjllal mt“ re : At sy
strength of arc space builds up sufficiently so as to prevent the continuation of arc,
zero, this are is extinguished and is interrupted.

; te rded in Fig,

Meanwhile what is happening to the voltage between contacts ? Th}rj voltaj:f: l{; :i;?:s :pzu‘atiugn

3.7. Before t = 0, the contacts are closed and the voltage between thl:-!l'l'll is zletrn,e i 4

of t‘he contact (e'— Ty, the voltage across contact increases. In fact th1s} Vo ag_n ST
e ; : ss arc is in phase with ¢ !

: ‘¢ duri e arcing period. The voltage across arc S e e

::(l:oiss5 ::s?si;\?cd?lfgzgpt:::uliar wgafefurm ehape is a result of voltampere characteristic of are
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charge to be studied later. During subsequent half cycles, the voltages across contact increases due
to increased arc resistance. Finally at ¢ = Ty when arc gets extinguished a high frequency voltage
transient appears across the contacts which is superimposed on power frequency system voltage,
This high frequency transient voltage tries to restrike the arc. Hence it is called Restriking Valtages
or Transient Recovery voltage (TRV). The restriking voltage is transient voltage appearing across
breaker pole after final current zero. The power frequency system voltage appearing between the
poles after arc extinction is called Recovery voltage. The transient recovery voltage or restriking
voltage has a profound effect on circuit-breaker behaviour. The current that would flow in the cireuit
if the circuit-breakers were replaced by solid conductor is called prospective current,

The transient recovery voltage (TRV) appearing across the circuit-breaker pole immediately
after the final arc interruption causes a high dielectric stress between the cireuit-breaker contacts,
If the dielectric strength of the medium between the contacts does not build up faster than the rate
of rise of the trasient recovery voltage, the breakdown takes place causing re-establishment of the
arc. If the dielectric strength of the contact-space builds up very rapidly so that it is more than the
rate of rise of transient recovery voltage the circuit-breaker interrupts the current successfully,
The rate of rise of TRV, generally depends on the circuit parameters and the type of the switching

duty involved. The rate of building up of the dielectric strength depends upon the effective design
of the interrupter and the circuit-breaker.

Whi]_e slw‘itching capacitive currents, the high voltage appearing across the contact gap can
cause reignition of the arc after initial arc extinction. If the contact space breaks down within &
period of one-fourth of a cycle (0.02 x 0.25) second from initial arc extinction, the phenomenon is

called Reignition. If the breakdown occurs after one-fourth of a cycle, the phenomena is called
Restrike. (Ref. sec. 3.20)

PROSPECTIVE
CURRENT

CURRENT IN PHASE B

T

! I

: (1
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gge | I H A ~ I:' “'. ! .ll
; I o i ] '
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ACRDES VOLTAGE
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£=0 CONTACTS Ty
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OECURS =7 ZERD
\hx() ARC
INTERRUPTED

FFig. 3.7. Oseillogram of current and voltage during fault-clearing.

3.7. TRANSIENT RECOVERY VOLTAGE (TRYV)

In altenating current circuit-breaker, the current interruption takes place invariably at the
natural zero of the current wave.

—
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After a current zero, the arc gets ex-
tinguished if the rate of rise of transient
recovery voltage between the cl(mtac‘fs
less than the rate of gain of the dielectric
strength. The voltage appearing between
the breaker contacts at the momeutl of ~ ™,
final current zero has a profound in-
fluence on the arc extinction process. The
voltage appearing across contacts ‘aﬁer
current zero is a trasient voltage of higher
natural frequency (restriking voltage).
superimposed on the power frequency
system voltage (recovery voltage). The
trasient component vanishes after a short
time of the order of less than 0.1 mill-sec
and the normal frequency system voltage
is established voltage. After current
zero the voltage appearing across the
contacts is composed of transient restriking voltage and power frequency recovery voltage,

RECOVERY
VOLTAGE

#

FINAL CURRENT ZERC

Fig. 3.8 (a) Voltages after final current zero
(TRV) (Simplified). (Ref. Fig. 3.85)

POWER FREQUENCY RECOVERY
ARC VOLTAGE je— 0002 5 —-1 VOLTAGE (50 Hz)
' | ] ] ' [ 1 ' | ' ' f
E

5]
=
Tewme———

Fig. 3.8 (b) Shape of TRV waveform as seen from Cathode-ray oscillographic record.

- “Recovery voltage is the voltage which appears across the terminals of a pole of a circuit-breaker
after the breaking of current. It refers to the breaker-pole first to clear.”

The transient recovery (TRV) or Restriking Voltage is the recovery voltage during the time in
which it has a significant transient character. TRV lasts for a few tens or hundreds of microseconds.
(Ref. Fig. 3.8b)

— It may be oscillatory or non-oscillatory or a combination, depending upon the characteristics

of the circuit and the circuit-breaker.

— It is the voltage across the first pole to clear, the same is generally higher than across the

two poles which clear later.

Power Frequency Recovery Voltage is the recovery voltage of power frequency {50 Hz.)
appearing after the transient voltage has been subsided.

The transient Recovery Voltage refers to the voltage across the pole immediatley after arc ex-
tinction, Such voltage has a power-frequency component plus an oscillatory trasient component.
The oscillatory trasient component due to the inductance and capacitance in the circuit. The power
frequency component is due to the system voltage (Ref. Fig. 3.8). The transient oscillatory com-
ponent subsides after a few micro-seconds and the power frequency component continuous. The
frequency of transient component is given by

1
b= oL H*

where f,, = frequency of transient recovery voltage, Hz

L = equivalent industance, heney.
C = equivalent capacitance, farad.




circuit-breaker pole at the instant
severe transient and has a high rat
is a difficult switching duty.
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In actual systems the waveform of the transier
quencies ranging from a few hertz to several thou,
circuit parameters,

1t recovery voltage has several component fre.
sand hertz, depending upon the values of the

3.7.1. Effect of natural frequency of TRV
Fig. 3.9 illustrates the slopes of tan-

3 2
gents to t_hrue TRV waveforms of different = 11 TANGENTS
frequencies (f, fo, fi,). With increase in 31 1NDICATE
the natural frequency, the rate of rise of V ; i"f}offo?* TN
TRV at current zero increases, T = =N

The rate of rise of trasient recovery
voltage across circuit-breaker pole causes T o
voltage stress on the contact-gap tending \'

to continue the are, With higher frequency > .
Wi—s
amfy)

(say fy,), relatively less time is available ©
for the building of dielectric strength of
TRV WAVES
Fig. 3.9 Effect of frequency of TRV on the RRRV,

fan

the contact gap. Hence higher frequency
is associated with greater stresses.

The breaking capacity of a circuit-
breaker (r.m.s. value of current, which
the cireuit-breaker can interrupt) is re-
lated with the rate if rise TRV, and,
therefore, natural frequency of TRV,
quency (Ref. Sec. 3.10. Eq. 3.26),

==ARC CURRENT

The breaking capacity reduces with increase in natural fre-

RECOVERY VOLTAGE

— ARC VOLTAGE ARC EXTINCTION

Fig. 3.10, (a) Unity power factor: eg at iy.
3.7.2. Effect of Power-Factor on TRV

phase and both are zero at the
currents, the peak of the voltage (E,,,,) is impressed on the

of current zero. Such sudden application of voltage give rise to
e of rise of TRV, Hence interrrupting currents of low power-factor
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) ltage
7.3, Effect of Reactance-drop on powex--frs{quency Recove,r?? V;: Dfring et i
Fud 2+ .e V, is voltage at the location of the circuit-breaker berfore fau A. e
s urrent cause an ncrase i th voltage drop i, hereactance 4 o el e e
increas! i he fault, immediatly after 3 ar
: t the location of the fault, ] irinal value Vy. Hence the powet
appearing & : system voltage to regain the original va 1
; some time for the system g 0% svster voltage:
e taiefe:nvery voltage is slightly less than the normal power frequency syster g
frequenc;

RECOVERY VOLTAGE

=== ARC CURRENT

emax

e fact; atip
(b) Zero power-factor : eyax : SR
Fig. 3.10 Effect of power factor on instantaneous value of voltage at current zero,

i Voltage
. Effect of Armature Reaction on Recovery . ‘ it

3':.4 hL:I::iruuit currents are at lagging power factor and, thelefoit,;‘sh:t;;uze s%‘::fiil;::;;r E

1y od L\} ction in altenators. As a result, the induced e.m.f. G‘fz'dteimalne o i 4
a‘r.mall.ule ‘r:;ts The e.m.f. requires some time to regain its origina !va llll.le e
mcﬂ::l;c;)lxilponént of recovery voltage is slightly less than the normal va
que

3.7.5. Effect of the First-Pole-to-Clear -

Refer to Fig 3.11 illustrating a three v 8.

phase fault not involving t_he earth. ______rmﬂm\__—————-——r .
The voltage across the circult_.—breakc:' 5

pole, first to clear is 1.5 times t!\c

phase voltage. In three-phase a.c. cir- ll|}-—0——‘ NN e e "
cuit-breakers, arc extinction in the %

three poles is not simultaneous as cur- LI o ;

rents in three phases are mutually | :

120° out-of-phase. Hence, the power-ﬁ'fe- | R L " )

quency recovery voltage of the phase in _ I

which the arc gets extinguished first, is L

about 1.5 times the phase voltage. In
practice the recovery voltage of the pole,
first-to-extinguish the arc is of the ordt_er
of 1.2 to 1.5 times. If the neutral is 0
grounded through reactor and if the
fault involves earth, the recovery volt-
age at the location of the circuit-breaker
is influenced by the equivalent system
reactance and can be calculated by the
method of symmetrical components.

Vg SR B &

Fig. 3.11. Voltage across the phase, first-to-open.

3.7.6. The First-Pole-to-Clear Factor i
To cﬁnsid:r the effect of the first-pole-clear on the power frequlml]jcy i:mpgn:inzi:z uli]teb]:;imrs,
voltage, the foll‘;wing factor has been defined in the standards on high voltage a.c. .




line-to-line fault

Fig. 3.12 Explaini

—————— N
ng the first-pole-tg clear factor (Vey/Vgn)..
The first pole to clear factor = B;mixﬂt_ag_o_bgtﬂgg@gl Ll};,f_lpiaﬁe_&_@g]_t_y_p_h_a_sg
Phase tg netural voltage with fault removyed
t-breaker during 4 Phase-to-phase fault,
rst-pole-to-cleay factor is the ratio of the
Voltage between healthy and faulty phase ( Vay)
o —___ﬁm_pﬂa?ﬂo_ﬁgg_emj o

a phase-to-phage fault (Fig, 3.19),
ENT

voltage transien

at the location of the circuj
Ref. Fig, 3.12, fi

at the location of the circuit-breaker for

3.8. SINGLE FREQUENCY TRANSI

The single frequency restriking
3.13 (b). The frequ

tis produced in the ci
ency of oseillation

4 reuit illustrated in Fig,
18 given by the natural frequency of the circuit,
1
/o= Gl He
where [, = Inductance, benry: ¢ =

T ==PEAK REST RIKIvNG
VotTace

RESTRIKING
VoLrace

== CURRENT
= T VolTase
(a)
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: C.B.

OGO T

L ARC
Cimt 4
w v e
EpSintwt) -

ing e ient.
h) Single frequency transien 3 ;

Fig. 3.13. Ex;lz}lining single frequency transient of : RV . . . ‘

3.13 (a). Suc ‘ i i terminal fault. In such cases the reactance
Such i i ined while opening on a
a transient i1s Obtalnc ; e t.1 th
‘ tw( 91;. the fault and the circuit-breaker is ncgllgib}e

betwe

3.9. DOUBLE FREQUENCY TRANSIENTS

Th may ha i g in Fig. 3.14. Before
i » ¢l lt—brcakm as ShOWl‘J. mn : 3 h
i i h C on both sides of the cireu ; : arcF o B
: c1hrcualt § hvehL ?;fninals 1 and 2 are at the same pOtej":m(liloiggﬁ-eq e ot
1 ul]{t’ thutt :h:ir own natural frequencies and a composite uen
ircuits oscillate a . ; erchids b3
th::;‘cs across the circuit breaker pole [Fig. 3.14 (b)]
ap|

Ly
& ." > £ B0 —
e Cr T
. a
(@ VOLTAGE
e _-
P
=
-~
,/
;
(b)

Fig. 3.14. Double frequency transient of TRV,

i 2 TRV depends upon
1 the frequencies and waveform, rate of rise and peak value of the
In general the frequ
several aspects such as
— net work configuration

type of fault — type of neutral earthing.
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The TRV wave can be defined by various methods such as
— specifying the peak and time to reach the peak,
— specifying the TRV wave by definin

g the segment of lines which enclose the TRV wavefory
The latter method has been now unijy

ersally adopted and is described in sec. 8.19.9.
3.10. RATE OF RISE OF TRV

The rate of rise of restriking voltage usually abbreviated by R.R.R.V. is a rate expressed fy
volts per micro-second, represents the rate of increase in restriking voltage. The rate of rise of
Trasient Recovery Voltage. (TRV) and the natural frequency of TRV are closely associated, The
rate of the rise of TRV depends on the system
parameters. The circuit breaker should be capable of in- r-
terrupting its rated short-cireuit breaking current under
the specified conditions of TRV, Hence the follwing char-
acteristics of TRV are significant:

— Pealk of TRV, time to reach the peak. Hence the

rate of rise of TRV

— frequency of TRV

— Initial rate of rise

The term rate of rise of restriking voltage is ex-
plained as follows :

If e is restriking voltage volts
RRR.V.= %‘3 volts/p sec,

where ¢ is in I seconds, e is in volts.

The peak restriking voltage is defined ag the maxi-
mum instantaneous value attained by the restriking
voltage (e,,).

Referring to Fig, 3.15, RR.R.V is given by

e,
R.R.R.V. :E'E .. V/| sec.

m

Fe—tn—=|

Fig. 3.15. Measurement of single frequency
transient.

£ ——= { Sec.

where e, = peak restriking voltage, volts

tpm = time between voltages zero and peak restriki

ng voltage in p sec
E,, = peak recovery voltage.
e
Amplitude factor = "
m
a

Natural frequency = %)— kilo cycles/second ...(3.18)
m

" 1 : .
Since f= o for any sinusocidal waveform,
m

Derivation of Restri_l:ing Voltage. Consider the circuit shown in Fig. 3.13 when current
reaches zero at final arc extinction, a voltage e is suddenly impressed across capacitor and therefore,

across the c.b. contacts. The current ¢ which would flow to the fault is not injected in the capacitor
and inductor. Thus

t=ip +1i,

-1 de
x—Ljedt+Cd£
di e d%
&Lz

1
|
I

49
UNDAMENTALS OF FAULT CLEARING
i

i urther
< zero time at zero currents when ¢ = 0, and fi
. e=Ecosmt

i= B sin wt before opening of ¢.b.
oL
g£=&x(ucosmt
dt oL
di| Em
L 1 dt l =
ituting i .18), we get
gubstituting in Eq. (3.18) g . e
En_e ode
L L dt®
i is standar ion is
The solution of this standard equation ® o
e=E, | 1-cos TC
i - restri ltage in which
is is an expression for restriking vol
Ehlilg‘eaak vaiiue of recovery voltage, phase to neutral volts
n -
¢ = Time in seconds
L = Inductance in henrys
C = Capacitance, farads
¢ = Restriking voltage, volts.
Note. Rate of rise of restriking voltage
_de
T dt
B cin 2 .(3.21)
=JLC " VLC

i ifferential calculus) .
RR.R.V. is maximum when it derivative is zero (from maxima theorem of differen

de is maximum when ﬁ =0
dt 3 di?
E,, _t -0
i.e. c cos Jic ™=
g B
or when 7ic-2
T
Le. t=vLC )
The maximum R.R.R.V. is the value of de/dt at
— T
t="LC 2
.(3.23)
m
Le. RRR.V. 4= Tic .
Further, peak restriking voltage occurs when e is maximum
’ de
Le. when P 0
Lo _r, ie, t=mlLC
Le. when Jic = m, ie., t="7N
and peaking restriking voltage is equal to s

EZEm(l—coan=2Em
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SUMMARY OF EXPRESSIONS

e= E,:(l - cos u{;} -(3.20)
_ Em ; t
RERRV.= Jic S0 e (3.2

; t
emax = 2E,, at :'E.C =7

- (3.24)8
RRR.YV, ;= ;,%L att=VLC X .(3.29)
C 2

| = i 029

Tt is observed from Eqs. 322 and 8.25 that
RRR.V.,, 00 =2nE, f, (3.2
The Maximum Rate of Rise of Restriking voltage is proportional to the natural frequency of the

circuit.

This is an important conclusio
TRV and produce severe dielectric

Hence

n. The ecircuit with high natural frequency give a high r

stress on the contact space of the circuit-breaker,

High £, — High rate of rise of TRV

Examples on Restriking Voltage*
Example 3.3, A 50-cycles, 3-phase alternator with grounded neutral has inductance of 1.6 ml

per phase and is connected to bushar through a circuit-breaker, The capacitance to earth

the alternator and the circuit-breaher i

s 0.003 UF per phase. The circuit breake
value of current is 7500 A. Determine analytically the following :

(et) Maximum rate of rise of restriking voltage.

(b) Time for maximum rate of sise of restriking voltage.
(¢} Frequency of oscillations.
Neglect First-Pole-to-clear factor,

ate of

betweey
r apens when r.ng

Solution. Frequency of oscillation is given by

1
n=2mlEE
where L in henry, C is in farads, f, is in Hz,

" 2 V1.6x1073% 0,003 x 10-©
1 1
ol Ty~ ————————="72,400 c/s.
2 Va8x10 2 3rx22x10°5
The recovery voltage can be caleulated from the known values of current I and wl..
Ez;’xwL-—Ix2rrfo

=7500 x 314 x 1.6 x 10”® = 3780 volts r.m.s.

By =N2 X B, = 3780 x V2 = 5340 volts
Expression for restriking voltage

t t
e=Ep [ 1- o n o nauef 1- -'———'W
- L cos ol ] 53 [1 cos 2B x10-8 J
where e is in volts, ¢ is in sec. L

* In this derivation and in Examples

on Restriking Voltage, First Pole to Clear Factor is neglected.
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Maximum rate at rise of restriking voltage occurs when
d’ _
di?
h £ =VLC . =22 x5 =3.45 -sec.
i,e. when

E m 5340 "
is gi =5 = = 2420 volts/p-sec.
Maximum R.R.R.V. is given by = 7iC- 22 .
[Ans. (a) 2420 V/p-sec., (b) 3.45 p-sec., (c) 72,400 c :,;f
ator i :t
3.4, A three phase altenator has the line vo!tage of 11 k?’i Th; gene:m}:at;gcaﬁ:fit;_
E?‘an"lpll;eea‘k(;r The inductive reactance upto the circuit breaker is éiﬁo} mhrr p(b efe?.mi,'w Jde
o Tiﬁu;a’;imnr‘e upto circuit-breaker between phase and neutral is 0.01 pF,
tributed c g
lowing : .
Neglect First Pole to clear factor
(a) Peak restriking voltage across the C'b.'
iking voltage transient.
) Frequency of restri b
2} Average rate of restriking voltage upto peak restriking voltage.
{d) Maximum R.R.R.V.

Solution. 2nfL =50
L=-2-00159H
314
V,=11kV
1 &
Vopn = " 6.35 kV r.m.s.

Epax="V2 x6.35=9KkV.
Expression for striking voltage r
e:Em[l—cosm]
= 9[ 1 - cos

{4
v0.0159 x 0.01 x 10™° ]

[
=9| 1-cos 12_6)(10_5]

Peak restriking voltage =2 x E,, =2xX9=18kV
Time for peak restriking voltage:
{1 2n
LC
t=VLC x 1 =12.6 x n=39.5 p-sec.

e ]IS = - .
Average rate of restriking voltage = — = --— = 0.456 kV/jL-sec

tn 395
o . e | =12,637c/s
Frequency oscillations fn =9 NLC omw% 12.6 x 10~ 6
En 9x10°

Max. R.R.R.V‘:m= 196 =T714V/p-sec.

1 1 1 . Determine
Example 8.5. In a system the r.m.s. voltage is 19'1. kV,‘ Lis iﬂ rr;H;nl.Z is 0.02 mF. De
the average rate of rise of restriking voltage, when the circuit breaker opens.
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Solution.

e:Emax[l—cus L.:C]

Inserting the numerical values e =42 x 19.1 [ 1-cos

T
5
=27 1~cos£—x1l Jk

1.414
Time to reach maximum restriking voltage

t=mVLC =7 x 1.414 x 105 sec. = 44.4 1_sec.
enay = 2E, =2x27.0=54 kV
Average rate of restriking voltage= S §-’ifgo = 1220 V/p-sec.
m 5

Example 3.6. In a short-circuit test on a 3 pole, circuit-breaker power factor of fault was 0.4,
the recovery voltage was 0.95 times full line value. The breaking current was symmetrical. The fre-
quency of oscillation of restriking voltage was 15,000 ¢ /s, Estimate the average rate of rise of restrik-
ing voltage. The neutral is grounded and fault involves earth, Negleet First Pole to clear factor.

Solution, The maximum restriking voltage is given by 2E ax, Where B, is the instantaneous
value of power frequency voltage at the time of current zero,

Line to line voltage = 110 kV r.m.s.

Line to phase voltage = %) kV r.m.s.
Peal By =1 X 2= 90 kV
The power factor =04
Hence p.f. angle 0=66.4°
sin 6=0,92
Recovery voltage is 0.95 times peak value.
From equation instantaneous value of recovery voltage is E = kE

max
where k=kyxkyxky (Ref. Sec. 3.7)
k1= multiplying factor due to power factor angle
=sin 0 =0,92

k9 = multiplying factor due to system voltage = 0,95
k3 =Factor depends on circuit conditions

= 1in this case since the fault involves earth
k=hkykyky=092x095x1=0875
E=0.875x%90=78.75 kV (instantaneous)

The time to reach the first peak of restriking voltages can be estimated from Eq. (3.18).
3
= =i —, where fis in ke/sec, ..{3.19)
2%,

1 s
it i, where fis in ofs,

b= . sec,
2f

e =4 gac. = i
tn = 2% 15,000 0.33 x 107 % sec. = 0,33 x 102 jsec.

2E,
RRR.V.=—

0.33x10° 33

Average L ]

== ==4.8 kV/usee,

|
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E le 8.7. In a short-circuit test on a circuit-breaker, the following readings obtained on a
xample 3.7.
: transient: . .
wq?:.;u;‘i);ne to reach the peak restriking voltage 70 p-sec.
-estriking voltage 100 kV. . . -
(b);-’le{;zﬂ:;&;e;i;:;f rate o? rise of restrking voltage and the natural frequency of the circui
cut f res
(S:cc:lution. Average rate of rise restriking voltage "
Peak restriking voltage (E,;) 100 x 107

= 1430 V/p-sec.

~ Time to reach the peak (,,) 70
Natural frequency f,, is given by
10°
fo= 2%, c/s
3
fom —=T143 ¢/s.
" 2x70x107

3 S
3.,11. RESISTANCE SWITCHING, DAMPING OF TRV, OPENING RESISTOR

A deliberate connection of a resistance iré parallel '\:arli)tl; :;:r;og:;:; gs;})lait;i (;;;:z ;se ::1::5 ;‘f;::e
itchi i itching is used in circuit-br _ sistance
“}nciiﬁf :I;?c% (ﬁie:u 1;61?5;006 %“)Yllﬁlgsg see the effect of such a resistance on the frequency of restrik
co 3 it
?ng voltage transient (Ref, Fig. 3.19).
Considering the current loop, we get

4 di 11.
B=LR+L'&}'+C idt

...(3.26)
1. ’
C I Lodt =ir
i=i.+i, e=0
2; di, (3.27)
gt B, B0
di® dt
K1 ..(3.28)
where Bi=T+7¢
1 R .(3.29)
B2 = E + ;’IE
{4
. i
[4 C.B.
—_— )
—— 00— VW ™
¥ R
L
e ol ¢ T FAULT

i itchi i i hm
(1) r is resistance connected in parallel with the c.b. (vesistance switching opening resistance—ol
(2) R series resistance of circuit per phase—ohm

i h per phase—farad _
(3) C capacitance between phase and earth p S _ . N
(4; L in(?uctance per phase—henry ; i, current in resistance switching ; i, current in capacitor ; ¢ total curre
Fig. 3.19, Resistance switching.
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The roots are complex and the frequency of {ransient is given by
felA[l I(E_1
1 LC 4| L rC

2n
1(R 1
2{;:*,(:}
L
1

ok (LI
"Tom YLCT| 2rC
From Eq. 3.30, it is clear that if parallel resistance 2 across contacts is less than

P Ve

the frequency reduces to zero as shown below

and attenuation

if

=V -
A

.(3.30)

fi=t L__1 4C
" 2n LC 402XT

TR e e U 7
"21‘: \{Owolfrﬂg 6

) 'I‘hq value of resistance r at which the fir
ing Resistance’, The resistance connected in

equency of TRV becomes zero is called “Critical Damp-
is called 'Opening Resistance’,

parallel with the circuit-breaker for opening operation

With'fr}]}e: }:‘Zecq:;:gﬁi(:; t;??}fiegt 1'eistriinngu;mltage vanishes and the rate of rise of restriking is kept
i s @ breaker. In the resistance switching resistance i i

iri e b s g resistance is connected in shunt

e b enie fun»ent_ reduce the restriking voltage frequency. The resistance also diverts

& 10{;1 g:n;;loa;r;;;;::gc:il ‘fi];%iit-hr‘eake:s (tank type) the post zero resistance of the contact space
s low. Hence 5 Ng 1s not necessary, However, the resistance switchin i
: sis i ec ; assists
circuit-breaker in interrupting the magnetising currents and capacitive currents & o
tran’;l;i tpsuztl‘;ze:o re:ﬂstatnc}ti of air-blast circuit-breaker is high. This may result in severe voltage
e to current chopping (interrupti 3 i
tande switching is adedtod pping ption of current before natural zero). Hence the resis-

The magnitude of opening resistance for resistance switching is given by

=1 4/L
r=3 NG
Assuming il =£
E
b= I, ®
1 E 1
rs— Il Cr =K
2 Tecue E

;Ienue magnitude of resistance depends on the fault current.
e :::dn:::g:znif} SI% I(} s%sarﬂ:hc;i; 15:29 }:}ﬁ}:;zi f;irwz't Phase to gn}zund capacitance is 0,01 mF, the
s 6H. late ppearing across the pole of a.c.b. if 21
current of 10 amp. is interrupted (instantaneous), Cal + 1 e
contact space to eliminate the restriking uoltage).trai:i[:f:fe NS of resiarigs Yo be et de o
Solution. L = 6H; C = 0,01 uF
1

1,02 1.2
2L1 -2Cu

cn
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_.alL
v=i C
=g =106 x 10%

0.01x10°°
v = 245,000V,
The magnitude of resistance r for resistance switching is given by
- '\HE
=g Y@
= 0.5V6 x 10° = 0.5 x 2.45 x 10*
=1.295 x 10* Q = 12.25 kQ.
Hence the critical damping resistance = 12.25 kQ.

FUND

3.12 INTERRUPTION OF LOW MAGNETIZING CURRENT, CURRENT CHOPPING

The necessity of interrupting small inductive current arises while disconnecting transformers
on no-load. No-load currents of transformer, f.e. mag-
netizing currents are almost at zero power factqr lag.
The current is smaller than normal current rating of
the breaker. The breaking of suc}_m a low current
presents a sever duty on the circuit-breaker. (Sec.

|
i
o i
15.23) C._'_I
|
|
L

When interrupting low inductive currents such as
magnetizing currents of transformer, shunt reactor, the
rapid deionization of contact space and biastl effect may
cause the current to be interrupted before its natural
zero. This phenomenon of the interruption of n?urren.t
‘before its natural zero is called current cflwppmg, As
shown in example 3.6 the energy stores in in-

ductance for value of current it is diverted to |
the capacitance at the moment of current in-
terruption, i.e.

Fig. 3.20 Circuit diagram illustrating interruption
of low inductive current.

CHOPPING
A
\\ NATURAL
N, CURRENT- ZERO

[|
1 T
|
| | 1 FORCED
|f T ! CURRENT-ZERO
v=_t 'C' 1

|

|

|

: )
|

I

% Li%= % Cv? joules

ARC CURRENT

i M
=3 Ie it
Such a transient voltage having high RRRV 2T ARC VOLTAGE
appears across the contacts, unless the arc 7 \\

continues. If it restrikes a further, chop may,
occur or several chops may occur before the
current is finally interrupted, circuit-breaker
may fail to clear the fault. |

If the restrike does not occur, the severe

VOLTAGE

~._POWER- FREQUENCY

RECOVERY VOLTAGE
voltage appears across the c.b. contact and on .
th : ~—_TRANSIENT RECOVERY
i VOLTAGE,V

Resistance switching is adopted to over-
come the effect of over-voltages due to current

Fig, 3.21. Interruption of low magnetizing currents,

e
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esistance switching is of the order of 15,000 ohms fy

chopping. The value of resistance used for p
switching off a 132 kV 45 MVA transformer

The currents to be interrupted may be small, but interrupting such currents may result in very
high voltages, For example consider disconnection of a 110 kV, 20 MVA tranformer.
~__20x10%
V3 x 110 x 10°
The magnetising current was 2 A,

3
Xg= }%20 =31.7x10% ol

Rated current =105 A.

Xy 31.7x10°
Lo=gnf=""314 =101 henry.

Assuming current is interrupted at instantaneous value V2 x 2 = 2,82 A,

i?=(2.82)%=8
The capacitance between phase and ground is found to be 5000 pF equating energies we gef
1r2_1ne
5 Li*= 3 Cu
v b L
v=i' Vg =282 V—210 __ _ 00 1V Peak

5000 x 10712

reaker pole. If the dielectric strength of the contact
rovided in shunt, the excessive voltage is discharged
Thus a circuit-breaker in which the dielectric strength
of contact space grows at a slower rate, the problem of restriking voltage disturbance is less severe
because the gap-breaks down and absorbs the magnetic energy in successive restrikes, circuit-
breakers with internal extinguishing source such as oil circuit-breakers are, therefore suitable for
such applications. On the contrary in air blast circuit-breakers, post arc dielectric strength is high,
severe voltage transients can be expected. Hence resistance switching is adopted.

Another difficult duty for which the circuit-breakers should be desinged is breaking of inductive
currents such as breaking of reactors or transformers loaded with reactors, Resistance switching
is resorted to. Resistance switching comprises non-linear resistors which are brought into the cir-
cuit, parallel to the are between contacts, during arc interruption. The current flows in the shunt
resistor until it is interrupted by the resistor switch, In medium voltage systems upto 36 kV, RC

surge absorbers with R = 100 ohms and €= 0,1 WF are connected phase to ground between the
breaker and the inductive load, The surges are absorbed by the RC combination,

Thus voltage of 400 kV appears across b
space is low or if resistance or capacitor is p
and therefore, does not appear on the system,

3.13. USE OF OPENING RESISTORS

Opening resistors’ also called ‘switching resistors’ are fitted parallel with main break in series

with a resistance switch. The opening resistors come into the circuit prior to the opening of the
main break (1) by closing of the resistors switch

(I). The resistance switch (IT) may be formed by
the moving parts in the interrupter or striking of
an arc depending upon the design of the circuit- L
breaker,

During the arc-interruption process in the
main-break, the resistor switch (IT) remains
closed. The resistance switch (IT) opens with a cer-
tain delay after the opening of the main break,

The magnitude of opening resistances depend

upon the type of circuit-breaker and the switching  Fig. 8.22. Use of opening Resistor in Circuit-Breaker.
duty involved,

MAIN BREAK (1)

RESISTOR

AUXILIARY
RESISTOR (If)

57

NDAMENTALS OF FAULT CLEARING
FU

ircuit-breakers the problems or curr

i . if the breaking . The opening
o e o deshgned for valuo surre ‘der of 30% of the ra
e pors and the bla?ttls g‘f"“'?tir}? are Ec:IGSiEl‘led for valu‘lﬂs of Lul'rl.n;s Ogt:,i le-dm- of 300 to 500 ochms
resistors and thct f;i:f :;pical value of the opening resm%irls); m;{yer : :hc e o 300 (500 s
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e 145 K ai - -cuit-breakers. In oil-circui ing resistors need not carry
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:;:;cts builds up very rapidly.

3.13.1. Switching of Capa
v ing ¢ itor ban
hile opening capacl
V;GI) %a?}acitor banks are connec
Sect: r. The voltage across a capacitor cam;l
e r is generally of small order and t

> . Due to the 90° phase . : ¢ .
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ening resistors as the arc interruption general-
th of the medium between the con-
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half cycle (tp) the recovery voltage of approximate magnitude of (€rmay) appears across the circuit.
breakers and the total voltage across the circuit-breaker is the sum of two voltages i.e,

CTmax = Crmax + €
where ep,, ., = Maximum voltage across breaker

¢rmax = Max. value of power frequency recovery voltage
e, = Voltage across capacitor,

Thus the recovery voltage of the order of 2B nax, (Where E, =2 E,i) appears across the cir.
cuit-breaker pole at the instant tg, after 1/2 eycle of current zero. Therefore, a restrike is possible,

If a restrike occurs, the LC circuit will oscillate at a frequency given by f, = 1/2VLC. This current

tries to maintain the arc. The voltage across the interrupter rises upto 4 p.u due to one restrike

and upto 6 p.u. with second restrike, The energy (1/2 Cv®) to be dissipated during such ares ig
quite large and the interrupters may get damaged in the process after a restrike, Hence, the cir
cuit-breakers used for capacitors duty should be ‘Restrike free’. It should have adequate rating for
capacitive current switching.

While closing the circuit breaker of parallel capacitor banks, the pre-arcing between contacts
can have damaging. The pre-arcing taken place before the contact touch. The frequecny of are cur-
rent is given by f, = 1/2VLC, The energy in the arc is converted into heat. Every circuit-breaker
has a limit of making capacity depending upon the frequency and magnitude of the inrush current,

While paralleling one capacitor bank with another, the frequency of inrush currents is very high,
Suitable reactor (L) should be provided in series. (Ref. Sec. 15.26)

3.13.2. Switching of Unloaded Transmission Lines and Unloaded Cables

Unloaded transmission lines and unloaded under ground power-cables take capacitive currents,
The magnitude of capacitive currents encountered in practice are:

Unloaded lines: Charging currents Upto 10 A

Underground cables ; Charging currents: Up to 100 A

Capacitor Banks: Current up to 1400 A

During the opening operation, the restrike phenomenon is possible in above cases (described
in Sec. 3.14.1)
The circuit-breaker used for a particular application should be ¢

; : : [ apable of performing opening
and closing operations without getting damaged and with overvoltages within specified limits. The

circuit-breaker should have adequate rating and should be type tested for the relevant duty (Ref.
Secs. V 3.19.20; 11.10)

Vacuum CB, SFg CB and ABCBs are suitable for capacitors switching duty.

3.14. INTERRUPTING THE TERMINAL FAULTS

The Terminal Fault is defined as a fault occurrin

g very near to terminal of circuit-breaker and
that the reactance between the fault point and hrea

ker is negligible.

Fig. 3.24 shows a single phase repesentation of a terminal fault condition. Consider breaker B
closed and a short circuit F

the breaker and the fault is negligible. Under this condition the

As per IEC-56.2, the rated characteristics of a circuit-breaker include rated transient recovery

voltage for terminal faults. The rated short-cireuit breaking current is specified with references to
the rated TRV for terminal faults.

FUN]}AMENTAL.‘: OF FAULT CLEARING | oo
V,, = Voltage of source
L = Inductance on source side
F = Fault at terminal of B
V, () = Voltage across breaker
t = Time in microsec
C = Shunt capacitance on source side.

(t
e

Simplified TRV form

| | |
t 1 2 3 4

Fig. 3.24 Conditions representing Terminal Fault {¢ in ps).

3.15. INTERRUPTING SHORT LINE FAULTS (Kilometric Fault)

i i i ters to a few tens kilometers from the
fault occurring between a distance of a few kilome ] :
i m};ﬁn:aker arc called short line faults. Such faults are characterlsed‘ by high fre(l]uen(;—y;:f'
ﬂ;triking voltage of the order of 10 to 100 kHz depending upon len_gth of line a.nd location of the
fault. Fig. 3.25 represents a condition of a shortime fault and simplified TRV form.

Referring to Fig. 3.25 supply voltage cause short circuit current I to flow through the circuit
comprising the following impedances :

t—

oL =impedance of source = 2rfL
Ay = impedance of 1 km length of line
I =length of line between breaker and the fault, km
A =impedance per km length of line.
Vs (t)
0 F ]

ol Aol

]
|

v C—= Y2

VOLTAGE ACROSS POLE

Fig. 3.26. Condition representing short-line fault
(kilometric fault) (¢ in microsec).
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The voltage appearing across breaker pole after final current interru ption has two componenty

vy and vy (Fig. 3.25)
- vy is the voltage at the terminal from supply side,

~ vy is the voltage at the terminals from line side,

The voltage v has power frequency component and high frequency component and reaches,
peak value V2V, as illustrated in the figure. Whereas v, has saw-tooth waveform and drops to zep
after a few microseconds.

The trasient recovery voltage v across the breaker pole is the sum of v; and vg. The superin,
posed high frequency component due to line frequency Fy, has a value v '»/41 where (vy) is propagy,
tion velocity on the line and X is the im pedance per unit length of line, Fy may reach a value betweey
10 to 100 kHz depending upon the length of line location of fault. The peak value of high frequeng
component is reached in a few microseconds. Hence the rate of rise of TRV is very high.

The resulting transient recovery voltage for short line appearing across circuit-breaker pole jg
the vector sum of the voltage from the source and the line voltage Vg - V;.

3.16. PHASE OPPOSITION SWITCHING
When two systems are to be

sychronised, it may happen that the

breaker opens on non-synchronous

condition, In Fig. 8.26, if V; and Vo L

are not in sychronism during opening of
Vn1 CT vy

breaker the likely waveform of tran-
sient recovery voltage is as shown in
Fig. 8.27. Under certain conditions the
voltage across pole may reach three
times phase voltage or in extreme cases
it may reach twice to line voltage.

T -

Fig. 3.26 Out-of phase switching,

The circuit-breakers used for
synchronising, should be capable of
opening satisfactory under non-
synchronous condition. In such case the
recovery voltage may be much higher
than that for other short-circuit duties,
The magnitude of recovery voltage
depends upon the phase angle between
the voltages on two sides of the circuit-
breaker. The recovery voltage has a
maximum value when the two voltages
are 180° out of phase, given by :

(o]

| A——

Fig. 3.27 Waveform of voltage across the breaker pole during
out-of-shape opening (¢ in microsec.)

Ve =2Vy 42V, =2 (v, + V)
where, V, = Maximum value of power frequency recovery voltage
V1 = Component from source side,
V3 = Component from line side.
Summarising. The circuit-breaker should be capable of performing variety of switching duties.

The current and voltage severities during these conditions are quite different. The studies on these
switching conditions are simulated on
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= — Analogue Computer

i etwork Analyzer ,
= Transient N — Short-circuit testing

__ TField testing ; B N . ‘
To test the performance of circuit-breaker for various switching conditions, the tests are now
0 te:

ommended for high voltage circuit-breakers.
rec

7. SPECIFYING THE TRV WAVE
The TRV waveform can be specified by various methods (Fig. 3.28) such as
e

3.1

Specifying the peak value and time to reach the peak.

: 3 el -lie].
This methods was used ear ‘ ’ ‘ N
Specifying the parameters which determine the line segments enveloping the TRV wave
E (EI‘)ig_ 3.28) (two parameter method and four-parameter method).

1 e g
—TRY WAVE

o
B
2
TR o e
z

m

|
I
i
: |
I
| |
|
i I
! |
i i
1
1 1
t i

1 3

3 s A

(a) Two-parameter method, Ve, t3 b) Fuur-pal‘nlpeter method, Vi, Vi, £, ¢
Fig. 3.28 Possible methods defining TRV waveform (¢ in ys).

3.18. RATED CHARACTERISTICS OF CIRCUIT-BREAKERS

The ratings of a circuit-breaker denote its capabilities under specified cnnlclitions_;lt}:gfcus; 'ibl';ld
behaviour. The following paragraphs are generally hase!:l on the resommendatmn.s ”(%t ‘f' : :Il -
cation IEC-56: “High Voltage Alternating Current Circuit-Breakers” and IS-2516 : “Specifications
of Alternating Current Circuit-Breakers.”

The capabilities of a circuit-breaker of a particular type are proved by conducting type tests as
per the recommendation of the standards. .

The following rated characteristic (1-9) are generally specified for all E‘ligh voltage a.c. circuit-
breakers rated above 1000 V (For specifications of low voltage c.b.—Ref. Sec. 15.7).

3.18.1. Rated Voltage _

The rated voltage of a circuit-breaker corresponds to the higher system voltage for “’;‘lmlj— ‘ihé
circuit-breaker is intended. The standards values of rated voltages are given in Tabhf 3,1l.tTT;e1 ra .Lr‘
voltage is expressed in kV,, ;. and refer to phase to phase voltage for thr'ec—phasu cnrcml : e g::m
lier practice of specifying the rated voltage of a circuit-breaker as nominal system voltage is
more followed.

3.18.2, Rated Insulation level

The rated insulation level of a circuit-breaker refers to the power frﬂquenc_t,f wiphzt.zmi v‘ol(tgf;z
and impulse voltage withstand values which characterise the insulation of the circuit-breaker. (Ref.
Table 12.1)
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TABLE 3.1,
Rated Voltage of Circuit-Breaker
" Nominal System Voltage kY, n; Rated Voltage of Circuit-breaker RV, ,,,
- 0.240 j ' 0264 T
0.415 0.440
33 3.6
6.6 7.2
11 12
22 24
33 36
66 725
132 145
220 245
400 420
500 525
750 765

The circuit-breakers connected in a power-system are subjected to power-frequency over vol-
tages due to regulation, Ferranti effect, higher tap-setting, ete. The circuit breaker should be
capable of withstanding the power frequency over-voltages which are likely to occur. These
capabilities are varified by conducting power frequency voltage withstand tests and impulse-voltage
withstand tests. The circuit-breaker is subjected to impulse over-voltage due to causes like lighting
surge and switching surge.

During single-line to ground faults, the voltage of healthy lines to earth increases to V3 time
to normal value in systems with insulated neutral, Hence higher values of insulation are recom-

mended for circuit-breaker connected in non-effectively earthed systems. The following insulations
are provided in the circuit-breaker:

— Insulation between live parts and earth for each pole external and internal,
— Insulation between poles,

— Insulation between terminals of the same pole-external and internal.

The design of these insulation depends upon the structural form of the circuit-breaker and the
rated insulation level desired Ref. Ch. 12 for further details,

3.18.3. Rated frequency

The standard frequency for a three pole circuit-breaker is the frequency of the power system
(60 Hz). The characteristics like normal current breaking capacity etc. are based on the rated fre-
quency.

The frequency of the current influences the circuit-breaker behaviour as follows :

— The temperature rise of current-carrying parts and neighbouring metallic parts is influenced
by eddy-current heating. The increase in frequency results in increased eddy currents.
Hence, with specified limits of the temperature rise the rated current of a circuit-breaker
needs de-rating for application on higher frequency.

— The frequency corresponds to the number of current-zeros per second. Since the breaking
time of the circuit-breaker is associated with the time for half cycles during the arc extin-

guished process, the breaking time is influenced by the frequency of current. The breaking
time increases with reduction in frequency.

—
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__ The increase in frequency influences the TRV and rate-of-rise TRV. Hence a circuitlbrem%er
desinged and rated for a certain frequency cannot pe recommended for other frequencies
unless its capabilities are proved for those frequencies. o .
__ The d.c. circuit-breakers generally adopt a different principle of arc-extinction and have dif-
ferent construction than a.c. circuit-breakers.
3.18.4. Rated Normal Current (Rated Current) . .
The rated normal current of a circuit-beaker is the r.m.s. value of iI;he current fvh}ch thel cir-
cuit-breaker can carry continuously and with temperature rise of the various parts within specified
limits.
Preferred Values of Rated Currents A rms
400, 630, 800, 1250, 1600, 2000, 2500, 3150, 4000, A rms
The design of contacts and other current carrying parts in t}}e interrupter gi’ the circuit breakert
are generally based on the limits of temperatur._e rise. For a given cr‘oss-scct}op of the cundl.‘\clt.o}l
and a certain value of current, the temperature rise depends upon the cnnd'uctlwty of the material,
Hence, high conductivity material is preferred for current carrying parts. The cross-section of the
conductors should be increased for materials with lower conductivity.
Table 3.2, Permissible Temperature Rise*

Temperature rise at ambient
temperature of 40°C

Maximum value of

Item temperature °C

1. Copper contacts

(a) in air with silver plating 105 65
(b) in air without silver plating 75 35
(c) in oil with silver plating 90 50
(d) without silver plating in oil 80 40
2. 0il
in oil eircuit-breakers 80 40
3. Terminals or the Circuit-breakers
(@) With Silver plating 105 65
(b) Without silver plating 90 50
4, Metal part in contact 100 60

With class E insulation in oil.

* Ref. Sec. 10.2.2 Temperature Tests.

The use of magnetic materials in close circuits should be avoided t(:‘ prevent heating (luel to
hysteresis loss and eddy currents. The rated current of a circuit-breaker is verified by condueting
temperature rise tests.

3.18.5. Rated Short Circuit-Breaking Current e

The rated short-circuit breaking-current of a circuit-breaker is highest rms value of short-circuit
current which the circuit-breaker is capable of breaking under specified conditions of transient
recovery voltage and power frequency voltage. It is expressed in kA r.m.s. at contact separation.

Referring to Sec. 3.6, Fig. 3.6 the short-circuit current has a certain value at the instant of

contact separation, (¢ = T1). The breaking current refers to value current at the instant of the contact
separation.

The transient recovery voltage refers to the transient voltage appearing across the circuit-
breaker pole immediately after the arc interruption. The rated values of traflslent recovery voltage
are specified for various rated voltages of circuit-brekers. For specified conditions of rated TRV and
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‘;‘;, ] Envelope of current wave

BX = Normal zero axis of wave

CX = Displaced zero axis of wave

EE = Instant of contact separation

fxe ~——— 4o = Peak value of A.C, component at EE
1 T Ipe=D.C. component of current at EE

Ipex 100
8 loc L o Percentage of D.C. component
f ‘ X Lye

at the instant EE
I

C
{5 = Fms. value a.c. component.

Fig. 8.29. Determination of breaking current.

rat_ed power frequency recovery voltage, a circuit-breaker has a cer
This limit is determined by conducting short-circuit type test
waveforms of short-circuit current are obtai
breaking current is explained in Fig. 3.29.

The breaking current is expressed by two values :

(1) the r.m.s. value of a.c. component at the instant of contact separation EE, given by
Lic ,
V2
(2) the percentage d.c. component at the instant of contact separation given by
ID(;X 100
Iac
The r.m.s. values of a.c. components are expressed in kA, the standard values being
8, 10, 12.5, 16, 20, 25, 31.5, 40, 45, 63, 80 and 100 kA,

The earlier practice was to ex
MVA given as follows:

tain limit of breaking current,
: s on the circuit-breaker. The
ned during the breaking test. The evaluation of the

press the rated breaking capacity of a circuit breaker in terms of

MVA =3 kV x kA
where MVA = Breaking capacity of a circuit-breaker
%V = Rated voltage
kA = Rated breaking current.
 This practice of specifying the breakin
ing the fault levels. However, as per th

..(3.31)

& capacity in terms of MVA is convenient while calculat-

. e revised standards the breaking ¢ ity i : i
o Ho : 8 aking capacity is expressed in
TRV[,)r specified conditions of TRV, and this method takes into account both breaking current and

While selecting the circuit-breaker for a particul ion i
at that location is determined. (Section II 0112 thé{:gg&;{(locatmn B D e he et T

pA iy iy oo i i ). The rated breaking current can then be
3.18.6. Rated Short-circuit Making Current

It may so happen that circuit-breaker ma isti
. > y close on an existing fault. In such cases th rent
;ncrlease to the maximum value at the peak of first current loop. The circuit-breaker shou]?:l ChL:aI ;?:rlle
hq ch ose without hcmtatlon_as contacts touch. The circuit-breaker should be able to withstand the
igh mechanical forces during such a closure. These capabilities are proved by carrying out making

=
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A
‘;‘;,, J = Envelope of current wave
. BX = Normal zero axis
CC = Displaced zero axis
"pk = Peak making current.
B8 X

B
Fig. 3.30. Determination of peak making current.

't-circuit maki - ircuit-breaker in the peak value of first
st. The rated short-circuit making current of a circuit brea : . :
23:222 ltrfup of short-circuit current (I,;) which the circuit-breaker is capable of making at its rated
ltaze (Ref, Fig. 3.7, Sec. 3.6). _ ‘ [ ]
b Tghe rated short—c,:ircuit making current should be least 2.5 times the r.m.s. value of a.c. com
onent of rated breaking current. o ' .
2 Rated making current =1.8x v2 x Rated short-circuit breaking .(3.32)
= 2.5 x Rated short-circuit breaking current.
2 h .s. value to peak value, Factor 1.8 takes into account
In Eq. 3.32 the factor V2 converts the r.m : ) 1 . :
the doub‘]qing effect of short-circuit-current (Ref. Sec. 3.6) with consideration to slight drop in current
during the first quarter cycle.
3.18.7. Rated duration of short-circuit (Rated short time current) ek
i ircuit-br i ‘rent that the circuit-breaker
The short time current of a cireuit-breaker is the r.m.s. value of curren e
can carry in a fully closed position during a specified time ur:nder prescribed condu%mns of use and
behaviour. It is normally expressed in terms of kA for a period of one second. Adjacent poles ex-
erience mechanical force during this test. .
? The rated duration of short circuit is generally 1 second and the circuit breaker should be ab.}e
to carry short-circuit current equal to its rated breaking-current for one second. During the shoxt(,i
time current test, the contacts should not get damaged or weld[?d, The current carrying parts an ]
insulation should not get deteriorated. Generally the cross-section of conductors ‘based on nnrm}?
current rating requirements is quite adequate for carrying the rated short-circuit current for the
duration of 1 second.

3.18.8. Rated Operating Sequence (Duty Cycle)

The operating sequence denotes the K
sequence of opening and closing opera- 0 A/
tions which the circuit-breaker can per- cfF————
form under specified conditions. The
operating mechanism experiences
severe mechanical stresses during t'{le
auto-reclosure duty. As per [EC, the cir- U
cuit-breaker should be able to perform
the operating sequence as per one of the
following two alternatives:

@ 0-t-CO-T-CO 0
where, O = opening operation

C = closing operation
CO = closing followed by opening
¢ = 3 minutes for circuit-breaker not to be used for rapid auto-reclosure
¢ = 0.3 second for circuit-breaker to be used for rapid auto-reclosure
T = 3 minutes

TRV WAVE

u, = Peak of TRV wave
ty = time to reach u, in microseconds

e e

3 f—

Fig. 3.31 (a) Representation of TRV wave by two parameter method.
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(€1} Cco—+'-C0o
where t'~15 second for circuit-breaker not to be used for rapid auto-reclosure.
3.18.9. Rated Tran§ient Recovery Voltage for Terminal Faults

The methods of specifying a TRV wave were briefly discussed in Sec. 3.18. As per new standards
on circuit-breakers, the circuit-breakers should have rated TRV, The breaking current test is car-
ried out on circuit-breaker with specified TRV,

The standard parameters such as voltage co-ordinate time coordinates have been given in the

standards. Based on these parameters the line segments can be drawn. The TRV wave can then

be drawn within the segments. Thus the circuit-breaker should be tested for short-circuit-breaking

current test with TRV waveform above the standard waveform. IEC$6.2, 1971 and IS 2516 Part

Usec. 3, 1972 recommended the following two alternative methods for specifying standard TRV,
— Method of two parameters.

— Method of four parameters.

3.18.10. Representation of a TRV w
[Ref. Fig. 3.31 (b)]

In the systems rated above 100 kV or locations where the short-cireuit currents are relatively
heavy compared to the maximum short cireuit current in the system (Ref. Sec. 3,7.), the TRV wave
has initial period of high rate of rise followed by later period of low rate of rise. Such waveforms
can be represented by four parameter method. The four parameter are the following :

uy = first reference voltage kV,

aveform by four parameter method

¢, = time to reach u; p sec.
u, = second reference voltage, Peak value of TRV, kV

ly = time to reach u,, yu sec.

!
/

tiy — first reference point of TRV wave
t; — time to reach u; in microseconds
i, — peak of TRV

ta — time to reach 1, in microseconds

0 t ta B

.

Fig. 3.31. (b) Representation of

; TRV wave by four parameter method.
(Ref. Fig. 3.8 (b) A portion of

TRV shown therein is magnified here)

The values of four parameters My, ty, e,
values of rated voltages. Based on these v
(b) and the student TRV wave can be dra
parameters u, and u; can be calculated fr

,te have been specified in the standards for various
alues the segments can be plotted as shown in Fig. 3.31
wn such that it is contained in the three segments, The
om rated phase to phase r.m.s. voltage 1, as follows:
(a) For systems with non-effective earthing (Ref. Sec. 18.6)
15xV2 xu,
“ETg
(b) For systems with effective earthing (Ref, Sec. 18.6)
1.3x V2 x u,
Wy m——p————

V3

e
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i 3 hase r.m.s. kV
- rated voltage of circuit-breaker (highest system voltage), phase to pha
where Up =
Uy = first reference kV
t = time to reach u; ps
to = time to reach u Hs
u. = peak value of TRV wave P
dt acrc specified in standards for various rated voltages of circuit breake I
i an]i‘ 21; 1.3 or 1.5 in equation given above is called First pole to clear factor (Ref. Sec
actors 1. £
18.6)

173
Amplitude factor = i (Ref. Sec. 3.10)

: 10° i
Natural frequency = 2%, kHz (Ref. Sec. 3.10)

i o-parameter method
L Repres'e;l{:’t?on ':i:;‘:;::; Ei?::: 1?1; :::’ 0:1? locations where shm-t—cirlcui't c.{:rrem-,
e wavaft:jrmls}ii the r:;xsi::num short-circuit current in the system can be appl.(’XItTd;L;i' IT:T(]
; Iowtce?imlfym: f;i\::;le frequency transient. Such a waveform can be defined by metho
resen :
T S u, = peak of TRV wave, kV
tq = time to reach peak, us
The standard values of u, and ¢3 have
been given in IEC-56-2 and 182615-U3 for S IS— A/
various rated voltage of mrcmt-br"eaker.
From these values the segments of hnelcan
be plotted and the TRV waveform cantam.ed
in these segments can be defined [Ref. Fig.
3.31 (a)l. | l
U, can be caleulated as described in the
method of four parameters.
The delay line. The initial rate of rise
of TRV wave contained within segments
drawn according to the methqd of two
parameters and four parameters is defined
the delay line.

(Ref, Fig. 3.8, (b). The portion of TRV
therein is magnified here).

TRV WAVE

DELAY LINE

>

P IS, ko

3 {—

The TRV wave should cross the (Iclu)_r line
only once and should not recross it.
Fig. 3.32 The Delay Line,

ious s, From
The parameters u’, ', and ty are specified in the standards for various rate}f vdulll;agel:m i
: . : - a [
these palzkmetcrs the delay line can be drawn. The TRV wavefor m_s‘hauflg‘ ](;Ll;;}s‘: ;v : isede}fli s
once and should r;ot recross it. By this method the initial rate of rise o

Initial TRV. (ITRV) to TRV for one or two microseconds after current zero.
Example of Rating of a 145 kV Circuit Breaker

Rated Voltage..................145 kV rms

Rated Frequency.........o...c.s...50 Hz

Rated Insulation Level

— 1 Min. Power Frequency Withstand............275 kV rms

— Impulse Withstand.......... 650 kV}
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Rated Normal Current...............1600 A rms .

Rated Short-Circuit Breaking Current....... 25 kV
Rated Operating Sequence.........0—0.3 sec—CO0—3 min—CO

3.18.13. Rated Quantities for Auxiliary Circuits and Operating Mechanisms for |
opening and closing | |
In addition to the specified ratings for the main circuit and poles, the performance of auxiliary

Rated Duration of Short Circuit........1 sec supply circuits and operating mechanisms is also important. The auxiliary circuits which supply
Rated Short Circuit Making Current..........62 5 kA yoltage to the trip-coil and closing coil should have certain minimum voltage. Below this limit the |
Total Break Time (maximum)....... 3 Gles P tripping mechanism and closing mechanism may not operate even after getting a command. In case i

of AC auxiliary supply, the frequency should be between specified range to ensure correct operation
3.18.12. Rated Pealk Withstand Current of AC trip coils and AC electromagnetic operating mechanisms (if any). ||| [ASES
The rated peak withstand current is the instan [

N i taneous value (peak val 4TS e L The following ratings are mentioned in IEC 56 (1987).

rent which the ejr z 5 s . P value) of short-circuit cup- ) i
breaker may Lbﬁnsc._l: tl,z,_,bcrt?dkgre:;; c;?li(iis?f‘tlf’tﬁ 18 capable of withstanding. The closed circuit. — Rated supply voltage of closing and opening devices and auxiliary circuits. & |
circuit-breaker. (Fig, 3.30 Ipk). The adjﬂcentc;;‘.a:el;r::: tstfh?f:.::egd (f!_very short-circuit beyond a — Rated supply frequency of closing and opening devices and auxiliary circuits. il |
at tI;e ézml:a_nt of adjacent phases are subjected to maximum mechanicarlnzu}?;]; l;ltn tﬁjepfr];at:;‘? L g‘;iﬁe No load operation tests are carried out on a circuit-breaker (s) before carrying out main short- Bk
?: ElLV( ;;;‘a g‘}B) T}}f’;)e fml"ce"' are inversely proportional to the distance between adjlq.-;ent pnle;s circuit duty tests and main short circuit duty tests. | |

v circuit-breakers upto rated . ¢ 7 % i |
relatively small and the forces (lliu'ing o8 a‘]:’]stﬁgftf’;:c%?t ':E;::ftph‘ﬁs}el 't(; pl%r-}tlse clearances are These comprise 0 .C’ CO operations on no-load with N , | ’
should be capable of withstanding these stresses without danlag;a are igh. Lhe circuit-breaker — Closing of auxiliary energized at 106%, 100%, 85% of rated supply voltage of auxiliary clos- (M

As per IEC-56 the assigned value of rat i
o . ed peak withstand current is B T shor
circuit making current. It is expressed in terms of kA, instantaneous Fualto the rated shurg

For making current test the breaker is closed on existing short-circuit, For peak withstand cuy

rent test the short-circnit with maximum as i
. mmetr: i ied t X
Peak withstand current test is combined witi ettt e £ e o clowed revia

ing devices, : 1
— Shunt opening release (trip coil) energized at 110%, 100%, 85%, rated auxiliary supply volt- !

age in the case of AC and 110%, 100% and 70%, in the case of DC supply voltage. !
3.18.14. Rated Pressure of supply for pneumatic and hydraulic operating devices | i !

the short-time current test (Sec, 11.8). Air-blast circuit-breaker and some single pressure SFg circuit breakers use pneumatic operat- it "
TABLE 3.3 ing mechanisms. Some SFg circuit-breakers use hydraulic operating mechanisms. The minimum >
- Preferred Ratings of High Voltage circuit-breakers Selection Chart rated maximum pressures of air pressure and hydraulic pressure are specified. (il
’7 Rated Voltage kY, _i’L—W—(H_ V ) e The no-load Fests shm_‘t circuilt _test duties with rated operating sequency (0-0.35—C0O-3m—CQ) I
| rms 0.460 36 7.2 12 36 72.5 145 245 % _i are performed with c‘ertam conditions of these pressures. ‘ ‘ g
1 Minute ;l. = ——-—21——— 5 e The pressure switches are fitted in the auxiliary-systems of the operating mechanism. i ‘:i'.|
withstand kV rms 82 75 140 230/275 395460 680 3.18.15. Rated Pressure of Interrupting Medium and Insulating medium (If applicable) L
Tepale . | & & e e ) TR Fir Air-blast circuit-breakers and SFy circuit-breakers these quantities are specified along with il |
withstand kV peak ' 75 170 325 550 900 1425 lowest, normal and highest permissible value. The type tests are performed as per rules. The set- {17 5
i Betdsnaal | e 650 1050 tings of limit switches are also decided accordingly. 4 |
e - T e e e ) » . . 5 . 3 . v (111 A
current A rims 1049 Satisfactory performance of circuit-breakers during various type tests and during switching it i
Et T5c S B e . L operation in service is with reference to minimum and maximum pressure of insulating medium | )
ed S.C. . — : 3 : :
breakimgcurrent | 0 °40 840 840 20315 20815 2540 2550 | 25.60 Qe i roaker pale unit. .
kA rms The dielectric type tests and short-circuit type tests are performed on new circuit-breaker filled |l | it
e e with specified normal pressure of interrupting medium and insulating medium. Breaker should be i |
Rated S.C, » # # + . . T leak: fi | I ‘
making current ! * % & g asn tree. ' |
kA, peak During service, the pressure switches sound an alarm for lower pressure or upper pressure. In 1l | 1|
_l-hte ATt . f__S_ L . J case pressure drops below safe limits, pressure which sends tripping command or locking command. | | | | 5
-« ration o S T S | |
S.C. sec fee 13 1/3 1 1 1 1 T 3.18.16. Summary of Rated Characteristics of HV (a.c.) Circuit-breakers il
1 | |
Ratidsiiie. T e e (A) Rated Characteristics to be specified for every circuit breaker. i
ated operating (0—3m—C0—3m—C0) | B ki o \ e T . it |
Lgequmce (CO—15 SeorCO) (0—0.3 Sec—CO—3m—CO) very high voltage a.c. circuit-breaker should have the following rated characteristics : (Ref. : | "l
i e 4 = e L | Table 3.3). These are assigned for every circuit breaker supplied by manufacturer. The type test ' I
Reference standards : e e S Sn— certificates are furnished for confirming these rated characteristics, | | 'II |
(1) IS 2516, IEC-56 for Ratings and Testing of High Voltage a.c. current breakers () Bovee Voltagy | ::I .
(2) IEC 60, IEC 71 for High Voltage Testing and Insulation Co-ardination s (2) Rated Insulation Level | "|'|
(3) I.CIL 157 for Low Voltage Switchgear and Controlgear. (3) Rated Normal Current | ||
(4) ::::iz;:s;lgx:f t;rgi;aliie:? between 80-120 ms for circuit breakers up to 12 kV and 40-80 ms for circuit (4) Rated Frequency | i
e - It is less than 60 ms for 145 kV, less than 50 for 420 KV circuit breakers. (5) Rated duration of short-circuit or Rated short-time current |l |I
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(6) Rated short-circuit breaking current
(7) Rated short-circuit making current
(8) Rated peak withstand current
(9) Rated TRV for terminal fault
(10) Rated Operating Sequence

(11) Rated supply voltage for closing and opening devices and auxiliary circuits.
(12) Rated pressure of compressed gas (Air or SFg) for interruption (if applicable)

(13) Rated pressure of compressed gas or oil for pneumatic or hydraulic operating mechanisy
(if applicable)

(B) Additional Rated Characteristics to be specified in certain cases.
In addition to (A) above, following rated ch

(14) Rated characteristic for short-line
and above.

(15) Rated line charging
(C) Rated characterictics t

aracteristics are assigned in following specific cases,

faults for CBs controlling overhead lines rated 52 kV

current for CBs controlling overhead lines rated 72.5 kV
o be given on request by user or consultant

For special switching duties like capacitor switching, reactor switching, DC switches, inductive
current switching ete. The circuit-breaker is subjected to unusual and severe stress. BEach type of
CB behaves differently e.g. MOCB is prone to restrict during capacitor switching. SFg is very good
for interruption of low inductive currents, VCB is e

. xcellent for capacitor current switching ete. The
severity of each special duty is different and each type of CB behaves differently, The suitability

1d be varified by the user and the manufacturer

and above,

of circuit-breakers for following special duties shou
before ordering.
The following rated characteristi

¢s are to be furnished on special request from user for par-
ticular intended application.

(16) Rated out-of-phase breaking current
(17) Rated cable-charging breaking current
(18) Rated single capacitor bank breaking
(19) Permissible switching overvoltages
(20) Rated capacitor bank inrush overvoltages
(21) Rated small inductive breaking current
(22) Rated time quantities
(23) Repeated operating duty

The user requests the manufa

mutually selected for particular application. Necessary circuit arrangements are made to limit the
stresses in actual installation within assigned rating. This applies to the circuit-breaker in question
and also all the associated CTs, VTs Surge Arresters, busbars ete, failure in an installation can
occur in the weakest spot, internal or external. In case of special switching duties (16 to 23) par-
ticular investigations are essential for each

! installation before arriving a required rating of the cir-
cuit breakers and associated equipments in the installation.

3.18.17. Rated out-of-phase breaking current
Refer Sec. 3.17.

Phase opposition switching the circuit br
be capable of opening

current

cturer for the specific assigned (16 to 23) and the ratings are

eaker used for synchronising should

circuit breaker to be used for synchronising. The rated out-of-phase current that the circuit-breaker

shall be capable of breaking under the prescribed conditions of power frequency recovery voltage
and transient recovery voltage.

SWITCHGEAR AND PROTECTIQN
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i SYE s. The
i imes rated voltage for earth neutral systems. Th
 frequency recovery voltage is 20 times ra i ear ik e e
fllne power ;I-iq:}fc ';z.andards.The rated out-of breaking currgnt 15 0.25 h!m.s {SFeda:L?S:TE:d o
TRV i'_a spemﬁen: The cireuit breaker should be capable of opening andht,insmg,‘t h1isn i )
break{ng Zufr‘:slt :Im either sides of the breaker. Ref. Sec. 11.11 out-of-phase switching test.
there 18 Il

: . ¢
d Cable-charging breaking current ‘ "
i ??;‘32 switching of unloaded cables. The CI]'CI.lIlt breakers to bt.a uh_ed ff:; ;:eg:kzitx;%i
1Refl ii;.iné; c;l-muld be capable of breaking cable c}lllarglngé cu;;:lﬂenl; a?:;‘:gcl];;ii]king il
g v . ing breaking current. The rated cable-char : . i
1 » rated cable-charging breaking ent. ‘ G- i s
ass:gncd_ ki ing current that the circuit breaker shall be capa : :
the maxll;n o Iﬁglz;ﬁizg:f:ﬁn Amperes. Table 3.4 gives the standard values of rated cable-charg
rated voltage.

ing breaking current.

TABLE 3.4 )
S I e
vy | 388 | 7 5 245 | 420
Rated Voltage of CB (kV) 36 | 7.2 12 36 725 | 145 5
ate: o
r.m.s., ph. to p_h.__ - e = _1{‘0 T
Rated Cable Charging 10 10 25 50 125 ; o |
breaking current (A r.m.s.) S (|

Ref. Sec. 11-13 cable-charging current test.

i i eaking current .
.19. Rated Single Capacitor bank br ea o ‘ i
3.1;3812: 3.14.1 ;Switching of capacitor banks is a severe duty on u{cultf_hrgake]:;.i :hfd[;fizn 8
. ﬁe : toLh;: ﬁse(i for opening capacitor banks should have adequate ral,‘mg {-}rll rleaa Hfitm <o
E\lli?e:!l: without giving restrikes. Single capacitmi’banks cio;s] n(;;'iadv:i:g[f:zc :p;Ciiorbank Dank.
5 ‘e is stion of high frequency inrush current. The iug : ) -
s t};:tei;btl;.‘; (L?:;i;num caﬁacitﬂr current that the circuit breaker is capable of breaking at its
ing curr
rated voltage. . . . -
ra This breaking current refer to the switching of a slmgle shunt capamto; {)z;gkfan:i :1‘?‘;: ;—,im-
shunt capacitors, connected on source side of the circult—brc?}ke;. R_ef. ?etc : .te“t:;orqin :]e gt
; i is gi asis of type tests. S ac
i . The assigned current is given on the bas sepasi o
;Ua;lifllzsl;:l?;lil; ig)et?f\tfde in the libnratury or on actual side. The breaker should be restrike-free

itchi terrupting Line-
'missi imum Switching O\re:\-Voltages When In v g
e %‘::;;23 l%gllf‘lﬁgli:larging and Single Capacitor bank Break:ng Cur reni;_ .
2 . ‘ .
As per IEC 56, the maximum switching over voltages occurring during interrupting capacitiv
n speci iven i 3.5,

ents have been specified as given in Table .
l:L“TS itching overvoltage is defined in terms of instantaneous peak value of the trznmilt r:z::;vfll;i
voltag:; It is also defined in terms of power unit value with rated phase to ground voltage as
base.

i h Making Current .
.18.21. Rated Capacitor Bank Inrus 1 . ‘
?’-‘hen capacitor bank is to be connected in Earalleitwltth taa)o:};?; sz:);:ﬂagﬁt;:l cbtatr:f\‘x:c ﬂ?r%?zs?ﬁt
i 3 nt flow through the breaker contact at . , o2
51::}:133:39;::u;r}:agﬁz;csevure stresses on circuit-breakers. Various breal{;rs &et::z iléf::;;:}zyr‘:tled
such stresses. The breakers to be used for paralleling capacitor _bank. s nuk_ iuiserg v s
capacitor bank inrush making current. The rated capacitor bank l‘nmblt] Tarlr:g cf sl L
valljue of the current that the circuit-breaker is capable of making at its ra
iven frequency of inrush current. ) - .
| E— Inq Servi)rr:e the frequency of the inrush current is normally in the range 2 tnhs kg:;nt er
— The circuit-breaker is considered to be suitable for any frequency of the inrush cu
than that for which it has been tested.

: ;- "
3.18.22. Rated Small Inductive breaking curren ‘ » ‘
Relf Sec. 3 ‘112 The requirements of switching low inductive currents. The testing req.u:;ei??Etg
are cowlzred ‘in‘Su‘c. 11.13. The rated low inductive breaking current has not been covere
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and in under consideration. However for particular application such as motor switching no load
transformer switching the manufacturer gives result

of low inductive current tests. The switchin
over voltages due to current chopping if any should be lesser than the permissible values (Ref, Table
3.5)

SWITCHGEAR AND PROTECTION

A present permissible switching over voltage specified for switching capacitive currents. The
same over voltages limits may be consider for switching low inductive currents. The standards give
the specifications. Apart from the inductive load, the supply cable; surge capacitive, surge arresters,
surge absorbers connected to breaker terminals limit the over voltages and the tests on particle
installations are carried out with such devices, in the circuit,

Let U,, = Rated voltage of CB, phase-to-phase kV, r.m.s., r.m.s. value of phase to phase rated
voltage of the CR

U]
U’ = r.m.s. value of phase to earth rated voltage = :@’1

U’y = Peak value of rated phase to earth voltage =2 [
Any voltage above L7, is called switching over voltage U.
Switching overvoltage factor K = U/U i
where U = Instantaneous value of overvoltage
U, = Peak value of rated phase to ground Voltage =2 [’

IEC 56-1987 gives the table which gives permissible values of switching overvoltage factor for
capacitive current breaking. While testing the circuit-breaker for line charging, cable charging,

single capacitor bank breaking current tests, the switching over voltage should be within specified
limits. ’

3.19. REIGNITION AND RESTRIKE

Recall the definition described in the last part of Sec. 3.6
after arc extinction within one-fourth of a cycle from final ¢

chance if the moving-contact travel was too small after arc extinction current zero. The contact gap
breaks down and are reignites without overvoltag

- The arc gets quenched at the very next current
zero by which time moving-contact should have moved sufficiently away from the fixed-contact to
withstand the TRV, The reignition itself is not harmful as it does not give any overvoltage beyond
permissible limit.

Restrike is defined as the reappearance of arc after one-fourth cycle from the arc extinction
current zero. The phenomenon is explained in sec. 3.14.1. In Capacitor current Breaking, a single
restrike gives an overvoltage of about 4 p.u. and a second restrike gives an overvoltage of about 6
p-u. resulting in internal and external flashovers, phase to phase as well as phase to ground.

Restrikes were possible with MOCBs and OCBs used for Capacitor Switching. For Capacitor switch-
ing, cable switching, switching of unloaded transmission lines, the restrike-free SF and Vacu um Cir-
cuit Breakers are not preferred.

Summary
The sudden short-

; Reignition is the reappearing of arc
urrent zero. Reignition may oceur by

circuit in an a.c. system causes a rise in current in the short-circuited phases.
The current increases to several times the normal current,

during the first quarter cycle. Thereafter
the amplitude of the waveform reduces successively, while passing through the sub-transient,
trasient, and steady state. The waveform is asymmetrical about the normal zero axis, The value
of current at the peak of the first major or current loop is called making current. The r.m.s. value
at the intant of contact separation is called breaking cu

rrent.
The voltage appearing across the circuit-br
voltage. The recovery voltage containing the hi
Voltage (TRV). TRV tries to restrike the arc,
circuit depends upon the r-
the rate of rise of TRV.

eaker pole after final current zero is called recovery
gh frequency component is called Trasient Recovery
The ability of the circuit-breaker to clear the short-
ate of rise of dielectric strength of the gap, which should be more than
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T“_ble < i i for Interruption of
B e e itive Cumeniatg O
— TRatedli ing | i issi itehi { -harging capacitor bank
I el [ e it | s ifg;:kt?nat';ick‘gca;.;:fwi:u;- bank
Cg rms, ph to ph withstand line charging breaking current breaking curren ¥
voltage e :
Switching Swi ;::)f; ; ;I L:,
Peak value aum_‘uui!r?ge Peak value am}; m”_g_
factor
kVirms) kVipeak) kVipeak) K L (p.uw.) ) 1'5_. ;.J o
36 | 20 8.8 3 7.? 2..5
3.6 40 13.2 45 7.3 :
7:2 40 17.6 3 14.7 j?
7.2 60 26.4 4.5 14.7 ‘ ..:
1:2 60 29,5 3 245 25
12 75 39.5 4 245 j:
36 145 88 3 73 2.::)
36 170 112 3.8 73 2,5
72,56 325 207 3.5 148 2_'
145 560 356 3 297 :
145 650 415 3.5 297 2.5
245 850 540 2.7 400 '2
245 950 | 600 3 400 2
245 10560 600 3 400 2
420 1300 790 2.3 688 2
420 1425 895 2.6 688 2
765 1800 1125 1.8 1125 .1.8
765 2100 1250 2 B 1.25]0 il 2

The rated characteristics of circuit-breaker include: I:hedrz}tedt npr:n%l;l;r:}fir;ltg, 23?;211\;;01::&8(]'
insulati i ted short-circuit br : X
d lation level, rated transient recovery voltage, rated s t G
z;'fui!:?:;ki ng current, rated operating sequence etc. These ratings are asmﬁned to a circuit-breaker
after conducting the type tests. (Ref. Sec. 15.7 for low voltage circuit-breaker).

QUESTIONS

1. Define and discuss the following ratings of a.c. circuit-breakers : — rated short-circuit breaker current,
rated short circuit making eurrent.

2. Discuss the following : — two parameter method of defining TRV waveform
— four parameter method of defining TRV waveform

r . b . SEHE
3. Explain the fault clearing process by illustrating the oscillograph of short-circuit current and transien
recovery voltage.

4. Explain the variation of short-circuit current through sub-transient, transient and ste‘ady Smtf:_ .
5. Explain the phenomena of transient recovery voltage and its influence on the behaviour of circuit-
breaker performance. . o .
6. A three phase alternator of rated line to line voltage of 13.5 kV is connectled Eo a cgcmt-blef::s;.ui }:j
inductive reactance up to the circuit-breaker is 4 ohms per ph_ase. The d1st1'1bute 1”-}:-“, = s.l P?,}e

the circuit-breaker between phase to neutral is 0.2 pF. Determine the following neglecting Fir
to clear factor.



