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la  [Explain the recovery rate theory and energy balance theory of arc interruption [6] | CO4 | L2
in a circuit breaker.
1b  [Explain the interruption of capacitive current in the circuit breaker with a neat | [4] | CO4 | L2
sketch and waveform.
2a  [Explain the working of axial blast circuit breaker with the help of neat sketch. [6] | CO4 | L2
2b  |What are the advantages and disadvantages of SF6 circuit breaker? [4] | CO4 | L2
3a A 132kV system, the reactance and capacitance up to the location of the circuit | [6] | CO4 | L3
breaker is 3 ohms and 0.05uF, respectively. Calculate the following
(a) The frequency of transient oscillation
(b) The maximum value of restriking voltage across the contacts of the
circuit breaker
(c) The maximum value of RRRV
3b  |[Explain the working of ‘HVDC’ circuit breaker with a schematic diagram. [4] | cO4 | L2
4 Define following terms: [10] | CO4 | L1
(a) Breaking capacity
(b) Making capacity
(c) Short-time capacity
(d) Rated Voltage, Current & Frequency
(e) Rated operating Duty
Sa  [Explain the direct testing of circuit breaker with a neat sketch. [6] | CO4 | L3
5b  Explain the phenomenon of current chopping in a circuit breaker. [4] | CO2 | L2
6a  [Explain the phenomena of lightning with the help of relevant diagrams. [6] | CO5 | L2
6b  [Explain the construction and working of ‘Klydonograph’. [5] | CO5 | L2
7a  Describe the construction and working of the HRC cartridge fuse. [5] | CO5 | L2
7b  [Explain the working of Expulsion type Lightning Arrester with the help of relevant | [5] | CO5 | L2
diagram.




Solution

Q.la
Recovery Rate Theory
The arc is a column of ionised gases. To extinguish the arc, the electrons and ions are
to be removed from the gap immediate]y after the current reaches a natural zero, Jongs
and electrons can be removed either by recombining them into neutral molecules
or by sweeping them away by inserting insulating medium (gas or liquid) into the
gap. The arc is interrupted if ions are removed from the gap at a rate faster than the
rate of ionisation. In this method, the rate at which the gap recovers its dielectric
strength is compared with the rate at which the gap recovers its dielectric strength is
compared with the rate at which the restriking voltage (transient voltage) across the
gap rises. If the dielectric stren gth increases more rapidly than the restriking voltage,
the arc is extinguished. If the restriking voltage rises more rapidly than the dielectric
strength, the ionisation persists and breakdown of the gap occurs, resulting in an arc
for another half cycle. Figure 14.5 explains the principle of recovery rate theory.
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Fig.14.5 Recovery rate theory



Energy Balance Theory

The space between the contacts contains some ionised gas immed]
current zero and hence. it i

: 5 7ero 1
as a finite post-zero resistance. At the current z€

atel}’ aftel'
yoment
power is zero because restricking volt-
age is zero. When the arc is finally
extinguished, the power again becomes
zero, the gap is fully de-ionised and its \
resistance is infinitely high. In between \,
these two limits, first the power \
increases, reaches a maximum value, ~
then decreases and finally reaches zero t=0 Time —
value as shown in Fig. 14.6. Due to the
rise of restriking voltage and associated
current, energy is generated in the space bctwyeen the contacts. Thc energy appears
in the form of heat. The circuit breakc_r l's designed to remove lhls‘gt?neral.ecl heat as
early as possible by cooling the gap, giving a Plast of air or flow of oil at high v?lgc-
ity and pfessure. If the rate of removal of heat is ffxste.r than the rate of heat gcncrflllf)n
the arc is extinguished. If the rate of_heat generation is more than the rate of heat dis-
sipation, the space breaks down again resulting in an arc for another half cycle.
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Fig. 14.6 Energy balance theory
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(b) Transient voltage across the gap of the circuit breaker

Fig. 14.13 Interruption of capacitive current



Q.2.b
14-13.4  Advantages of SF, Circuit Breakers

(1) Low gas velocities and pressures employed in the SFg circuit breakers prevent
current chopping and capacitive currents are interrupted without restriking.

(if) These circuit breakers are compact, and have smaller overall dimensions and
shorter contact gaps. They have less number of interrupters and require less
mantenance.

(111) Since the gas is non-inflammable, and chemically stable and the products of
decomposition are not explosive, there is no danger of fire or explosion.

(iv) Since the same gas is recirculated in the circuit, the requirement of SF, oas
1s small. 0T

(v) The operation of the circuit breaker is noiseless because there is no exhaust
to atmosphere as in case of air blast circuit breakers

(vi) Because of excellent arc quenching properties of SFg, the arcing time is very
short and hence the contact erosion is less. The contacts can be run at hicher
temperatures without deterioration. °

(vii) Because of inertness of the SFg gas, the contact corrosion is very small. Hence
contacts do not suffer o>](idation.

(viii) The sealed construction of the circuit breaker avoids the contamination by
moisture, dust, sand etc. Hence the performance of the circuit breaker is not
affected by the atmospheric conditions.

(1x) Tracking or insulation breakdown is eliminated, because there are no carbon
deposits following an arcing inside the system,

(x) Beca}lse of the excellent insulating properties of the SF¢, contact gap is
drastically reduced.

(i) As these circuit breakers are totally enclosed and sealed from atmosphere,
they are particularly suitable for use in such environments where explosion

hazards exist.

14.13.5 Disadvantages of SF4 Circuit Breakers
(i) Problems of perfect sealing. There may be leakage of SFg; gas because of
imperfect joints.
(ii) SFg gas is suffocating to some extent. In case of leakage in the breaker tank,
SFs gas may lead to suffocation of the operating personnel.
(iii) Arced SFg gas is poisonous and should not be inhaled or let out.
(iv) Influx of moisture in the breaker is very harmful to SFg circuit breaker. There
are several cases of failures because of it.
There is necessity of mechanism of higher energy level for puffer-types SFg
circuit breakers. I.ower speeds due to friction, misalignment can cause failure

)

of the breaker. :
Internal parts should be cleaned thoroughly during periodic maintenance under

clean and dry environment.
Special facilities are required for transporting the gas, transff_-,rri_n.g the gas and
maintaining the quality of the gas. The performance ar_ld reliability of the SFg
circuit breaker is affected due to deterioration of quality of the gas.

(vi)

(vii)
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al) 4 e.Cf&,Le-'(\Ctzl O% ,\ﬂ_eu'r\,g\cqn—\—_- o =3 \la o

L i

Q’ﬁq
C=, 2 _ = 060-6095G H
SN O
stotan = 7.290 ke
291 v/ Lc
b) The wzeébdu’“\j \/O.H"e'*%@
’ . ECT-coswnt]]

J

e mwmu"ﬁ) vo \ erne A

_ o Peak

=

= 2x_jv9;_2—7< JT - 215.6TkV
'” value o) RRRV

= W EPeak

\iy

X Q/ﬂ%mx Epu\k
5 os Geqaelg kvl

2 ) 5

{
.‘



Q.3.b

Figure 14;28 sn.ows. the schematic dia- Time —» \/

gram of a HVDC circuit breaker. It consists

of a main circuit breaker MCB and a circuit ~ Fig- 14.27 Artificial current zeros in dc
to produce artificial current zero and to suppress transient voltage. The main circuit
breaker MCB may either be an SF or vacuum circuit breaker. R and C are connected
in parallel with the main circuit breaker to reduce dv/dt after the final current zero. L
is a saturable reactor in series with the main circuit breaker. It is used to reduce dl/dt
before current zero. C, and L, are connected in parallel to produce artificial current
zero after the separation of the contacts in the main circuit breaker MCB. A non-
linear resistor is used to suppress the transient overvoltage which may be produced

across the contacts of the main circuit breaker.
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Fig. 14.28 HVDC circuit breaker

his a triggered vacuum gap, is switched immediately after the

ain circuit breaker. The capacitor C, is precharged in

. 2 . .o shown in.the figure. When S is closed, the precl}arged Cz.lp.acitor G
the directio® he main circuit breaker and sends a current in opposition to the
diSCharges.er;iitt ’f‘ his will force the main circuit current to become zero with a
main circuit €d :
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14.18.1  Breaking Capacity

The breaking capacity of a circuit breaker is of two types.
(i) Symmetrical breaking capacity
(ii) Asymimetrical breaking capacity

Symmetrical Breaking Capacity

It is the rms value of the ac component of the fault current that the circuit breaker is
capable of breaking under specified conditions of recovery voltage.

Asymmetrical Breaking Capacity

It is the rms value of the total current comprising of both ac and dc components of the

fault current that the circuit breaker can break under specified conditions of recovery
voltage.
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Fig. 14.29 Short-circuit current waveform



14.18.2 Making Capacity

The possiblity of a circuit breaker to be closed on short-circuit is also considered.
The rated making current is defined as the peak value of the current (including the
dc component) in the first cycle at which a circuit breaker can be closed onto a
short-circuit. I, in Fig. 14.29 is the making current. The capacity of a circuit breaker
to be closed onto a short-circuit depends upon its ability to withstand the effects of
electromagnetic forces.

Making current = V2 x 1.8 x symmetrical breaking current.

The multiplication by \2 is to obtain the peak value and again by 1.8 to take the
dc component into account.

Making capacity = V2 x 1.8 x symmetrical breaking capacity
=7.55 x symmetrical breaking capacity.

14.18.3 Short-time Current Rating

e current rating is based on thermal and mechanical limitations. The
apable of carrying short-circuit current for a short period
r (in series) is clearing the fault. The rated short-time
current is the rms value (total Cllrl‘er}t, both ac and. flc componen.ts) of the current
that the circuit breaker can carty satel)./ for a sl?ecn!ed short pcrnod. According to
British standard, the time is 3 seconds if the ratio of symmctnc‘a‘l ln:caking current
to rated normal current 18 equal to or less tlja.ll 4.10 an-(l -l second .1t this ratio is more
than 40. According to ASA there arc two :sh(nlt-tfm‘e ‘liltll\gS» one is the current which
the circuit breaker can withstand for _l‘ o Cl()l.]f, 1(:1 .lbf\\ Al}otl} _— r‘atcd 4-second cur-
rent which is the current that the 01‘|‘clutd yreaker can withstand for a period longer
than 1 second but not more than 4 seconds.

The short-tim
circuit breaker must be C
while another circuit breake

o esestdll FRasas s

14.18.4 Rated voltage, Current ana rrequency

temn, the voltage level at all points is not the same. It varies, demrilfi
g Syst '1,0[70"1‘“"?5 conditions. Due to this reason manufacturers have
upon the systenl g - 0 it : ‘. s have
specificd o rated maximurml voltage at which the operation of the cireuit breaker
€ € .~ ‘ > 5 3 L . B
'p rantecd The schlllCd voltage 18 somewhat higher than the rate
is guar :

voltage.

The rated cur
usly without

d nominal

rent is the rms value of the current that a circuit breaker
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any temperature rise in excess of its specified limit =

continuo



The rated frequency is also mentioned by the manufacture. It is the frequency at
which the circuit breaker has been designed to operate. The standard frequency is
50 Hz. If a circuit breaker is to be used at a frequency other than its rated frequency,
its effects should be taken into consideration.

14.18.5 Rated Operating Duty

The operating duty of a circuit breaker prescribes its operations which can be
performed at stated time intervals. For the circuit breakers which are not meant for
autoreclosing, there are two alternative operating duties as given below:

(i) O-t-CO—"-CO

(iil) O-t"-CO
where O denotes opening operation, CO denotes closing operation followed by
opening without any intentional time lag, and 7, ¢" and t” are time intervals between
successive operations. According to IEC, the value of ¢ and ¢’ is 3 minutes and t” is
15 seconds.

For circuit breakers with auto-reclosing, the operating duty is as follows.

O — Dt — CO, where Dt is the dead time of the circuit breaker, which is expressed
in cycle.

According to B.S.S. there is only one operating duty for the circuit breakers not
intended for auto-reclosing. It is written as follows.

B — 3 — MB — 3 — MB, where B denotes breaking and MB denotés making
followed by breaking without any intentional time delay. Three is the time interval in
minutes. "

For circuit breakers with auto-reclosing, thflz"operating duty is written as
B - Dt-MB
8 . ik
Dt is the dead time and it is expressed in cycles. ¥

Q.5.a.



14.19.3 Direct Testing

In direct testing, the circuit breaker is tested under the conditions which actually exist
on power systems. It is subjected to restriking voltage which is expected in practical
situations. Figure 14.30 shows an arrangement for direct testing. The reactor X is to
control short-circuit current. C, R, and R, are to adjust transient restriking voltage.
Short-circuit tests to be performed are as follows.

Master Transt CB
CB X r?n? Ormer  ynder test
—TOTOT
15
Making J—c;
switch
Xo L
1 =

Q5.b



. - 14.7 CURRENT CHOPPING

]
—]

When low inductive current is being interrupted and the arc quenching force of the
circuit breaker is more than necessary to interrupt a low magnitude of current, the cur-
rent will be interrupted before its natural zero instant. In such a situation, the energy
stored in the magnetic field appears in the form of high voltage across the stray
capacitance, which will cause restriking of the arc. The energy stored in the magnetic
field is 2 L %, if i is the instantaneous value of the current which is interrupted. This

will appear in the form of electrostatic energy equal to ¥4 Cv%. As these two energies

are equal, they can be related as follows.
1.2 1 .5 i
—Li‘==
> l > Cv

v=ivLIC 1419y N I
Figure 14.12 shows the current chop- ! J
ping phenomenon. If the value of v is

more than the withstanding capacity of : y voltage
the gap between the contacts, the arc _y/ Arcvoltage

1 i 1 X ith stand
appears again. Since the quenching force \\ \W Saappag;‘; st
is more, the current is again chopped. S v X

i i ' lues
This phenomenon continues til] the value Pr?ﬁﬁgn\ﬁt\:ge
of v becomes less than the withstanding

capacity of the gap. The theoretical value Fig.14.12  Current chopping
of v is called the prospective value of the voltage,

T
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Q.6.a
L 16.2 LIGHTNING PHENOMENA

The discharge of the charged cloud to the ground is called lightning phenomenon. A
lightning discharge through air occurs when a cloud is raised to such a high potential
with respect to the ground (or to a nearby cloud) that the air breaks down and the
insulating property of the surrounding air is destroyed. This raising of potential is
caused by frictional effects due to atmospheric disturbances (e.g.. thunderstorms)
acting on the particles forming the cloud. The cloud and the ground fo-m two plates
of a gigantic capacitor whose dielectric medium is air. During thunderstorms. poOsi-
tive and negative charges are separated by the movement of air currents forming ice
crystals in the upper layer of cloud and rain in the lower part. The cloud becomes
negatively charged and has a larger layer of positive charge at its top. As the separa-
tion of charge proceeds in the cloud, the potential difference between concentrations

of charges increases and the vertical electric field along the cloud also increases. The
eneal antantinl difference hetween tha teeee -« .
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Fig. 16.1 Lightning mechanism

The lightning is initiated with a flow of electrons from the base of the cloud towards the ground (stepped
leader)

When the leader gets close to the ground a flow of positive charges surges upwards.

When they meet a strong current (return stroke) transfers a charge between the cloud and the ground.
The process can be repeated several times in the same channel (dart leader, return stroke...)



Q.6.

16.5.1  Klydonograph

The klydonograph is an instrument for the
measurement of surge voltage on transmis-
sion lines caused by lightning. It measures
voltage by means of Lichtenberg figures,
when suitably coupled to the line whose
surge voltage is to be measured. The kly-
donograph contains a rounded electrode
connected to the line whose surge voltage
is to be measured. The electrode rests on

_{
w2 Line
Electrode
j Film
ey Homogeneous
Wlnsulaﬁng Material
—_l_ ™ Metal Plate
Ground

Fig. 16.4 Klydonograph

the emulsion side of a photographic film or plate, which in turn rests on the smooth

surface of an insulating

plate made of homogeneous insulatin g material, backed by a
metal plate electrode as shown in Fig. 16.4.

The photographic plate or the film is turned or moved by a clockwork mechanism

for bringing in the element of time. Three assemblies a

same box, for simultaneously me
mission line.

With this arrangement, a positive Lichtenberg
surge, and a negative Lichtenberg figure by a negati
Positive Lichtenberg figures are found to be superi
measurement purpose, since they are much larger than the neg
same voltage, as shown in Fig. 16.5. Diameter of positive Lic

re generally placed in the

asuring the voltages on the three phases of a trans-

figure is produced by a positive
ve surge, as illustrated in Fig.16.5.
or to the negative ones for voltage
ative figures for the
htenberg figure is a
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A Negative Figure
Produced by a Negative
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Fig. 16.5 positive and negative Lichtenberg figures produces by positive
and negative surge voltages of same magnitude and wave shape



Q7a
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5.4.4 High Rupturing Capacity (HRC) Cartridge Fuse

he HRC fuses ¢ ith i

6 § ope wi 51 i

; oo epSeri :12 m.creasmg rupturing capacity on the distribution systcm
nd overcome th ous disadvantages suffered by the semi-enclosed rcwi;ab]c

is comple sed i
pletely enclosed in an outer body of ceramic material having good mechani-

cal strength. The unit in which the fuse element is enclosed is called ‘fuse link’. The
ff. In its simplest form (Fig. 15.5), an HRC fuse

fuse link is replaced when it blows o

cc.)n31sts. of a cylindrical body of ceramic material usually steatite, pure silver (or

bimetalic) element, pure quartz powder, brass end-caps and copper contact blades.

The fuse element is fitted inside the ceramic body and the space within the body sur-

rounding the clement is completely filled with pure powdered quartz. The ends of the

fuse element arc connectéd to the metal end-caps which are screwed to the ceramic
End contacts (contact blades) are welded to

body by means of special forged screws.
the metal end-caps. The contact blades arc¢ bolted on the stationary contacts on the

panel.
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Fig. 15-5 HRC fuse
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Q7.b

(i) Expulsion type lightning
arrester

This type of arrester is also known as
Expulsion Gap or Protector Tube. It
consists of a fibre tube with an elec-
trode at each end. The lower electrode
is solidly grounded. The upper elec-
trode forms a series gap with the line
conductor, as shown in Fig. 16.16.
When a surge appears on the conduc-
tor, the series gap breaks down, result-
ing in formation of arc in the fibre
tube between the two electrodes. The
heat of the arc vaporises some of the
fibre of the tube walls resulting in the
generation of an inert gas. This gas is
expelled violently through the arc so
that arc is extinguished and the power
frequency current 18 prevented from
flowing after the surge discharge.

I Line
External
T ; Series Gap
/

////////44— Upper Metal Electrode

<«—— Fiber Tube

N7

N

<«—— Bottom Metal Electrode
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Vent for Gases

Fig. 16.16  Expulsion type lightning arrester



