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The switching of shunt reactors in an electrical network is in many cases accompanied by reignition of the arc

in the circuit breaker and the occurrence of dangerous overvoltage in the network. To limit such overvoltage,

controlled-switching devices are used to switch off the reactor in the optimal phase of the current. To select the

optimal switching conditions, the switching processes are analyzed, taking into account the intuitively clear

difference between the switching conditions for three-phase and single-phase shunt reactors due to the electri-

cal and�or magnetic coupling between the phase windings. The proposed method of analysis is universal for

all types of three-phase shunt reactors due to the use of a universal four-legged star equivalent circuit. The re-

actor phases are switched off, synchronized against the phase A voltage curve, in the sequence A � C � B to

minimize the total switching time.
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Controlled switching of shunt reactors is used to reduce

the probability of occurrence of critical overvoltage in the

network [1, 2]. The overvoltage induced by switching can

lead to damage of the insulation of the reactor and to unjusti-

fied wear of elements of the circuit breaker. The excessive

wear of reactor circuit breakers is confirmed statistically: the

number of failures of reactor circuit breakers is an order of

magnitude higher than that of circuit breakers for power

transmission lines and transformers [3].

Controlled-switching devices are set to switch off a shunt

reactor in the optimal phase of current. The optimal condi-

tions for switching the phases of a three-phase reactor should

be selected taking into account design features of reactors

because the reactance coils are united by one core and are in-

fluenced by the neighboring phases because of the magnetic

coupling. In other words, the optimal phases for switching

three-phase shunt reactors depend on the connection of the

windings and the design of the cores.

Here we analyze the processes accompanying the switch-

ing of a shunt reactor and develop a universal method for es-

tablishing the optimal conditions for switching three-phase

shunt reactors of all types.

The Processes Accompanying the Switching of a

Shunt Reactor. There are two causes of overvoltage during

switchings of shunt reactors: (i) current chopping in the cir-

cuit breaker (current is forcibly interrupted before the natural

current zero) and (ii) reignition of the arc in the circuit

breaker [3].

To analyze overvoltage, we will use the circuit in Fig. 1.

The reactor is represented by inductance L
R

and capacitance

C
R
, which includes the interturn capacitance and the capaci-

tance of the overhead or cable line section between the cir-

cuit breaker and the reactor. The electric system is modeled

by an emf source u(t) = U sin(ùt + ø), leakage inductance L
S
,

and capacitance C
S
. The inductance L

S
and capacitance C

S

connected in parallel to the contacts are the parameters of the

circuit breaker. The wires connecting the reactor and the cir-

cuit breaker are represented by the inductance L
B
. In reality,

the electric system, connecting wires, and reactor have some

ohmic resistance (R
S
, R

B
, and R

R
) causing the damping of

transients. However, it is very low and can be neglected

when considering the switching processes for a shunt reactor.

High-voltage circuit-breakers are intended to interrupt

high short-circuit currents; therefore, it takes them a short

time to interrupt the relatively low working currents of the
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shunt reactor. At low currents, the arc in the circuit breaker is

unstable and, upon switching of the shunt reactor, can be ex-

tinguished prematurely (chopping current I
ch

), even before

the current’s natural zero crossing. Because of this, the in-

ductance of the reactor maintains the energy of the magnetic

field,

W
L I

L

R ch
�

2

2
,

while the capacitance maintains the energy of the electric

field,

W C
U

C R

ch
�

2

2
,

where U
ch

is the chopping voltage.

After switching off of the reactor, oscillations of the fol-

lowing frequency occurs in the circuit formed by the induc-

tance L
R

and capacitance C
R

(Fig. 2):

f

L C
R

R R

�

1

25

.

For oil-insulated reactors, the frequency f
R

is equal to 1

to 5 kHz [4].

The law of conservation of energy

C U C U L I
R R ch R chmax

2 2 2

2 2 2
� �

can be used to find the overvoltage amplitude:

U U
L

C
I

ch

R

R

chmax
.� �

2 2
(1)

The chopping current of vacuum circuit breakers is

mainly dependent on the material of the contacts. For all the

other types of circuit breakers, the chopping current depends

on the parameters of the circuit breaker and the parameters of

the network:

I NC
ch t
� & , (2)

where C
t
= C

Q
+ C

S
C

R
�(C

S
+ C

R
) is the capacitance of the

network to the contacts of the circuit breaker (Fig. 1); N is

the number of series-connected arc-control units in each pole

of the circuit breaker; ë is a coefficient characterizing the

magnitude of the chopping current per one arc-control unit

(determined in laboratory).

For most circuit breakers, the value of ë depends on the

arc duration. If the dependence of the coefficient ë on the arc

duration is not clearly linear, the statistical average of ë can

be used. The typical values of ë for high-voltage circuit

breakers with various arc-extinction media fall into the range

from 0.39 × 104 to 20 × 104 A�F0.5, according to [4].

With (2), formula (1) becomes:
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The maximum overvoltage ratios are reached for

C
S

> C
R
; therefore, the following formula can be used for ap-

proximate calculations:
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If by the time of current interruption, the overvoltage

caused by current chopping exceeds the dielectric strength of

the intercontact gap, reignition occurs accompanied by

high-frequency oscillations of the reactor voltage and the cir-

cuit-breaker current. To prevent the reignition upon switch-

ing off of a shunt reactor, it is important that by the time of

opening of the circuit, the time it is closed through the arc is

no shorter than the minimum time T
arc, min

(Fig. 3). This time

is sufficient for the contacts to move apart by a distance at

which the dielectric strength of the intercontact gap is recov-

ered to the level preventing the reignition. Thus, circuit

breaking should occur T
arc, min

or longer earlier than the cur-

rent’s natural zero crossing.

The time T
arc, min

is determined from data of tests for

each type of circuit breaker with allowance for the following

condition (Fig. 3):

Umax(Tarc, min) = Tarc, minRRDS,

where RRDS is the rate of rise of dielectric strength.
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Fig. 2. Illustration of the principle of selecting the minimum arc du-

ration after switching off the reactor: i
R
(t) is the reactor current; i

ch
is

the chopping current; T
arc, min

is the arc duration; u
Q
(t) is the voltage

across the breaker contacts; u
st
(t) is the dielectric strength of the

intercontact gap; t
elec

is the arc extinction time (current chopping

time); t
mech

is the time of the complete mechanical parting of the

breaker contacts; U
max

is the overvoltage; u
S
(t) is the power supply

voltage.



Although increasing the arc duration increases the

overvoltage because of the current chopping (Fig. 3), the

reignition overvoltage is usually more dangerous. Therefore,

controlled-switching devices are set so as to avoid reignition,

selecting the arc duration longer than T
arc, min

:

Tarc, min = ksTarc,

where k
s
is the safety factor; T

arc
is the setpoint for the arc du-

ration.

Nevertheless, the decision on relative danger of reigni-

tion in comparison with the current chopping overvoltage

should be made considering the design of the circuit breaker

[3].

Principle of Controlled Switching of a Shunt Reactor.

The instant tcmd at which the reactor switching command ar-

rives is arbitrary, but the controlled-switching device regards

it as the zero-time reference of switching, setting t
cmd

= 0. At

the instant t
cmd

, the phase of the reference signal ø is esti-

mated (using adaptive structural analysis as a universal

method [5, 6]).

During controlled switching (Fig. 4), the total opening

time is predicted considering the opening time Topen and the

arc duration T
arc

. The measurement of the total opening time

stops at the maximum U
max

of the voltage u
s
(t), optimizing

the switching process according to the following condition

[7]:

øset = ð�2 (4)

satisfied at the time the circuit is opened or, what is the same,

at the time t
elec

of extinction of the arc. To this end, it is nec-

essary to determine the delay time T
delay

before the time t
start

of generating the command for the electromagnet of the cir-

cuit breaker:

telec = tstart + Topen + Tarc.

The time interval (T
open

+ T
arc

) includes several periods

of reference signal; therefore,

ø + ù(Topen + Tarc) = mð + Äø, (5)

where

m

T T

�

� ��

�

�

�

�

�

�

�

9 0

5

( )

.
open arc

The closing time satisfies the equality

ø + ù(Topen + Tarc + Tdelay) = øset + nð, (6)

where n is the number of half-periods of the reference signal.

Thus, the delay time T
delay

is calculated using formulas

(6) and (5) as follows:

T
T

delay

set
�

�

�

9 9

0

+

1

2
, (7)

where ø
set

= ð�2 is the setpoint (opening phase); T = 2ð�ù is

the period of the reference signal;

+

9 9

9 9

�

*

%

:

;

<

1

0

, ;

,

if

if

set

set

1

1

is a coefficient providing synchronization of opening within

a half-period of the reference signal.
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Reignition

region

Fig. 3. Determination of the minimum arc duration (all curves are

conventional): u
st
(t

arc
) is the dielectric strength of the intercontact

gap; U
max

(t
arc

) is the overvoltage; t
arc

is the arc duration.

Fig. 4. Illustration of the principle of controlled switching of shunt

reactor: t
cmd

is the time of receiving the opening command; t
start

is the

time the controlled-switching device generates the command for

switching off the circuit breaker; t
elec

is the time of opening of the

electric circuit; T
open

is the opening time of the circuit breaker; T
delay

is the delay of the opening command; T
arc

is the arc duration; cmd is

the external command to switch off the reactor; start is the opening

command generated by the controlled-switching device; elec is the

signal indicating the closing of the electric circuit; mech is the signal

indicating the closed position of contacts of the circuit breaker.



The device acts on the electromagnet of the circuit

breaker at the time t
start

that is by T
delay

later than the time t
cmd

of arrival of the command, according to (7). The reactor is

switched off at the time t
elec

when the reactor voltage is

maximum.

Types of Three-Phase Shunt Reactors and Their Fea-

tures. The optimal instants of switching off three-phase reac-

tors depend on the connection pattern of the windings and

the design of the core. Four connection patterns for the wind-

ings of a three-phase shunt reactor with a single core are

most popular: grounded-neutral star, isolated-neutral star,

four-legged star, and delta (Fig. 5). Obviously, Fig. 5a and b

can be considered as special cases of Fig. 5c if the inductive

reactance of the neutral reactor X
n

= 0 and X
n

= �, respec-

tively.

The delta connection can be transformed into an iso-

lated-neutral star using well-known formulas. For the star,

we will have

X

X X
m

ph

ph

�

�

,

.
1

3

Therefore, the switching processes for a shunt reactor

with phase windings connected to form a delta circuit can

also be considered in an equivalent circuit of the reactor with

phase windings connected as a four-legged star.

The ratio of the inductive reactance of the neutral reactor

to that of the phase is denoted by

kn = Xn�Xph,

while the ratio of the mutual inductive reactance to the

reactance of the phase is denoted by

km = –Xm�Xph.

The mutual inductive reactance X
m

is always negative

because the self-induction and mutual-induction fluxes are

directly opposite.

The mutual influence of the phases is absent in reactors

with a four- or five-legged core; therefore, k
m

= 0. In shunt

reactors with three-legged core, connecting one phase leads

to the occurrence of voltage across the two other phases

because of the magnetic coupling of the phases. The coeffi-

cient km of such a reactor falls into the range from –0.09 to

–0.11 [8].

Thus, three-phase reactors of all types can be reduced to

a reactor with four-legged star connected windings. Hence,

the optimal conditions for switching off all types of shunt re-

actors can be established by analyzing the switching pro-

cesses for a three-phase reactor with four-legged star connec-

tion of the windings (Fig. 5c) [9].

Switching Processes for a Reactor with Four-Legged

Star Connection of Windings. Let, for the sake of definite-

ness, the power supply be represented by a three-phase

symmetric system with a positive phase sequence. Switching

is synchronized with the voltage U
A

in the sequence

A � C � B. This switching sequence is used because it min-

imizes the total time of opening all the three phases.

The optimal opening time corresponds to zero argument

of the breaker current I
Q, ó

, ó = A B C, , of the opened phase:

arg(IQ, ó) = 0°. (8)

The circuit-breaker current for each phase can be ex-

pressed in terms of the voltage U
A
:

IQ, ó = UAîó. (9)

where î
ó

is a coefficient of proportionality. The optimal

phase to open follows from the optimality condition (8):

øopt, ó = arg(UA) = arg(îó). (10)

While all the phases of the reactor are closed (before the

opening of the first phase, Fig. 6a), the common-point poten-

tial of the star U
N

= 0. Reducing Fig. 6a to Fig. 6b by the

method of decoupling circuits with mutual inductance, we

obtain

9

A

m
j X X

�

�

1

( )
.

ph

Hence, the opening of the phase A will be optimal, ac-

cording to (10), if the phase voltage U
A

9

opt

ph

arg
,

.
A

j

m

e

X X
� �

�

�

�

	

	




�

�

�

� =

� =90

90

Let us determine the coefficient of proportionality î
C

for

opening the phase C (Fig. 7a). After decoupling of the induc-

tive couplings, the phase C opening circuit is transformed

into the circuit in Fig. 7b. Consider that the opening of the
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a b

c

d

Fig. 5. Connection of windings of shunt reactor: a, grounded-neu-

tral star; b, isolated-neutral star; c, four-legged star; d, delta; X
m

is

the mutual inductive reactance; X
ph

is the resistance of the reactor

phase; X
n

is the inductive reactance of the neutral reactor.



first phase (phase A) increases the potential of the common

point N to

U I I jX jX
N B C n m
� � � �( )( )

� �

�

� �

U
X X

X X X
A

n m

m nph
2

.

Then the circuit-breaker current for the phase C of the

reactor is

I
U U

j X X
C

C N

m

�

�

�( )
.

ph

Hence, the complex coefficient of proportionality of the

phase C opening circuit is

�

9

C

j n m

n m

m

e
k k

k k

j X X

C

�

�

�

� �

�

2 1

( )
.

ph

The optimal phase to open, according to (10), is

9
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arg

,
.

C

j n m

n m

e
k k

k k
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�
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�
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Since the optimal angle for opening the second phase

cannot be less than the angle of opening the first phase

ø
opt, A

= 90°, the following angle is used as a setpoint:

9

opt
arg

,
.

C

j n m

n m

e
k k

k k
� =� �

�

� �

�

�

	

	




�
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=
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In the phase C opening circuit (Fig. 8), the phase current

is

I
U e

j X X
B

A

j

n

�

�

� =120

( )
ph

and the coefficient of proportionality is

�

B

j

n

e

X X
�

�

� =210

ph

.

The optimal phase to open is

øopt, B = 210°.

Optimal Conditions for Switching Off Three-Phase

Shunt Reactors. The optimal phases to switch off a three-

phase shunt reactor for different connections of its windings

are presented in Table 1.

Note that after opening of the first phase of a reactor with

windings connected into an isolated-neutral star, the remain-

ing windings appear series-connected, which allows them to

be opened simultaneously. Therefore, the second and third
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a

b

Fig. 6. Circuits before opening the phase A of shunt reactor: a, ini-

tial circuit; b, equivalent circuit with decoupled inductive couplings.

a

b

Fig. 7. Opening circuit for the phase C of shunt reactor: a, initial

circuit; b, equivalent circuit with decoupled inductive couplings.

Fig. 8. Opening circuit for the phase B of shunt reactor.



phases of the reactor are opened simultaneously when the

phase of the reference voltage is equal to 180° (peak of

phase-to-phase voltage). This is widely used in controlled-

switching devices of other manufacturers [10].

CONCLUSIONS

1. Modern controlled-switching technologies allow sub-

stantial limitation of the overvoltage caused by switching off

a three-phase shunt reactor. The optimal times for switching

a shunt reactor should in most cases be selected so as to pre-

vent the reignition of the arc in the circuit breaker as a source

of the most critical overvoltage in the network.

2. The method of analyzing the switching conditions for

three-phase shunt reactors is made universal by using the

four-legged star equivalent circuit of three-phase reactors.

3. The opening of the windings of a three-phase shunt

reactor is synchronized with the voltage of the phase A and

follows the sequence A � C � B to minimize the total

switching time for the reactor.
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TABLE 1. Optimal Phases for Switching of Shunt Reactor

Winding connection Number of core legs Phase A Phase B Phase C

Grounded-neutral star 4 or 5 90° 210° 150°

3 90° 210° 270
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