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Use of a Pre-Insertion Resistor to Minimize
Zero-Missing Phenomenon and Switching
Overvoltages

F. Faria da Silva, C. L. Bak, U. S. Guomundsdottir, W. Wiechowski and M. R. Knardrupgard

Abstract--With the increasing use of High-Voltage Cables,
which have different electric characteristics from Overhead
Lines, phenomenon like current zero-missing start to appear
more often on the transmission systems. Methods to prevent
zero-missing phenomenon are still being studied and compared
to see which countermeasure works the best. Technically the best
way to avoid zero-missing phenomenon produces very high
switching overvoltages, making the operator to choose to either
avoid the zero-missing phenomenon or to minimize the switching
transients. This paper presents a method of determining an
optimal value of the resistance of the pre-insertion resistor that
results in minimizing both the zero-missing phenomenon and
switching overvoltages simultaneously.

Index Terms--Cables, Circuit Breaker, Pre-Insertion Resistor,
Shunt Reactor, Switching Transients, Level-crossing problems

1. INTRODUCTION

he increase of public pressure regarding the devastation of
areas of natural beauty by Overhead Lines (OHL), drove
to increase demand for the substitution of the OHL by
underground cables.
The Danish Transmission System Operator (Energinet.dk) is
studying a possible expansion of the high-voltage system
using AC underground cables instead of OHL. One of the
problems that must be studied when using systems with
underground cable is zero-missing phenomenon.
Electrically the main difference between an OHL and an
Underground Cable is the much higher capacitance of the last
ones, which can be dozens of times superior to the capacitance
of OHL [2].
Because of this high capacitance, it is required to connect
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shunt reactor(s) in parallel to the cables, in order to
compensate the reactive power generated by them.

If the shunt reactors are compensating all the reactive power
generated by the cable, the AC component of the current in
the cable has opposite phase angle to AC component of the
current into the shunt reactors, and therefore they cancel out
each other. As the transient of the shunt’s reactor current
contain both AC and DC components, during transient
conditions (as for instance energization of a cable
compensated with shunt reactors) under ideal conditions only
DC component would remain.

During energizing, the cable has no load and it is open in the
far end. As the resistance of the system (cables+shunt
reactors) is very small, it may take several seconds for the DC
component to be damped. As the current does not cross zero
during those seconds, it is not possible to open the circuit
breaker without risking damaging it, unless it is prepared to
interrupt DC currents or currents with several amperes [3][4].
If in the meanwhile, a single-phase or two-phase fault occurs
on the cable, the circuit breaker will be able to open the
faulted phases but not the healthy phase(s) because of the lack
of zero-crossings of the current. This can leads to a damage of
the circuit breaker.

A method that can be used to damp the DC component in just
half of cycle, is to use circuit breakers equipped with pre-
insertion resistors.

II. ZERO-MISSING PHENOMENON AND SWITCHING
OVERVOLTAGES

An easy way to understand zero-missing phenomenon is to
analyze the transient behaviour of an inductor in parallel with
a capacitor of equal impedance.

In this situation the currents in each one of the elements
have equal amplitude and are in phase opposition. But in
transient conditions the current in the inductor also has a DC
offset, whose value depends on the voltage value at the
connection moment.

There is a 90° difference between the phases of the current
and the voltage in an inductor, therefore if the inductor is
connected in a voltage peak the current should be zero. If it is
connected when the voltage is zero the current should have a
peak value. As the current in the inductor must maintain its
continuity, and it was zero before the connection of the
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inductor, if the voltage is not at a peak value in the connection
moment, a DC current equal to minus the value of the AC
component in the connection moment, appears to maintain its
continuity [5].

If the system does not have any resistive element the DC
component can not be damped and it will be maintained
infinitely, as in reality there is always some resistance the DC
component disappears after some time.

Fig. 1 shows the currents of an inductor in series with a
resistor both in parallel with a capacitor. The resistance is 100
times smaller than the inductor's reactance and the reactance is
equal to the capacitor's reactance. The circuit breaker is closed
when the voltage is zero, resulting in a maximum DC
component. As can be seen in Fig. 2, both the inductive and
capacitive AC components cancel out (IL and IC) and the
resultant remaining current contains only a decaying DC
component of the inductance.
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Fig. 1 Diagram of an inductor in series with a resistor, both in parallel with a
capacitor
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Fig. 2 Current in the inductor (IL), in the capacitor (IC) and the sum
(I1=IL+IC)

Current [ka]
=

The behaviour of a system consisting of a shunt reactor and
a cable is not very different from the one of Fig. 1. The shunt
reactor can be modelled as an inductor in series with a
resistor, and the cable's capacitance is much larger than its
series resistance and inductance, making the cable mainly a
capacitive shunt element [6]. Of course there are differences
between the behaviour of a simple RLC circuit and a physical
cable/reactor system, as for instance switching overvoltages if
the cable is connected when the voltage is at a peak value.

Like in the case of zero-missing phenomenon, the value of
switching overvoltages depend on the value of the voltage at
the instant of connecting the cable/reactor system, however
while to avoid zero-missing phenomenon the connection
should be made when the voltage is at a peak, to avoid
switching overvoltages the connection should be made when
the voltage is zero [4][7].

According to [1] it is not possible to avoid both situations
at the same time, but as this paper shows, the use of a pre-
insertion resistor solves both problems.

III. SIMULATION MODEL

The model used for mathematical calculations is shown in
Fig. 3, where the cable is represented by its equivalent pi-
model and the shunt reactor by an inductor in series with a

resistor.
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Fig. 3 System model: V,-Voltage Source; R,-Pre-insertion resistor; Rg-Shunt
reactor resistor; Ls-Shunt reactor inductor; R-Cable's series resistor;
L-Cable's series inductor; C-Cable's shunt capacitor

If there is no pre-insertion resistor (R,;=0), the current I, is
the sum of I, I, and I3, whose mathematical solution can be
easily found in a circuits theory book. But when using a pre-
insertion resistor the mathematical resolution is much more
complicated, as the system is described by more complex
differential equations (1).

dl
V,=L —+RI,
dt

1
vV =—| I dt
i
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di, 1
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1

If V, is known the currents are calculated on the same way
as when R,=0. So the objective is to calculate V,, but the
system is a too complex Differential Algebraic Equations
System, and it is not possible to solve it analytically in the time
domain [8].

Instead of using a numerical method to solve the system, it
was decided to do a Laplace transform and pass the equations
to the frequency domain. Due to the complexity of the
equations, it is advisable to use partial fraction before do the
inverse Laplace transform. In appendix is a part of the
equation solution on the frequency domain.

Usually the degree of reactive power compensation of a
cable line is between 60% and 80% [9], but in this paper in
order to have a simplified case, it is considered that the shunt
reactor compensates all the reactive power generated by the
cable. For another degree of reactive power compensation the



equations are the same just changing the values of Lg and Rs.

IV. CALCULATION OF THE PRE-INSERTION RESISTOR VALUE

A pre-insertion resistor consists of resistor blocks that are
connected in parallel with the circuit breaker’s breaking
chamber, and close the circuit 8-12ms before the arcing
contacts [10] (in this paper the time considered is 10ms).

The choice of the pre-insertion resistor can not be a random
process. If it is too small the DC component will not be all
damped within the first 10ms, if it is too large it would be
almost like having an open circuit and so when the pre-
insertion resistor is by-passed it would be like the shunt
reactor was being connected for the first time, and it will have
a DC component with a value similar to the one it would have
if no pre-insertion resistor was used. This is illustrated in Fig.
4, where are the simulations for the three different situations:
Pre-insertion resistor too large, too small or not used.
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Fig. 4 Current in the shunt reactor when no pre-insertion resistor is used,

when it is too large and when it is too small

To calculate the pre-insertion resistor value, there are two
techniques that can be used:
e  Use the Energy Equations;
e  Use the Differential Equations;

A. Energy Equations

This method is based on some approximations and it is not
100% accurate, but by other hand it is much easier and faster
than solve the differential equations.

The energy equations method calculates the energy that
should be dissipated on the pre-insertion resistor, in order to
damp the DC component (2):

1 (e
:ELS(IS ) )

The energy dissipated in the pre-insertion resistor is
calculated by the integral on (3), whose limits are the time
during which the pre-insertion resistor is connected, Os to
10ms:

0.01

W =[Pdt e R It 3)

The objective is to calculate R,, but since I, and ¢
depend on the connection moment their values are unknown.
But, as for a situation of 100% reactive power compensation
the AC components of the shunt's and cable's currents cancel
each other out, the current I is equal to Is” © in the connection
moment, and both should be zero after 10ms.

Considering that the current I; decreases linearly (this is an

approximation, but as R, is large the error is small), and
neglecting Rg (it is dozens of times smaller than R;), (3) can
be substituted by (4), and the value of R, is calculated using

(6).
W =0.01R, (—Il (20)j 4)

R, =— (©)
0.01

Because of the simplifications made this method is not very
accurate, and while for a situation of maximum DC
component the error is not very big, when the DC component
is reduced the error increases.

B. Differential Equations

Unlikely in previous method, in the method based on the
differential equations no simplifications are made. The system
is modelled by (1), and the equations presented in appendix
are used in the calculations.

To calculate the value of R, a Matlab code was written. It
consists on an iterative process, where in each iteration R; is
increased, until it reaches a value for which the DC
component is damped in 10ms.

To wverify that the DC component was damped, it is
calculated the peak value of Ig 10ms after the connection. To
that value be equal to the amplitude of the AC current, it is
required to have the DC component equal to zero, so if the
calculated value is equal to (7) plus a small tolerance the
iterative process stops.

\
|7 = —— (7

R +(oL,)

The value of the pre-insertion resistor depends on the initial
value of the DC component, but the DC component depends
of the connection moment, which is unknown. So it was
decided to solve the equations for the worst case scenario,
maximum DC component, to that case the calculated value of
R, is ideal, to the other cases there is a small error.

V. SIMULATIONS

A. Simulation settings

Two types of simulations are presented ahead, a first group
for a single-phase circuit and a second one where the
reasoning is generalized for a three-phase system. In both
cases, the pre-insertion resistor is calculated using the
differential equations.

Simulations are performed in EMTDC/PSCAD, using the
frequency dependent phase model to simulate the cable, as it
is at the present the more accurate method of simulate cables
[11].

To use the frequency dependent phase model on PSCAD, it
is required to draw the several layers of the cable and give the



cables geometry, and using that information PSCAD
calculates the cable characteristics (resistance, capacitance,
etc...). As the manufacturer datasheet does not provide all the
details that the software requires, there is a difference between
the data provided by the datasheet and the one used by
PSCAD to simulate the cable. Also, some of the parameters
depend on the layout conditions, some examples are the
cable's inductance and resistance changing with the proximity
of other conductors [5]. As the efficiency of the pre-insertion
resistor will be tested using PSCAD simulations, in the Matlab
code used to calculate the resistor value it should be used
PSCAD data instead of the one from the manufacturer.

The Matlab code was written using an equivalent pi-model,
therefore the electrical parameters of the cable (resistance,
inductance and capacitance to the ground) must be known,
and the cable is a 50km, 400kV single-core cable from
SAGEM [11].

The value of the shunt reactor inductance is related with
the cable's capacitance and desired degree of compensation of
the reactive power generated by the cable. The value of the
shunt reactor resistance was considered proportional to the
inductance and the relation used was 0.2328Q per 1H [13]. In
reality the relation between these two values is non-linear, but
due to the difficulty in obtain trustful values it was decided to
use the above-mentioned relation.

The cable is considered to be connected to an ideal voltage
source of 400kV if single-phase, and 230kV if three-phase.
B. Single-phase system

The system used in the simulations is equal to the one of
Fig. 3, with the difference that the cable is not modelled by its

pi-model. The parameters of the simulated system are:
C/2=3.929yF; L=25.7mH; R=15.05Q; Ls=1.29H;
Rs=0.3003Q.

To calculate the value of the pre-insertion resistor it was
used the method of the differential equations. Using this
method it was obtained the value of 295Q for R,,, if instead of
using differential equations (6) was used, the value of R,
would be 258Q, what gives an error of 12.5%.

As explained before the DC component and the value of
the switching overvoltage depend of the voltage value in the
connection moment. As the cable is not ideal, it has
impedance, when there is an overvoltage in its end there is
also an overcurrent.

In Fig. 5 is shown the current through the circuit breaker
and the voltage at the cable's end for a maximum DC
component (no switching overvoltage), whereas in Fig. 6 are
shown the current and the voltage for a maximum switching
overvoltage (no DC component). Both figures are for a
situation where no pre-insertion resistor is used.

If the circuit breaker has a pre-insertion resistor there are
substantial differences in the transients. Fig. 7 shows the
current I; when using a circuit breaker with pre-insertion

resistor and connected for a situation of maximum DC
component. As can be observed the DC component is totally
damped in 10ms.
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Fig. 5 Current on the circuit breaker and voltage on the end of the cable for a
situation of maximum DC component
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Fig. 6 Current in the circuit breaker and voltage on the end of the cable for a
situation of maximum switching overvoltage

The method used to calculate the pre-insertion resistor
value was made for the worst case scenario (maximum DC
component), and therefore for the other situations the DC
component is not entirely damped in 10ms, and something
unexpected happens. If the shunt reactor was connected when
the voltage is at a peak value and no pre-insertion resistor is
used there would not exist DC component in the system (Fig.
6), but when using the pre-insertion resistor that is the
situation for which the DC component is larger (see current on
Fig. 8 and compare it with the current on Fig. 6).

But even in this case the DC component is not very big
when compared with the cases where the pre-insertion resistor
is not used. The maximum value of the DC component when
using pre-insertion resistor is 8.5 times smaller than the



maximum value when it is not used, and the switching
overvoltage is much attenuated, with no pre-insertion resistor
the peak voltage was 1.75pu but when using it is 1.12pu.
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Fig. 7 Current on the circuit breaker and voltage on the end of the cable for a
situation of maximum DC component, using a pre-insertion resistor
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Fig. 8 Current in the circuit breaker and voltage on the end of the cable for a
situation of maximum switching overvoltage, using a pre-insertion resistor

The results indicate that the best solution is to connect the
cable when the voltage is zero. In this situation the pre-
insertion resistor damps the DC component in 10ms and
therefore there is not possible to have zero-missing
phenomenon, as the cable is connected when the voltage is
zero there is also no switching overvoltage.

But even if the circuit breaker is closed on another
moment, the use of the pre-insertion resistor strongly attenuate
the DC component and the switching overvoltages.

All the simulations presented are for situations where all
the reactive power generated by the cable is compensated by
the shunt reactor, but even for different compensation levels
the behaviour is the same, with the difference that the current
also has an AC component.

Another possible situation is to have a pre-insertion resistor
with a non-ideal value. In that case the DC component will not
be zero after 10ms, but it will be always lower than a given
maximum. The value of the DC component after 10ms for
different pre-insertion resistor values is shown in Fig. 9.

The curve in Fig. 9 is non linear, and to values of pre-
insertion resistor close to the ideal one the DC component is
very small. If for example the value of the pre-insertion
resistor was calculated using the energy equations instead of
the differential equations, the initial DC current would be
about 100A, what is 14 times inferior to the value of the initial
DC component when no pre-insertion resistor is used
(1400A). So it is concluded that the method of the energy
equations is a good method that can be used to obtain a first
approximation of the final resistor value.
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C. Three-phases system

For a three-phase system the cable used for the single-
phase system, is used again.

The shunt reactor is connected in star with a grounded
neutral, and the values of the inductance (Ls) and resistance
(Rg) are equal to the ones of a single-phase system. There is a
small variation on the cable's inductance because of the
proximity of the other cables, but it is too small to make any
substantial difference on the cables behaviour.

Two different types of circuit breakers can be used. A first
type that closes/opens all the phases at the same time, or a
second type called single-pole mode, where the three phases
can close on different moments [10] (this system is very usual
for autoreclose on OHL).

Since the phases are closed/opened sequentially, having a
circuit breaker operating in single-pole mode is like have three
different single-phase breakers. In Fig. 10 is an example of the
closing of circuit breaker operating on this mode, the phase R
closes at Oms, the phase T 3.3ms later and phase S 6.7ms after
phase R.

Obviously that the method used to close the circuit breaker
affects the system behaviour, on Fig. 11 and Fig. 12 are two
examples (Phase R-Blue, Phase S-Green, Phase T-Red). On
the first all the phases close when the voltage is zero in the
particular phase, and therefore the DC component is
maximum and the switching transient minimum on all the



phases. In the second figure all the three phases are closed at
the same time, when phase R has maximum DC component,
and therefore the other phases have lower DC components but

also larger switching overvoltages.
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Fig. 10 Example of a single-pole mode operation [10]
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Using the Matlab code to calculate the value of the pre-
insertion resistor is obtained a value of 295Q for R,,.

In Fig. 13 is a simulation for a circuit breaker operating in
single-pole mode. As the behaviour of a three-phase system
with a circuit breaker operating in single-pole mode is very
similar to have three different single-phase systems, the
reasoning is equal to the one made on the previous section.

As it was explained before in single-phase systems section,
the Matlab code was written for a situation of maximum DC
component, so if the three phases are connected at the same
time, it is not possible to completely cancel the DC component
on all the phases. In Fig. 14 this can be confirmed, the
simulation is the same of Fig. 12 but now using a pre-insertion

resistor. The DC component of phase R is completely damped,
but it still remains some small DC component on the other two
phases. In all phases the switching overvoltage is attenuated,
confirming the efficiency of use a pre-insertion resistor.
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single-pole mode and using pre-insertion resistor
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VI. CONCLUSIONS

Switching overvoltages and zero-missing phenomenon are
non-desirable phenomena that can happen when energizing
cable lines.

The use of a pre-insertion resistor in the circuit breaker is
an effective countermeasure to both overvoltage problems and
existence of DC-component in the current of the circuit
breaker. Furthermore using a pre-insertion resistor does not
introduce any non-desirable effects on the system.

As the value of the pre-insertion resistor depends of the
closing moment of the circuit breaker it is not possible to have
an ideal value for all possible cases. But independently of the
closing moment the use of the pre-insertion resistor always
substantially reduces the DC component responsible for zero-
missing phenomenon, and the switching overvoltages.

It is also concluded that if it is possible to control the
closing moment of the circuit breaker and it can operates in
single-pole mode, it is possible to completely avoid both
phenomenon. For that it is required to use a pre-insertion
resistor with an accurate value that must be precisely
calculated, and use a circuit breaker closing its phases



independently when the voltage in each one of them is
crossing zero.

VII. APPENDIX

Equation required to calculate V,, having this variable the
currents in the system are easily obtained.

VoV (ij (®)

N N

A=s'LLCw +s'(LRCo’ +LCR®" )+

(Lo’ +RCR o’ +LLCo' )+
()]
+5’ (L,RCo' + LCRw' + R @’ )+

+s(Lo' + RCRSa)4)+ R’

B(1)=s'LCw’ +s'RCw" +
(10)

+s° (a)2 + LCa)4)+ SRCw' + &'

B(2)=s'LC’Lw’ +5’(LC'R @’ +RLC’w’)

+s'(RRC’w’ +2CL 0" +LLC 0" )+
(1D
+5’(2CR@* +LRC'0' +RLC'0' ) +

+s(RRC’0' +2CL 0" )+ s2R Coo'

N =s'LLCo’ +s° (L,RCa’ + LCR ®’ ) +
(12)
+s(L,0’ +RCR @’ )+ R0’
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