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Abstract-- In this paper we evaluate three technologies used to 

mitigate transients caused by capacitor switching in distribution 
feeders. The basic theory concerning capacitor bank switching 
transients, along with each mitigating technology, is presented.  
We use the software package ATP to simulate the energization of 
a controlled capacitor bank in a specific substation feeder, with 
and without employing mitigation devices. Mathematical 
computations of quantities such as peak transient voltages, 
currents, and frequencies are provided for each case. These are 
compared to the values obtained from the simulations of each 
case study. 
 

Index Terms-- switching transients, capacitor inrush, back-to-
back capacitor energization, capacitor switching, zero crossing 
switch, synchronous switch, pre-insertion resistors, inrush 
reactors, ATP. 

I.  INTRODUCTION 

CAPACITORS are commonly found in distribution 

circuits. They increase the performance of distribution 
systems by reducing losses, freeing up capacity, and reducing 
voltage drop. Utilities typically employ them to improve 
voltage regulation and reduce losses. Customers may use them 
for power factor correction. Capacitors store reactive power 
and supply it when reactive loads need it. The most common 
form of distribution capacitors are pole-mounted capacitor 
banks, but also pad-mounted and substation capacitor banks 
are used.  Capacitor banks may be controllable, that is, they 
may employ a switch to control the time a capacitor is either 
energized or de-energized. Capacitors without controllable 
switches are either on or off all the time. 

Although capacitors provide benefits to distribution 
systems, when not properly employed they can create losses 
and overvoltages. Another problem that arises from capacitor 
employment is the generation of transient inrush currents 
when a capacitor bank is closed on an energized circuit. Any 
sudden change in circuit conditions, such as that occurring 
during a capacitor switching operation, will bring about a 
transient. As stated above, capacitor banks can be of fixed or 
controllable nature. Fixed capacitor banks are typically only 
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switched on or off a few times during their useful lifespan, 
leading to few transients. In contrast, switched capacitor banks 
offer a greater threat of generating transients in distribution 
circuits since these banks may switch on and off several times 
during the day, each time generating a transient. In fact, 
switched capacitors cause the most severe switching transients 
in distribution circuits when compared to typical utility 
operations such as energizing a cable or large load [1].   

When an uncharged capacitor is energized, the system 
voltage is momentarily pulled down (since the capacitor’s 
voltage cannot change instantaneously). The voltage will then 
rebound and overshoot the system voltage by an amount equal 
to the difference between the system voltage and the capacitor 
voltage at the instant of energizing. Thus, the most severe 
transient will occur when an uncharged capacitor is switched 
at a voltage peak. Theoretically, this would lead to a transient 
with peak amplitude of two per unit, although damping from 
losses in the circuit will usually cause it to be less severe. The 
first peak of the transient is usually the most damaging. 

As we will see, capacitor inrush is more severe when a 
capacitor is switched near a capacitor that is already 
energized.  This is sometimes called back-to-back capacitor 
switching.  This might occur in a switched capacitor bank in 
which the total bank capacity is switched in steps. Another 
example of back-to-back capacitor switching is the 
energization of a capacitor bank near a capacitor bank already 
energized. 

Capacitor switching transients in distribution circuits tend 
to be less severe due to the relatively low peak magnitudes 
and rapid decay [1]. Although these transients are normally not 
severe enough to fail line equipment, they can be large enough 
to affect sensitive equipment such as adjustable speed drives 
and uninterruptible power supplies.   

II.  CAPACITOR SWITCHING TRANSIENTS 

As stated above, the worst-case scenario for a typical 
capacitor switching operation is energizing an uncharged 
capacitor bank at voltage peak. Since typical switches close all 
three phases of a capacitor bank at the same time, the 
likelihood of one of the phases being at or close to voltage 
peak at the instant of circuit closing is high. When energizing 
an uncharged capacitor bank at voltage peak, the voltage 
transient might reach a theoretical maximum value of two per 
unit, but typically losses in the circuit will reduce the peak 
transient magnitude to a lesser value. 

Besides the peak voltage transient value, the behavior of the 
transient inrush current is also important. A typical capacitor 
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bank with a normal average current of a few hundred amps 
might develop a transient inrush current of thousands or tens 
of thousands of amps for a brief period. We will analyze the 
problem of switching one capacitor bank into another using 
simple circuit theory. If we neglect the resistance of the circuit 
between the two capacitor banks we can analyze the problem 
as the LC circuit shown in Fig. 1.  
 

 
Fig. 1.  Equivalent circuit for analyzing the transient generated by a back-to-
back capacitor switching operation. 

 
In this circuit C1 and C2 are the capacitances of the first 

and second banks, L1 and L2 are the inductances of each 
capacitor bank, Lline is the equivalent inductance of the 
feeder segment between the banks, and Sw1 is the switch that 
closes in the controlled bank. For the moment we will neglect 
introducing the source voltage into the equivalent circuit. 
Justification for this is provided below.  

 Assuming the first capacitor bank is charged to peak 
system voltage, the magnitude of the current that flows when 
the second capacitor bank is energized is given by the 
equation: 
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where 
C

L
Z =0 is referred to as the surge impedance and 

|V| is the magnitude of the voltage waveform driving the 
current during energizing[2]. Here L stands for the inductance 
between the banks and the inductance found in the capacitor 
bank structure. If the second bank has an initial charge, then 
the magnitude of the voltage will be given by the voltage 
difference between banks. The transient arising from the 
energization of a capacitor bank will oscillate about the 
fundamental frequency waveform at a frequency typically in 
the hundreds of hertz. This frequency is given by the 
following relationship: 
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where f is the frequency of the oscillation, Ls is the system 
inductance, and C is the capacitance of the capacitor bank(s) 
under evaluation.   

Note that since in back-to-back switching the capacitor 
banks are connected in parallel with the source supply, and the 
initial transient frequency is high compared to nominal system 
frequency, the source voltage can be assumed to remain 

unchanged during the transient period, justifying our 
assumption that led to the simplification of the circuit of 
Figure 1. The resulting high inrush currents can produce high 
mechanical stresses in the electrical components and induce 
transients in neighboring circuits that may affect connected 
electronic equipments.  

When analyzing back-to-back capacitor switching 
transients it will be possible to observe that the transient itself 
contains more than one frequency component, typically two 
noticeable frequencies. This arises from the physical 
phenomena present during the energization. As stated above, 
during the first moments of the transient, the source voltage 
remains practically unchanged while the energized capacitor 
discharges into the de-energized bank. Our resulting circuit 
(neglecting resistance) would be composed of a series LC 
circuit in which the total capacitance would be reduced by 
series combination, as in Fig. 1. If we observe the equation for 
transient frequency we will see that this circuit produces a 
high frequency of oscillation. It is typical of these transients to 
be in the kilohertz range. As the transient progresses, the 
voltage of the two capacitor banks will settle to a common 
value lower than the system voltage (due to losses in the 
circuit). Meanwhile, the source voltage and the capacitor 
voltages will now be different, leading to another transient 
component while the capacitors are being brought up to 
system voltage. The circuit representing this condition is 
shown in Fig. 2. 

 
Fig. 2.  Equivalent circuit for analyzing the lower-frequency component of the 
transient caused by back-to-back capacitor switching. 

 
This transient has a lower frequency of oscillation since 

now the capacitors will be in parallel with the driving voltage 
(source) and the resulting higher capacitance and lower 
inductance will produce a lower frequency. The resulting total 
transient will be a combination of the two frequency 
components oscillating around the fundamental waveforms. 

III.  REDUCTION OF CAPACITOR SWITCHING TRANSIENTS 

There are several technologies available that help to 
mitigate capacitor inrush transients. These include the use of 
pre-insertion resistors, inrush limiting reactors or zero-
crossing (also called synchronous) switches. Each technology 
works in a distinct way to reduce the switching transient: 
 

1. Pre-insertion resistors - The use of Pre-insertion 
resistors is an old but effective remedy. In a switch 
with pre-insertion resistors, the switch first contacts 
the resistors before making contact with the 
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capacitors. The addition of pre-insertion resistors 
helps to reduce the severity of the transient by 
momentarily introducing heavier losses in the circuit. 
Higher amounts of losses help to reduce the peak 
values of the voltage and current transients. A pre-
insertion time of about one fourth of a cycle at 60 Hz 
(4.167 ms) is typical [3]. This serves to reduce the first 
peak of the transient, which is usually the most 
damaging.   

 
2. Inrush current limiting reactors - This method 

employs reactors in series with the capacitor bank.  
The reactor increases the magnitude of the surge 
impedance, effectively reducing the peak value of the 
inrush current. Also, since the current through the 
reactor cannot change instantly, the higher frequency 
components of the transient are limited and the 
severity of the current inrush transient is reduced.  
Sometimes reactors are built intentionally with higher 
resistances to increase damping of the transient. 

 
3. Zero-crossing switches - Also called synchronous 

switches or breakers, these switches represent a 
relatively new technology used to reduce capacitor 
switching transients. Zero-crossing switches time the 
closing of each phase to correspond with the zero 
crossing of the phase voltage. The electronic controls 
monitor such parameters as stored energy, ambient 
temperature, time since the last operation, and the 
actual performance of the switch to adjust the firing 
algorithm. Uncharged capacitors energized at zero 
volts will produce virtually no transients. These 
switches will lower peak transient voltages to about 
1.1 pu [3]. As a result, these switches help to increase 
equipment life, reduce ground transients and 
minimize capacitor inrush. Due to their higher 
complexity, these switches are more expensive than 
normal automatic switches. Nevertheless, they may 
provide a cost-effective alternative when capacitor 
switching transients frequently disrupt customer 
equipment.   

 
We will now proceed to simulate our study case, 

a 13.2 kV feeder supplying a shopping center, using the 
Alternative Transients Program (ATP). This feeder has a 
fixed capacitor bank already installed, and we wish to 
determine the effects of installing a switched bank near the 
load to improve the feeder’s power factor. We will simulate 
the use of the three different methods to reduce the 
capacitor transients and to compare the results. 

IV.  SYSTEM REPRESENTATION 

A.  Circuit Data 

The system under study included a feeder with overhead 
conductors, underground cables, two capacitor banks, and 
loads. It also included the power source, which was 
represented by its Thevenin equivalent at Sabana Llana 
Transmission Center. The schematic in Fig. 3 is the ATPDraw 

representation of the system. 
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CABLEAIR COND AIR COND

 
 
Fig. 3.  System representation of the Base Case in ATPDraw.  

 
The source was represented by its Thevenin equivalent 

with a short circuit value of 44.92 pu at a 100 MVA and 
115 kV base. The 115/13.2 kV distribution substation 
transformer at Sabana Llana was included in our evaluation 
with an impedance of 11 percent at a 24 MVA base. The load 
power demand at the substation, excluding the feeder under 
study, was also simulated with 6.40 MVA at a 0.91 lagging 
power factor. These values were included in our ATP model 
as inductances, capacitances, and resistances. 

The feeder under study included underground and 
overhead conductor sections. The two blocks named CABLE 
in the ATP circuit model of Fig. 3 represent the underground 
sections. These 750 kcmil underground conductor cable 
sections were 192 m and 274 m long, respectively. On the 
other hand, the two blocks named AIR COND in the ATP 
circuit model represent the overhead conductor sections. 
These 556.5 ACSR conductors had a distance of 192 m and 
30.4 m, respectively. The impedances were calculated using 
the Line and Cable Constants (LCC) option in ATP. 

The most important components connected to our feeder 
were the fixed and the controlled capacitor banks. These 
components experienced an exchange of energy when the 
controlled bank was switched into the feeder. This switching 
operation also created the overvoltages and high frequency 
inrush currents that were analyzed as part of our study. The 
fixed capacitor bank had a 1,200 kVAR capacity, while the 
controlled capacitor bank had 1,800 kVAR of reactive power. 
These components were represented by the FIXED and CONT 
CAP blocks in Fig.3. 

Finally, the load demand of the feeder was simulated with 
5.30 MVA at a 0.88 lagging power factor. It represented the 
Shopping Center loads connected to the feeder.  

V.  SIMULATIONS  

A.  Base Case 

The base case diagram was illustrated in Fig. 3. The 
controlled capacitor bank was switched into the feeder at the 
peak phase A system voltage to evaluate its effect on the 
feeder. Specifically, we concentrated on the peak transient 
voltages and the high frequency inrush currents that originated 
as a result of this switching operation.   

The controlled capacitor bank switch was closed at 
18.055 ms (peak phase A voltage). Fig. 4 shows the three 
phase voltages at this capacitor bank before and after the 
switching operation. The peak phase A voltage reached almost 
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twice its steady state value at energization. This is a normal 
transient overvoltage, since the controlled capacitor bank was 
originally discharged and the voltage oscillated over the 
system voltage as high as it started below. In this case, the 
voltage did not reach twice the peak steady state system 
voltage because the resistances in the system provided 
damping. 
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Fig. 4.  Voltages at the controlled capacitor bank when energizing at the peak 
phase A system voltage.  Vpeak (phase A) = 20.332 kV.  
 

The inrush currents between the capacitor banks were also 
of big concern. The energization of the controlled capacitor 
bank, having a nearby fixed capacitor bank already in service, 
produced a phenomenon called back-to-back switching. It 
generated high frequency inrush currents in which the fixed 
capacitor bank charged the controlled bank. The theoretical 
peak inrush current, and the frequency of this transient are: 
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Ω=== 626.4
962.10

62.234

F

H

C

L
Zo

µ
µ   (4) 

 

and 
 

kHz
LC

f 139.3
2

1 ==
π

    (5) 

 

The 1.10 value in the peak inrush current calculation was 
included to compensate for the +10 percent regulation at the 
secondary winding of the substation transformer. The surge 
impedance includes the inductances of the conductors 
between the capacitor banks and the capacitances of the banks 
itself. Our transient analysis concentrates on the phenomena 
occurring between these capacitor banks, as the exchange of 
energy occurs between these components. Fig. 5 shows the 
phase A current between the capacitor banks, with a peak 
value of 2.691 kA at 3.185 kHz. 
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Fig. 5.  Current between banks when energizing at the peak phase A system 
voltage.  Ipeak (phase A) = 2.691 kA; f = 3.185 kHz  

 

The charging of the controlled capacitor bank after the 
switching operation can be appreciated in Fig. 6. This bank 
was discharged until the switch was closed at the peak phase 
A system voltage (18.055 ms). The current was zero until the 
switch was closed, and then an inrush transient current from 
the fixed capacitor bank charged the controlled bank at the 
frequency established by the inductances of the conductors 
between the banks and the capacitances of the capacitor 
banks. After approximately 95 ms the transient disappeared 
and the current reached its steady state value. 
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Fig. 6.  Current through the controlled capacitor bank when energizing at the 
peak phase A system voltage.  Ipeak (phase A) = 2.473 kA 

        

The energization of the controlled capacitor bank did not 
affect considerably the currents at the Shopping Center’s 
service entrance. In fact, Table I shows that the peak inrush 
current reached only 386 A, whereas the steady state value 
was 341 A. For this reason, we concentrated our study on the 
high frequency inrush currents between the capacitor banks. 
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TABLE 1 
Peak Currents and Voltages at Different Locations in the Base Case Circuit  

 

 Location Peak Value 

13.2 kV Bus at Transformer 19.478 kV 

Fixed Capacitor Bank 19.793 kV 

Controlled Capacitor Bank 20.332 kV 
Voltage 

Shopping Center Service 
Entrance 22.999 kV 

Feeder Output from 
Substation 1.446 kA 

Between Capacitor Banks 2.691 kA 

Controlled Capacitor Bank 2.473 kA 
Current 

Shopping Center Service 
Entrance 0.386 kA 

 
Our goal in this study was to reduce the peak inrush current 

between the banks to half the base case value. We evaluated 
the use of current reactors and pre-insertion resistors for the 
mitigation of these transients. Also, we simulated the system 
using a synchronous circuit breaker for the controlled 
capacitor bank. 

 

B.  Simulations using the current limiting reactors 

 
The reactors used with the controlled capacitor bank had 

an inductance of 700 µH per phase. These components were 
used to limit the peak inrush current between the banks to half 
the base case value. Fig. 7 shows the ATPDraw representation 
of the system. 
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Fig. 7.  System representation including the current limiting reactors for the 
controlled capacitor bank. 

 
The sizes of these reactors were calculated using the 

results from the base case inrush current and the surge 
impedance of the circuit.  The equations used follow: 
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Increasing the inductance between the fixed and the 

controlled capacitor banks reduced the peak inrush current to 
the desired value. Fig. 8 shows that the simulated peak inrush 
current was reduced to 1.476 kA, nearly half the base case 
value. It confirmed our assumption that increasing the surge 
impedance of the circuit would reduce this high frequency 
transient. In fact, the frequency of the transient inrush current 
was also reduced to 1.831 kHz. 
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Fig. 8.  Current between banks when energizing the controlled capacitor bank 
and the current limiting reactors.  Ipeak (phase A) = 1.476 kA; f = 1.831 kHz 
and f = 542 Hz 

 

It is interesting to note that after the high frequency 
transient, another lower-frequency transient followed. This 
transient had a frequency of 542 Hz. It shows the effect of the 
source on the feeder, as it damps out the oscillations and 
restores the current to the steady state value.   

This restoring transient event can also be observed at the 
controlled capacitor bank’s voltages. Fig. 9 shows how the 
phase A voltage peaks at 17.440 kV and then reaches the 
steady state value after the restoring frequency transient. The 
first transient is the result of the rapid exchange of energy 
between the capacitor banks, while the restoring transient 
occurs because the common voltage of the capacitors is 
different from the supply voltage. 
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Fig. 9.  Voltages at the controlled capacitor bank when energizing it along 
with the current limiting reactors.  Vpeak (phase A) = 17.440 kV. 

 

Table 2 shows the peak currents and voltages at different 
locations in the circuit. 

 
TABLE 2 

Peak Currents and Voltages at Different Locations in the Circuit Using the 
Reactors  

 

 Location Peak Value 

13.2 kV Bus at Transformer 17.592 kV 

Fixed Capacitor Bank 17.915 kV 

Controlled Capacitor Bank 17.440 kV 
Voltage 

Shopping Center Service 
Entrance 17.502 kV 

Feeder Output from 
Substation 1.689 kA 

Between Capacitor Banks 1.476 kA 

Controlled Capacitor Bank 1.180 kA 
Current 

Shopping Center Service 
Entrance 0.389 kA 

 

C.  Simulations using the pre-insertion resistors 
 

The resistors were connected in series with the controlled 
capacitor bank to damp the transient inrush currents. This 
technology required the use of an additional switch to 
disconnect the resistors one quarter of a cycle after the 
energization of the controlled bank. That is, the additional 
switch was closed 22.222 ms after the simulation started. The 
resistors were disconnected from the circuit to reduce the 
steady state losses. Fig. 10 shows the ATPDraw representation 
of the system. 
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Fig. 10.  System representation including the pre-insertion resistors. 
 

The sizes for these resistors were calculated using the base 
case data and Fig. 4.4 from [2]. Since our purpose was to 
reduce the peak inrush current to half the base case value, we 
first found the operational solution for the RLC series circuit 
(remember that our study concentrates in phenomena ocurring 
between the banks). This solution was used to determine the 
damping curve that applied to our system. The curve that best 
suited our study was λ = 0.85. The resistances used in the 
simulations were: 

 

phase
Zo

R /44.5
85.0

626.4 Ω=Ω==
λ

  (10) 

 

This resistance per phase reduced the peak currents and 
voltages. Fig. 11 shows how the peak inrush current was 
reduced to 1.477 kA, practically the same result obtained 
using the current limiting reactors. It is interesting to note that 
the transient was damped faster with these resistors than with 
the reactors. Also, it can be seen that the frequency of the high 
inrush current was very similar to the one obtained in the base 
case simulations. This is beacause the L’s and C’s of the 
circuit were not changed. 

On the other hand, an additional high frequency transient 
occurred 22.222 ms after the simulation started. This is the 
result of closing the additional switch and disconnecting the 
resistors. Still, its effect is not critical because the switch was 
closed near the zero-crossing of the phase A voltage curve. 
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Fig. 11.  Current between banks using the pre-insertion resistors.  Ipeak (phase 
A) = 1.477 kA; f = 3.22 kHz and f = 620 Hz 

The peak phase A voltage reached 15.181 kV, and the 
oscillations disappeared after just 55 ms. This magnitude is 
less than the one obtained in the simulations using the 
reactors. This confirms the importance of closing the 
additional switch near the zero-crossing of the voltage curve. 
Fig. 12 shows the voltage curves at the controlled capacitor 
bank. Also, Table 3 presents the voltages and currents at 
different locations in the circuit. 
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Fig. 12.  Voltages at the controlled capacitor bank using the pre-insertion 
resistors.  Vpeak (phase A) = 15.181 kV. 

 
TABLE 3 

Peak Currents and Voltages at Different Locations in the Circuit Using the 
Pre-Insertion Resistors  

 

 Location Peak Value 

13.2 kV Bus at Transformer 14.750 kV 

Fixed Capacitor Bank 14.883 kV 

Controlled Capacitor Bank 15.181 kV 
Voltage 

Shopping Center Service 
Entrance 15.226 kV 

Feeder Output from 
Substation 1.201 kA 

Between Capacitor Banks 1.477 kA 

Controlled Capacitor Bank 1.230 kA 
Current 

Shopping Center Service 
Entrance 0.363 kA 

 

D.  Simulations using the synchronous circuit breaker for the 
controlled capacitor bank 

 
The circuit model is the same as Fig. 3. The synchronous 

circuit breaker demonstrated to be the best choice for the 
mitigation of the high frequency transients. This breaker 
reduced considerably the magnitudes and the period of 
oscillation of the transient voltages and currents in the circuit. 

The breaker operated each of its poles independently. The 
advantage of this operation is that it was possible to close each 
pole at the zero-crossing of the voltage curves. Theoretically, 
this meant that the transients would be reduced to a minimum. 
As Fig. 13 and Fig. 14 show, the current and voltage 
transients lasted only two cycles, and their peak values were 
close to the steady state results.      

 

(file BANCOCAPACSOTERRADO_ZEROCROSS.pl4; x-var t)  c:X0080A-X0082A     
0.00 0.02 0.04 0.06 0.08 0.10[s]

-3000

-2000

-1000

0

1000

2000

3000

[A]

Corriente entre bancos usando los interruptores de cierre sincrónico para el banco controlado
Imax (fase A) = 0.370 kA; f = 2.702 kHz y f = 588 Hz

 
 

Fig. 13.  Current between banks using the synchronous circuit breaker for the 
controlled capacitor bank.  Ipeak (phase A) = 0.370 kA; f = 2.702 kHz and 
f = 588 Hz 
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Voltajes en el banco controlado usando los interruptores de cierre sincrónico 
Vmax (fase A) = 11.570 kV (1.073 pu)

 
 

Fig. 14.  Voltages at the controlled capacitor bank using the synchronous 
circuit breaker.  Vpeak (phase A) = 11.570 kV 
 

Table 4 shows the peak voltages and currents at different 
locations in the circuit. 

 
TABLE 4 

Peak Currents and Voltages at Different Locations in the Circuit Using the 
Synchronous Circuit Breaker  

 

 Location Peak Value 

13.2 kV Bus at Transformer 11.493 kV 

Fixed Capacitor Bank 11.528 kV 

Controlled Capacitor Bank 11.570 kV 
Voltage 

Shopping Center Service 
Entrance 11.565 kV 

Feeder Output from 
Substation 0.387 kA 

Between Capacitor Banks 0.370 kA 

Controlled Capacitor Bank 0.202 kA 
Current 

Shopping Center Service 
Entrance 0.343 kA 

 

VI.  CONCLUSIONS 

From what we have seen in theory and simulation, the 
energization of capacitor banks in distribution circuits can 
cause transients in the voltage and current wavefroms. This 
problem is agravated by switching a capacitor bank close to 
another bank already in service. The resulting transient 
overvoltage can reach a peak value close to two per unit, and 
the inrush current can reach magnitudes of several 
kiloamperes. Furthermore, a high frequency transient 
component will arise, leading to further problems, especially 
with sensitive electronic loads.   

We analyzed several technologies available to mitigate such 
transients. Of these, the synchronous circuit breaker was the 
ideal component to mitigate the effects of the back-to-back 
capacitor switching. This equipment had the advantage of 
closing each pole independently near the zero-crossing of the 
voltage waveform. This operation reduced the transients to 
levels that would not severely affect most sensitive equipment. 

The other two technologies considered, pre-inserion 
resistors and current-limiting reactors, were able to reduce the 
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magnitudes of the transients in the voltage and current 
waveforms, but to a lesser degree. Still, its effects were still 
noticeable and lasted for a few milliseconds. 

The use of synchronous circuit breakers is the best choice 
when trying to mitigate capacitor switching transients. 
Nevertheless, the user should also take into consideration the 
increased cost and added complexity of the equipment to 
determine if this is the most cost-effective solution to the 
problem at hand.   
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