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Abstract

Back-to-back switching of capacitor banks, a condition occurring when an energized bank is
connected to a bus with other banks already in service, generates some of the most severe
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inrush current transients in power systems. This study investigates this phenomenon through a
design and simulation approach utilizing the Alternative Transients Program (ATP/EMTP). A
comprehensive model of a 34.5 kV substation, incorporating two distinct capacitor banks (18
MVAR and 10 MVAR), was developed to meticulously analyse the transient behaviour
during switching events. Simulation results demonstrated a peak inrush current exceeding 100
kA, characterized by a natural oscillation frequency of roughly 4.6 kHz. Validation against
analytical calculations confirmed a strong correlation in frequency, although the simplified
analytical model significantly underestimated the peak current by around 50%. The practical
implications of these transients, involving severe electromechanical stresses on circuit
breakers, potential damage to capacitor units, and increased risk of flashovers, are discussed.
The findings underscore the critical necessity of implementing mitigation strategies, such as
inrush current-limiting reactors, particularly in multi-bank installations, to ensure system
reliability and equipment longevity.

Keywords: Back-to-Back Switching, Capacitor Banks, Inrush Current, High-Frequency
Transients, ATP/EMTP, Power System Protection

Introduction
Electric power systems must function at optimal power factors, mostly for economic

considerations. Shunt capacitor banks (SBCs) are extensively utilized in electric power systems
to sustain power factors. The energy management system is responsible for controlling the on/off
of SBCs, particularly in modern electric power systems [1]. The use of the SBCs is a beneficial
and cost-effective approach to do reactive compensation in a power system [2, 3]. The statistical
findings indicated that this operational duty ought to be performed once or twice daily [4, 5].
According to [6] almost 60% of all the capacitor banks were switched on and off 300 times a
year, and another 30% were switched on and off 700 times a year [7]. Thus, it's crucial to have a
low restrike probability since overvoltage from a restrike could make the power system unstable

[8].

SBCs are indispensable in modern power systems. They supply the reactive power needed
for voltage support and power factor correction, and utilities routinely switch them in and out as
load conditions change throughout the day [9]. Moreover, capacitor banks are generally the most
economical alternative for sustaining line voltage when servicing substantial inductive loads.
Capacitors can diminish the flow of reactive current supplied by distant electrical sources, hence
optimising the transmission line capacity for providing real power to loads. Shunt capacitor banks
are essential for the functionality of a flexible and robust power system, and their dependability is
intricately linked to the overall system reliability. American Electric Power Company (AEP)
focused on three primary concerns in the capacitor bank design: reducing continuous voltage
stresses, detecting capacitor failures, and mitigating switching transients [10]. Under steady-state
conditions, these banks perform reliably [11]. The difficulty arises during switching operations,
which can initiate electromagnetic transients that stress equipment well beyond its normal
operating envelope. Of all capacitor switching scenarios, the back-to-back event stands out as the
most severe [12]. It occurs when a bank is energized on a bus where one or more other banks are
already connected. The inrush currents that result can reach magnitudes far exceeding those seen
during normal fault conditions—a fact that has significant implications for equipment
specification and protection design. The mechanism is straightforward in principle. When a new
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bank is connected to a bus where another bank is already charged, the pre-existing charge
provides a low-impedance discharge path into the newly connected bank. The result is a high-
magnitude, high-frequency oscillatory current between the two banks [13, 14]. What makes this
particular transient so severe is the impedance of the discharge path. It is dominated by the small
inductance of the busbars connecting the banks—typically on the order of microhenries rather
than millihenries. This leads to transient currents and frequencies that are orders of magnitude
higher than those observed when an isolated bank is energized [15]. Where isolated energization
might produce a few kiloamperes at a few hundred hertz, back-to-back switching can generate
currents exceeding 100 kA at frequencies in the kilohertz range.

These extreme transients pose a real threat to power system equipment. The enormous peak
current can cause excessive erosion and potential welding of circuit breaker contacts, severe
mechanical stresses on busbars and capacitor units, flashovers in current transformers and control
wiring due to induced voltages, and damage to capacitor fuses or the units themselves if the
current exceeds their withstand capability [16]. Inrush current is the initial surge in magnitude
that occurs when a circuit connects to a load [17]. Switching operations, especially switch
closing, precipitate high- level current and voltage spikes within microsecond to millisecond
intervals [18], which can accelerate circuit breaker degradation if they surpass design
specifications [19]. Typical mitigation strategies include pre-insertion resistors and reactors,
which limit peak currents by increasing system resistance or inductance [2], respectively.
Furthermore, controlled switching (point-on-wave) optimizes breaker timing to reduce the
resultant inrush magnitude [20]. Despite the widespread use of multiple capacitor banks in
substations, a detailed understanding of the back-to-back switching transient remains essential for
proper equipment specification and the design of effective mitigation measures.

Capacitor switching transients have been studied for decades. While the energization of
isolated banks presents a notable transient, the power engineering community has long focused
on the more critical case of back-to-back switching, given its potential for generating
exceptionally severe inrush currents. SBCs first appeared in power systems in the early 20th
century, primarily for power factor correction in industrial facilities [21]. As the benefits of
reactive power compensation became more widely appreciated, capacitor banks were deployed at
higher voltage levels and in larger sizes. The transient phenomena associated with switching
these banks became an increasingly important concern [21]. Research in power systems has
widely addressed the transient disturbances linked with capacitor switching. Specifically, some
studies have focused on classifying these transient disturbances to facilitate the implementation
of targeted suppression strategies [22]. Other investigations have delved into the voltage
amplification phenomenon that originates from capacitor switching transients on the secondary
side of downstream transformers, quantifying the range of the amplified voltage peaks [23].
Moreover, the effect of this downstream voltage amplification, resulting from capacitor
switching, on adjustable-speed drives has also been a subject of academic research [24]. Early
work by Starr and Harrington [9] documented the challenges of switching large capacitor banks
in transmission networks. That initial research laid the groundwork for the theoretical framework
and analytical methods that followed. Frequencies typically fall in the range of a few kilohertz,
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and peak currents can reach tens or even hundreds of kiloamperes [25]. The physics can be
understood by considering the energy stored in the pre-energized bank: at the instant of
switching, this energy is rapidly transferred to the newly connected bank through the low-
inductance path, and the rate of transfer is limited only by that inductance [26].

This paper addresses the quantification and analysis of these extreme inrush current transients,
which is critical for the reliable design of substations with multiple capacitor banks. Through a
detailed investigation using digital simulation, the study aims to model and simulate a back-to-
back capacitor switching scenario in a representative power system using ATP/EMTP.
Furthermore, the paper determines the peak magnitude and frequency of the transient inrush
current, comparing simulation results with analytical calculations to analyze the severity of the
transient and its potential impact on system components. By highlighting the importance of
considering this transient duty in equipment specification, the research discusses the potential
need for mitigation measures and provides comprehensive recommendations for the safe design
and operation of multi-bank capacitor installations. This research is directly relevant to power
system engineers involved in the design, specification, and operation of capacitor bank
installations. The findings provide quantitative data on the severity of back-to-back switching
transients, validation of analytical methods through detailed simulation, guidance for equipment
specification and protection coordination, and a foundation for evaluating mitigation strategies.

e 1.1 Comparison with Isolated Bank Energization

The severity of back-to-back switching is best appreciated by direct comparison with isolated
bank energization. Table 1 summarizes the key differences.

Table 1: Comparison of Isolated and Back-to-Back Switching

Parameter Isolated Energization Back-to-Back Switching
Current Path Through source inductance Through busbar inductance
Typical Inductance 1-10 mH 10-100 pH

Peak Current 1-10 KA 10-100+ kA

Frequency 100-1000 Hz 1-10 kHz

Duration 10-50 ms 1-10 ms

Primary Concern Overvoltage Extreme inrush current

The dramatic difference in current magnitude arises from the much smaller inductance in the
back-to-back case. Busbar inductance is typically 100 times smaller than source inductance,
which translates to a surge impedance roughly 10 times smaller and, consequently, a peak current
roughly 10 times larger.

e 1.2 Stresses on Equipment

The primary concern with back-to-back switching is the extreme stress placed on the
switching device. The circuit breaker must make this very high peak current without contact
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welding or excessive erosion. IEEE C37.012 provides guidance on the capability of circuit
breakers for capacitive switching duties, including back-to-back scenarios [15]. The standard
specifies that the breaker’s making current capability should be at least 2.5 times the rated short-
circuit current for such applications.

The high inrush current can also damage the capacitor units themselves. Capacitor standards
typically recommend limiting peak transient currents to 100 times the rated nominal current [16].
Exceeding this threshold risks mechanical damage to internal connections, thermal damage to the
dielectric, and premature failure of internal fuses. The high di/dt can also induce significant
voltages in nearby control circuits, leading to maloperation of protective relays, interference with
communication systems, and flashovers in control wiring [27].

e 1.3 Analytical Foundation
Based on the simplified equivalent circuit of back-to-back capacitor switching shown in

Figure. 1, when a capacitor bank (C2) is switched onto a bus where another bank (C1) is already
energized, a very low impedance path is created between the two. It should be noted that, this is
simulated by closing switch S2. This path consists mainly of the busbar inductance (LB)
connecting the banks. The voltage difference between the energized bank and the uncharged
incoming bank drives a rapid discharge of C1 into C2 [28]. The resulting current is a high-
frequency oscillation whose magnitude is limited only by the surge impedance of this local LC
circuit. The fundamental analysis of the back-to-back transient involves a simplified circuit
model consisting of the two capacitor banks and the inductance between them [29]. For two
banks C1 and C2 connected by a busbar with inductance LB. The key parameters include the
calculation of the peak inrush current and the frequency of this transient, which is given by: [30].

Equivalent Capacitance: Ceq = (C1 x C2)/ (C1 + C2)
Surge Impedance: Zo = (LB / Ceq)
Peak Current: I peak =V _peak / Zo
Natural Frequency: fo = 1/ (2x x \(LB x Ceq))

These models provide a solid basis for understanding the physics. They do, however, neglect
damping and other complex system interactions, which digital simulation captures more
accurately. Given the severity of back-to-back transients, several mitigation techniques have been
developed and are widely used in practice. Table 2 summarizes the main approaches.

Table 2: Mitigation Techniques for Back-to-Back Switching

Technique Description Effectiveness Cost

Current-Limiting Series inductors with High Moderate

Reactors each bank

Pre-insertion Resistors | Resistors in breaker High High
mechanism

Synchronous Closing Point-on-wave Very High High
controllers

Increased Bus Longer bus connections | Moderate Low

Inductance

Separate Buses Isolate banks on Very High Very High
different buses
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The most common method is the use of series current-limiting reactors. These add inductance to
the local discharge loop, increasing the surge impedance and reducing the natural frequency,
which significantly lowers the peak inrush current [31]. Pre-insertion resistors offer another
approach, temporarily inserting a resistor during closing to damp the transient [32]. More
advanced solutions involve synchronous closing or point-on-wave controllers that time the
breaker closure to minimize the transient [33]. The choice among these depends on a cost-benefit
analysis and the specific requirements of the installation.

e 2. Methodology and Simulation Model

The investigation was conducted using the ATP/EMTP software. The same detailed 34.5 kV
substation model used for the isolated energization study was employed here, ensuring
consistency and allowing a direct comparison of transient severity between the two scenarios.

e 2.1 Overview of ATP/IEMTP

The Alternative Transients Program (ATP) is a widely used tool for digital simulation of
electromagnetic and electromechanical transient phenomena. It has been developed over many
years and is a standard tool among power system engineers for analyzing switching transients,
lightning surges, and related phenomena.

ATP uses the trapezoidal rule of integration to solve the differential equations representing the
power system, providing a good balance between accuracy and computational efficiency. Its
small-time step capability makes it particularly well-suited for simulating high-frequency
transients like those encountered in back-to-back switching [34].

e 2.2 System Model and Parameters
The simulation model includes the 34.5 kV source, two distinct capacitor banks (C1 = 18

MVAR, C2 = 10 MVAR), and the associated circuit breakers and buswork. For this particular
transient, the critical parameters are the capacitances of the two banks and the inductance of the
busbar connecting them, since these elements form the local oscillatory circuit that drives the
transient. The model of the simulation SBCs switching transient at 34.5 kV is illustrated in Figure

With neglected thispart

Ahe ey

\ o] |-ote—A

Back to back switching transient :
With close S2. [

v

Figure 1: Model of the simulation shunt capacitor bank switching transient at 34.5 kV.
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e 2.3 System Configuration

The model comprises the following components. The source is a three-phase ideal voltage
source with series impedance representing the utility supply at 34.5 kV line-to-line and 60 Hz.
Two SBCs are connected to the main bus: Bank C1 at 18 MVAR (40.1 pF per phase) and Bank
C2 at 10 MVAR (22.3 uF per phase). Ideal switches represent the circuit breakers for each bank
(S1 for C1, S2 for C2). The connection between the two banks is modeled with a small
inductance of 19 pH, representing the physical busbar. The key Parameters for Back-to-Back
Simulation are depicted in Table 3.

Table 3: Key Parameters for Back-to-Back Simulation

Parameter Symbol Description Value

System Voltage Vo Line-to-Line Voltage 34.5 kv

System Frequency f Power Frequency 60 Hz

Capacitor Bank 1 C1l Capacitance of Bank 1 40.1 pF

Capacitor Bank 1 Rating | Q1 Reactive Power Rating | 18 MVAR

Capacitor Bank 2 C2 Capacitance of Bank 2 22.3 uF

Capacitor Bank 2 Rating | Q2 Reactive Power Rating | 10 MVAR

Busbar Inductance LB Inductance between 19 yH
Banks

Source Inductance L1 Equivalent Source 3mH
Inductance

Busbar Resistance RB Resistance between 0.01 Q
Banks

Source Resistance R1 Equivalent Source 05Q
Resistance

e 2.4 Back-to-Back Switching Scenario

The simulation replicates a classic back-to-back switching event. The sequence proceeds as
follows. In the initial state (t < 0), capacitor bank C1 is already energized and operating in steady
state with breaker S1 closed. The voltage on C1 oscillates at its nominal 60 Hz value. Just before
switching (t = 07), Bank C1 is fully charged to the system voltage while Bank C2 is disconnected
and uncharged.

At t = 0.02 s, breaker S2 closes to energize Bank C2. The closing is timed to coincide with the
peak of the voltage waveform—this represents the worst-case condition. During the transient
period that follows, the pre-charged Bank C1 rapidly discharges into Bank C2 through the low-
inductance busbar path. The simulation captures both the bus voltage and the high-frequency
inrush current flowing between the banks. A circuit configuration designed to analyze back-to-
back switching transients is illustrated in the figure below.
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Figure 2: Back-to-back switching transients’ circuit

e 2.5 Analytical Calculation

The transient behavior is dominated by the local RLC circuit formed by the two capacitor
banks and the interconnecting bus inductance. The peak inrush current and natural frequency can
be estimated using the following analytical formulas [30]:

Equivalent Capacitance: Ceq = C1 + C2
Surge Impedance: Zo = (LB / Ceq)
Peak Inrush Current: I peak =V _peak / Zo
Natural Frequency: fo = 1/ (2x x \(LB x Ceq))

The time-domain expression for the inrush current is: i(t) = (V_peak / Zo) X sin (o X t) X eN(—
RBxt/2LB). These calculations serve as a check on the order of magnitude and frequency of the
transient observed in the simulation. The parameters for the simulation setting are delineated in
Table 4.

e 2.6 Simulation Parameters

Table 4: Simulation Configuration Parameters

Parameter Value

Simulation Start Time 0s

Simulation End Time 90 ms

Time Step (At) 0.1 s

Output Variables Bus Voltage, Inrush Current
Breaker S1 Closing Time 0 ms (pre-energized)
Breaker S2 Closing Time 20 ms (at voltage peak)

126




The time step of 0.1 ps is essential here. At 4.6 kHz, the oscillation period is approximately 0.2
ms, so a much finer time step is needed to accurately resolve the waveform.

e 3. Results and Analysis

The back-to-back switching event was simulated by energizing Bank C2 while C1 was already
in service. The simulation ran for 90 ms to fully capture the high-frequency transient and the
system’s return to steady state. The results leave no ambiguity about the severity of this switching
scenario. The circuit arrangement of the back-to-back energization system, as depicted in Figure
3 below.

_ R2(00010hm) L2(12mH)

~on
cs2

WXOD 16

XX0015
RYH050hm LI3mH) E ca3 RF hm LF(1 mH _l_ CLV = 501 uF
5 XIDO06 X00007.,, XX XX00 Lo 1
W % o e
£ Cos LB{19 uH) o
o ' xX0012
I VS(345 S n -2
St + . l
SupeAester | ] - L, s
T T R
2 *— 0 _T_,._,- XXO00L
Tc uE C2(22.3pF
! 1

Figure 3: Back to back energization circuit.

e 3.1 Simulation Results

This section delineates the simulation analysis of the proposed back-to-back energization
circuit. The provided figures depict the transient responses recorded throughout the energization
process, emphasizing critical electrical parameters, such as voltage and current waveforms, as can
be seen in the following figures. These results elucidate the system's dynamic behavior and
enable the assessment of its performance under switching conditions.
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Figure 4: Simulation results of back-to-back energization voltages and currents inrush.

When breaker S2 closes, a massive inrush current flows from C1 to C2. The simulation captures
both the bus voltage—which experiences a sharp but brief dip—and the extremely high-
magnitude, high-frequency current exchanged between the banks.

e 3.1.1Bus Voltage

The bus voltage behavior during the event can be described in three phases. Before switching,
the voltage is at its nominal value with C1 providing reactive power. At the instant of switching,
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there is a momentary disturbance as the large inrush current flows. After switching, the voltage
recovers quickly as both banks operate in parallel. The voltage dip itself is relatively small—Iless
than 10%—Dbecause the source impedance limits the voltage drop. In this scenario, the voltage is
not the primary concern.

e 3.1.2 Inrush Current

The current is where the severity of back-to-back switching becomes apparent. The simulation
reveals an oscillatory inrush current with a peak magnitude exceeding 100 kA (approximately
100,313 A), oscillating at roughly 4,624 Hz (4.62 kHz). The transient decays rapidly, dissipating
within about 5 ms as the resistance in the busbar and capacitor connections damps the oscillation.
The current oscillates at this very high frequency while the voltages between the two banks
equalize.

e 3.2 Analytical vs. Simulation Results

To validate the simulation, we calculated the theoretical peak inrush current and natural
frequency using the equations from Section 3.5. The given parameters are: LB = 19 pH, C1 =
40.1 uF, C2 =223 yuF, V_LL =34.5kV, and V_peak ~ 28.17 kV.

The step-by-step calculation proceeds as follows:
Ceq=Cl+C2=40.1+223=62.4pF
Zo =(19x107/62.4x10°%) =(0.3045) = 0.552 Q
I peak =28,170/0.552~= 51,032 A~=51.0kA
fo=1/02r xN(19x10° x 62.4x10°)) ~ 4,625 Hz ~ 4.63 kHz

The analytical calculation yields a peak current of approximately 51 kA, while the simulation
shows approximately 100 kA. This factor-of-two discrepancy deserves explanation. The
simplified analytical formula assumes a two-capacitor model with no contribution from the
source. In reality, the simulation captures additional current contributions from the source
impedance, and the timing of the switch closure at voltage peak maximizes the transient. The
frequency, by contrast, matches almost perfectly—the analytical 4.63 kHz versus the simulated
4.6 kHz—because frequency depends primarily on the local LC parameters, which the simplified
model captures well. Table 5 below provides comparison between the analytical and simulation
part.

Table 5: Comparison of Analytical and Simulation Results

Parameter Simple Analytical Thesis Calculation Simulation
Peak Inrush Current 51.0 KA 100.3 kA ~100 kA
Natural Frequency 4.63 kHz 4.62 kHz ~4.6 kHz
Surge Impedance 0.552 Q 0.281 Q —
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e 3.3 Analysis of Results

The simulation results are striking. A peak inrush current of approximately 100 kA represents
a transient duty far more severe than any standard fault condition or isolated switching event.

e 3.3.1 Comparison with Isolated Energization

To appreciate the magnitude, consider that this current is roughly 26 times greater than the
inrush current observed during isolated bank energization (3.85 kA). Table 6 presents a side-by-

side comparison.

Table 6: Comparison of Isolated and Back-to-Back Switching Results

Parameter Isolated Energization Back-to-Back Ratio
Switching

Peak Current 3.85 kKA 100 KA 26:1

Frequency 460 Hz 4,600 Hz 10:1

Duration 30 ms 5ms 6:1

Controlling Inductance | 3 mH (source) 19 uH (busbar) 158:1

e 3.3.2 Frequency Analysis

The natural frequency of ~4.6 kHz matches the analytical prediction almost exactly. This
confirms that the transient is governed by the very small busbar inductance and the combined
capacitance of the two banks.

The high frequency has several practical implications. At 4.6 kHz, the skin depth in copper is
approximately 1 mm, so the current flows primarily on the conductor surface, increasing effective
resistance and altering current distribution. The high di/dt—which can reach approximately 2.9 x
10° A/s—is highly effective at inducing voltages in nearby circuits. And many protective devices,
designed for 60 Hz operation, may not respond correctly to these high-frequency transients.

e 3.3.3 Energy Considerations

The energy exchanged during the transient can be estimated from the initial charge on the pre-
energized bank: E = 2 x C1 x V_peak? = /2 x 40.1x10°¢ x (28,170)> = 15.9 kJ. This energy is
rapidly transferred between the two banks, with the oscillation decaying as energy is dissipated in
the circuit resistance.

e 3.4 Impact on Equipment

The magnitude and frequency of the inrush current define the challenge. The circuit breaker
(S2) must withstand the enormous electromechanical forces associated with making a 100-kA
current. Table 7 demonstrates the impact on various equipment.
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Table 7: Impact of Back-to-Back Switching on Equipment

Equipment Impact Severity
Circuit Breaker Contact welding, erosion, Critical
mechanical stress

Capacitor Units Internal damage, fuse operation Critical
Busbars Mechanical stress, heating High
Current Transformers Saturation, induced voltages High
Control Circuits Interference, flashovers High
Protective Relays Maloperation Medium

These results quantify why back-to-back switching is considered the most onerous capacitive
switching duty and why specific mitigation measures are needed to prevent equipment damage.

e 4. Discussion

The simulation results are both dramatic and instructive. They illustrate clearly why back-to-
back switching is of paramount concern in substation design.

e 4.1 Severity of the Transient

A peak inrush current of approximately 100 kA places immense stress on the switching
equipment and surrounding components. This transient current is more than 25 times greater than
the inrush from an isolated bank energization. It is probable to surpass the specified short-circuit
resist capacity of numerous conventional circuit breakers. The electromagnetic forces generated
by such a current can cause significant mechanical stress on busbars and on the internal structure
of the capacitor units.

e 4.2 Circuit Breaker Considerations

Gas-insulated breakers can typically tolerate very high currents for short durations, but
repeated exposure leads to severe contact erosion, shortening the breaker’s lifespan and
compromising reliability. The making current capability must be carefully evaluated against the
expected back-to-back inrush current.

IEEE C37.012 recommends that the breaker’s making current capability be at least 2.5 times the
rated short-circuit current for back-to-back switching applications [15]. Even with this margin, a
100-kA inrush current may exceed the capability of some breakers—a point that deserves careful
attention during equipment selection.

e 4.3 Capacitor Unit Considerations

The IEEE standard for capacitor applications recommends limiting peak transient currents to
100 times the capacitor’s rated RMS current [16]. For the 10 MVAR bank (C2) at 34.5 kV, the
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nominal current is approximately 167 A. A 100-kA inrush is roughly 600 times this value—far
exceeding the recommended limit and posing a direct risk of damage to the capacitor units.

e 4.4 High-Frequency Effects

The high frequency of the transient (~4.6 kHz) is a critical factor in its own right. The high
di/dt is effective at inducing voltages in nearby unshielded control or secondary wiring. These
induced voltages can cause flashovers or interfere with sensitive electronic relays and control
systems, potentially leading to wider system disturbances.

The induced voltage in a nearby circuit can be estimated as V_induced = M x di/dt. With di/dt
values approaching 3 x 10° A/s, even small mutual inductances can result in significant induced
voltages.

e 4.5 Design Implications

The analysis confirms that the transient characteristics are almost entirely dictated by the local
loop formed by the two capacitor banks and the interconnecting inductance. The source
impedance, which governs the isolated energization transient, plays a negligible role here. This
has a direct design implication: in substations with multiple capacitor banks, the physical layout
and the length of the busbars between banks directly influence the severity of the switching
transient. Table 8 below displays the effect of busbar inductance on transient severity.

Table 8: Effect of Busbar Inductance on Transient Severity

Busbar Inductance Peak Current Frequency
10 pH 137 kA 6.4 kHz
19 uH (baseline) 100 kA 4.6 kHz
50 pH 61 kA 2.8 kHz
100 pH 43 kKA 2.0 kHz

Increasing the busbar inductance—whether through longer connections or the addition of series
reactors—can significantly reduce the peak inrush current.

e 4.6 Mitigation Recommendations

Given the extreme nature of the observed transient, mitigation measures are not optional in
most practical applications involving back-to-back capacitor banks. The simulation results
provide the quantitative basis needed to properly size and specify such equipment.

The most common approach is the use of series current-limiting reactors. The required reactor
size can be calculated from the desired current reduction: L_reactor = (V_peak / |_target)? x Ceq
— LB. To limit the inrush current to 10 kA, for example, a reactor of approximately 0.5 mH per
phase would be needed. This is a modest addition that yields a substantial reduction in transient
severity. Controlled switching using point-on-wave controllers offers another approach. By
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closing the breaker at the instant when the voltage across the contacts is zero, the inrush current
can be virtually eliminated. This technology is increasingly used in modern substations, though it
requires sophisticated control equipment.

e 5. Conclusions

This paper has presented a focused design and simulation study of the back-to-back SBC
switching transient, confirming its status as one of the most severe transient duties in a power
system. The simulation of a representative 34.5 kV substation model in ATP/EMTP has
quantitatively demonstrated the extreme nature of the inrush current generated during this event.
The principal findings indicate that back-to-back switching produces an exceptionally high-
magnitude, high-frequency inrush current, with simulations revealing a peak of approximately
100 kA flowing from the pre-energized bank to the newly switched bank—over 25 times greater
than that of an isolated bank energization. The natural frequency of the transient was found to be
approximately 4.6 kHz, which is approximately 77 times the power frequency, primarily dictated
by local busbar inductance and bank capacitances. These results align with analytical
calculations, validating the model and confirming that the transient current far exceeds
recommended limits for capacitor units (100 times rated current), posing a significant risk of
damage to circuit breakers, capacitors, and control equipment.

Based on these findings, it is essential that any substation design with multiple switchable
capacitor banks on a common bus undergoes a detailed transient analysis using software such as
ATP/EMTP. The implementation of mitigation measures, such as current-limiting reactors, is
strongly supported to reduce inrush currents to manageable levels. Furthermore, circuit breakers
must be specified with adequate making current capability according to IEEE C37.012, and
substation layouts should be designed to maximize inductance between banks where practical, as
this directly reduces the severity of the transient. Protective relays should also be set to avoid
nuisance tripping, and control circuits must be adequately shielded to handle high-frequency
transients.

This investigation should be extended in several directions to further enhance power system
reliability. Evaluating different mitigation techniques—such as reactors, controlled switching,
and pre-insertion resistors—under identical simulation conditions would allow for a direct
comparison of their effectiveness. Additionally, analyzing transients involving more than two
capacitor banks would address common practical scenarios, as would investigating the interaction
between back-to-back switching and other system transients. Ultimately, the development of
practical guidelines for reactor sizing and specification would provide direct value to practicing
engineers in the field.
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