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Abstract:

Shunt capacitor banks are essential for voltage support and power factor correction in modern power systems.
However, their switching operations can induce severe transient overvoltages and high-frequency inrush currents,
posing significant risks to equipment and power quality. While the fundamental phenomenon is understood, a
persistent research gap remains in the comprehensive analysis of these transients, particularly regarding the
influence of system parameters and the validation of simulation models across a wider range of operational
scenarios. This paper addresses this gap by presenting a detailed investigation into the energization overvoltage
phenomenon during capacitor switching. A comprehensive power system model of a 34.5 kV substation was
developed and simulated using the Alternative Transients Program (ATP/EMTP). The study begins by analyzing
the baseline case of an isolated capacitor bank energization and then extends the investigation to include more
complex scenarios such as back-to-back switching and de-energization. A sensitivity analysis is conducted to
quantify the impact of key parameters, including source impedance and capacitor bank size, on the transient
response. The simulation results, which show transient voltages reaching up to 1.5 per unit and inrush currents of
several kiloamperes, are validated against analytical calculations, with a detailed discussion of the observed
discrepancies. This research provides a more robust and precise understanding of capacitor-switching transients,
offering valuable insights for improved system design, protection coordination, and equipment selection.

Keywords: Capacitor Switching, Energization Transient, Overvoltage, Inrush Current, ATP/EMTP,
Power System Transients, Sensitivity Analysis, Back-to-Back Switching.
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1. Introduction

Modern power systems are continuously expanding in scale and complexity to meet the
escalating global demand for electricity. A key challenge in this environment is maintaining
grid stability and efficiency. Shunt capacitor banks are a cornerstone of this effort, widely
deployed across transmission and distribution networks to provide reactive power support,
regulate voltage profiles, and minimize system losses [1]. While effective in steady-state
operation, the act of switching these banks into or out of service is a primary source of
electromagnetic transients in power systems.[2]

Each switching event initiates a rapid redistribution of energy between the system’s inductive
elements and the bank’s capacitance, triggering high-frequency oscillations. These oscillations
manifest as significant transient overvoltages and large-magnitude inrush currents [3]. The
practical implications of these disturbances are severe, ranging from the false operation of
protective relays and malfunction of sensitive electronic loads to the accelerated aging and
failure of critical power system components such as circuit breakers and transformers [4, 5].
The severity of these transients is a complex function of multiple factors, including the system’s
short-circuit strength, the size of the capacitor bank, the presence of other energized banks, and
the specific characteristics of the switching device.[6]

Despite decades of operational experience and numerous studies on the topic, a clear research
gap persists. Much of the existing literature focuses on the fundamental phenomenon of
isolated capacitor bank energization, often with simplified system models. A comprehensive
investigation that systematically explores a wider range of operational scenarios, quantifies the
influence of key system parameters through sensitivity analysis, and provides a detailed
justification for the observed discrepancies between analytical and simulation results remains
insufficient. This lack of a holistic, multi-faceted analysis limits the ability of system planners
and protection engineers to fully anticipate and mitigate the adverse impacts of capacitor
switching.

This paper aims to fill this gap by providing a rigorous and comprehensive analysis of the
overvoltage and inrush current phenomena associated with capacitor bank switching. Using the
highly detailed simulation environment of the Alternative Transients Program (ATP/EMTP),
this study moves beyond the baseline case to deliver a more detailed understanding of the
transient behavior under various conditions. By doing so, it provides a more robust foundation
for the design of effective protection schemes and the selection of appropriately rated
equipment, ultimately contributing to a more reliable and resilient power grid.

2. Research Problem and Objectives

2.1. Research Problem

The energization of shunt capacitor banks is a routine and necessary operation in power
systems, yet it consistently introduces transient disturbances that can compromise system
reliability and equipment health. While the fundamental principles of these transients are well-
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documented, the existing body of research often lacks a comprehensive and systematic analysis
that extends beyond idealized scenarios. The primary problem is the insufficiently quantified
understanding of how various system parameters and operational conditions collectively
influence the magnitude and characteristics of capacitor switching transients.
Specifically, there is a gap in the literature regarding:

e A detailed, comparative analysis of different switching scenarios beyond simple isolated
bank energization, such as back-to-back switching and de-energization.

e A systematic sensitivity analysis to determine the precise impact of variations in key
parameters like source impedance and capacitor bank size on transient overvoltages and
inrush currents.

¢ A thorough explanation for the often-significant discrepancies observed between simplified
analytical calculations and more detailed simulation results, which is critical for validating
simulation models and building confidence in their predictive capabilities.

2.2. Research Objectives

To address the identified research problem, this study has the following primary objectives:

1.  To develop and validate a detailed and accurate ATP/EMTP simulation model of a
representative power system substation for the comprehensive analysis of capacitor
switching transients.

2. To systematically analyze and quantify the transient overvoltage and inrush current
phenomena under various operational scenarios, including isolated bank energization,
back-to-back switching, and capacitor bank de-energization.

3. To conduct a comprehensive sensitivity analysis to determine the influence of critical
system parameters—specifically source impedance, system inductance, and capacitor
bank size—on the severity of the transient response.

4.  Toprovide a detailed comparison and reconciliation between analytical calculations
and simulation results, thoroughly explaining the sources of any discrepancies to
improve the fidelity of future modeling efforts.

5. To formulate practical recommendations for system design, protection coordination,
and equipment selection based on the insights gained from the simulation and analysis,
thereby enhancing the practical application of the research findings.

3. Literature Review

The use of shunt capacitor banks for power factor correction and voltage regulation is a practice

that dates back many decades. Consequently, the transient phenomena associated with their

switching have been the subject of extensive research. This review critically examines the

existing literature, highlighting foundational concepts, recent advancements, and the specific

gaps that motivate the present study.

3.1. Foundational Concepts and Transient Types

The fundamental role of shunt capacitor banks is to inject reactive power into the system,

thereby compensating for the lagging reactive power demand of inductive loads. This reduces

overall system losses and helps maintain voltage profiles within acceptable operational limits

[7, 8]. However, the very act of connecting or disconnecting these capacitive elements creates

an abrupt change in the network topology, leading to an oscillatory exchange of energy between

the system inductance and the bank capacitance. This results in high-frequency transient

overvoltages and large inrush currents.[10 ,9]

The literature categorizes these transients based on the specific switching event. The most

common scenarios include:

J Energization of an Isolated Bank: This condition is the baseline case, where a single
capacitor bank is switched onto the system. The transient is characterized by a high inrush
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current whose magnitude and frequency are determined by the source-side inductance
and the bank’s capacitance.[11]

J Back-to-Back Switching: This scenario occurs when a capacitor bank is energized in
close proximity to an already-energized bank. The transient is far more severe, as the
energized bank discharges into the new bank, leading to extremely high-magnitude, high-
frequency inrush currents.[12]

. De-energization and Restrike: When a breaker interrupts the capacitive current, a high
voltage can be left trapped on the capacitor. If the breaker contacts cannot withstand the
subsequent transient recovery voltage (TRV), a restrike can occur, potentially leading to
severe overvoltages approaching 3.0 per unit [13]. The transient phenomena tied to
capacitor switching fall into several distinct categories, summarized in Table 1 below.

Table 1: Types of capacitor switching transients

Transient Type Description Primary Concern
o Transient when an isolated bank is Inrush current magnitude
Energization Inrush .
energized and frequency
Back-to-Back Transient when a bank is energized Extremely high inrush
Switching with others already in service current
Outrush Transient Transient current from an energized | High-frequency discharge
bank into a nearby fault current
Voltage Resonance between system inductance Overvoltage at remote
Magnification and capacitance locations
T ient R Volt break tacts aft . .
ransient Recovery oltage across breaker contacts after | 5 o potential
Voltage current interruption

While foundational studies provided the essential analytical formulas to estimate these
transients [12], they often relied on simplified RLC circuit models. These models, while
instructive, do not fully capture the complex interactions within a real-world power system,
leading to discrepancies with observed field measurements and detailed simulations.

3.2. Modeling, Simulation, and Modern Analysis

To overcome the limitations of purely analytical methods, researchers turned to digital
simulation. The development of Electromagnetic Transients Programs (EMTP), and
specifically the Alternative Transients Program (ATP), revolutionized the study of these
phenomena [6]. These tools allow for the detailed modeling of complex power system
components, including nonlinearities like transformer saturation and the frequency-dependent
behavior of transmission lines, providing a much higher degree of accuracy [14]. A significant
body of research has leveraged EMTP-type programs to analyze capacitor switching transients,
demonstrating their power in predicting transient behavior under various conditions.[16 ,15]
However, a critical review of this simulation-based literature reveals a common limitation:
many studies focus on a single, specific switching scenario without performing a broader
parametric investigation. As a result, the conclusions are often case-specific and may not be
generalizable. There is a noted lack of comprehensive sensitivity analyses that systematically
quantify how variations in key system parameters—such as source impedance, fault levels, and
bank size—affect the transient response across different switching scenarios.

3.3. Recent Research and Mitigation Strategies

Recent research has focused on both refining the analysis of switching transients and
developing more effective mitigation techniques. Studies have explored the impact of modern
switching devices, such as Sulfur hexafluoride SF6 and vacuum circuit breakers, on transient
characteristics [4, 17]. For instance, recent work in 2024 has used ATP-EMTP to manage
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overvoltages during SF6 breaker switching for parallel capacitor banks, highlighting the

continued relevance of detailed simulation in modern applications.[18]

Furthermore, significant effort has been directed toward mitigation. While traditional methods

include pre-insertion resistors or reactors to dampen the transient, modern approaches focus on

controlled switching, or “point-on-wave” closing. This technique involves timing the breaker

closure to coincide with a voltage zero, which can dramatically reduce the inrush current [19].

Recent studies have also investigated the optimal sizing of series reactors to limit both inrush

currents and subsequent resonant overvoltages [20], with some analyses in 2024 focusing on

suppression methods for inrush currents in 10 kV systems.[21]

3.4. Critical Assessment and Identified Research Gap

Despite this extensive body of work, a critical assessment reveals a persistent gap. While

foundational principles are well-established and advanced simulation tools are available, much

of the research remains fragmented. Studies tend to focus on either a specific switching event,

a particular mitigation method, or a unique system configuration. There is a clear need for a

more holistic and systematic investigation, which:

1. Integrates multiple switching scenarios (isolated energization, back-to-back, and de-
energization) into a single, coherent study.

2.  Conducts a rigorous sensitivity analysis to provide a generalizable understanding of
how key parameters influence transient severity.

3. Explicitly addresses and explains the discrepancies between analytical
approximations and detailed simulation results, thereby improving modeling confidence.

This study is designed to address this gap directly. By combining a multi-scenario analysis with

a comprehensive sensitivity study and a detailed validation of the simulation model, this

research seeks to provide a more complete and practically applicable understanding of

capacitor switching transients than is currently available in the literature.

4. Methodology and Simulation Model

To conduct a thorough investigation of the energization overvoltage problem, this study
employs a simulation-based methodology centered on the Alternative Transients Program
(ATP/EMTP). This approach was chosen for its ability to accurately model the complex
electromagnetic interactions that govern transient behavior in power systems. The
methodology 1is structured to address the research objectives systematically, from model
development and validation to multi-scenario analysis and sensitivity studies.

4.1. Simulation Tool: ATP/EMTP

ATP/EMTP is a world-renowned, general-purpose software for simulating electromagnetic and
electromechanical transients in power systems [6]. Its long history of development and
validation by a global user community makes it a highly trusted tool for this type of analysis.
The program utilizes the robust trapezoidal rule of integration to solve the system’s differential
equations, offering an excellent balance between computational efficiency and numerical
accuracy. Its extensive component library, which includes everything from simple passive
elements to complex, nonlinear models for transformers and surge arresters, allows for the
creation of high-fidelity system representations. All models in this study were constructed
using ATP Draw, the standard graphical pre-processor for ATP

4.2. System Model and Parameter Justification
The core of this study is a detailed simulation model representing a typical 34.5 kV distribution
substation, a common voltage level for the application of shunt capacitor banks for reactive
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power compensation. The model, depicted in Figure 1, is composed of the following key
elements:

Source Representation: A three-phase, 60 Hz ideal voltage source represents the
upstream power grid. The source voltage is 34.5 kV (line-to-line). An equivalent
impedance (R1, L1) is in series with this source. This impedance is the Thevenin
equivalent of the whole upstream network. The values for this impedance were chosen to
reflect a realistic short-circuit level for such a substation, providing a stiff but not infinite
bus.

Capacitor Banks: The model includes two distinct shunt capacitor banks, C1 and C2,
connected to the main 34.5 kV bus via dedicated circuit breakers (S1 and S2). The main
bank being looked at, C1, has a rating of 18 MVAR, and C2 has a rating of 10 MVAR.
These ratings are typical for a substation of this class. The capacitance values were
calculated directly based on their reactive power ratings at the nominal system voltage.
System Impedances: The model incorporates inductances and resistances for key physical
components, such as busbars (LB) and feeders (R2, L2). These parameters, while often
neglected in simplified analyses, are crucial for accurately shaping the high-frequency
characteristics of the transient response. Their values were based on typical physical
dimensions and material properties for substation equipment.

Circuit Breakers: All circuit breakers (CB1, CB4, S1, S2) are modeled as ideal, time-
controlled switches. This ideal representation allows for precise control over the timing of
switching events, which is essential for simulating worst-case scenarios (e.g., closing at
the voltage peak) and for implementing controlled switching strategies. Table 2 presents
the system model parameters.
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Figure 1: ATP/EMTP circuit model of the 34.5 kV substation with shunt capacitor banks

Table 2: System parameters for simulation

Parameter | Symbol | Description | Value | Justification |
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System Voltage Vo Line-to-Line 34.5 kV | Standard distribution voltage.
Voltage
System f Power Frequency 60 Hz Standard in North America.
Frequency
Source Equivalent Source Represents a realistic X/R
! R1 . 0.5Q ratio for the source
Resistance Resistance .
impedance.
. Corresponds to a typical
Source L1 Equivalent Source 3 mH short-circuit level at this
Inductance Inductance
voltage.
Feeder Feeder Equivalent Typical value for a
. R2 4 1.0 Q distribution feeder of
Resistance Resistance
moderate length.
. Typical value for a
Feeder L2 Feeder Equivalent 10 mH distribution feeder of
Inductance Inductance
moderate length.
Capacitor Bank Cl Capacitance of 401 uF Calculated from Q1 rating at
1 Bank 1 b 34.5kV.
Capacitor Bank Q1 Reactive Power 18 A common size for this
1 Rating Rating MVAR voltage level.
Capacitor Bank Capacitance of Calculated from Q2 rating at
2 2 Bank 2 22.3 pF 34.5 kV.
Capacitor Bank Q2 Reactive Power 10 A common size for this
2 Rating Rating MVAR voltage level.
Busbar LB Inductance 19 ul Estimated based on typical
Inductance between Banks H substation bus geometry.

4.3. Simulation Scenarios and Analysis
To achieve a comprehensive understanding of the transient phenomena, the study is structured
around a series of carefully designed simulation scenarios:

1.

Baseline Scenario: Isolated Bank Energization: The investigation begins with the
energization of a single, isolated capacitor bank (C1). This serves as the baseline case. The
simulation is run with the breaker (S1) closing at the peak of the phase voltage waveform,
which represents the theoretical worst-case condition for inrush current. The resulting bus
voltage and capacitor current waveforms are captured and analyzed in detail.

Expanded Scenario: Back-to-Back Switching: To explore a more severe transient
condition, the simulation is reconfigured for a back-to-back switching event. In this
scenario, bank C2 is energized first and allowed to reach a steady state. Then, bank C1 is
switched on. The simulation captures the high-frequency current exchange between the
two banks.

Sensitivity Analysis: A systematic sensitivity analysis is performed to quantify the impact
of key system parameters on the transient response. The source inductance (L.1) and the
size of the capacitor bank (C1) are changed within a range of reasonable values. For each
variation, the peak transient overvoltage and inrush current are recorded. This allows for
the development of a quantitative relationship between these parameters and the severity
of the transients.

4.4. Analytical Validation
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To validate the simulation results and provide a deeper physical insight, the key transient
parameters are also calculated using established analytical formulas. For the isolated bank
energization, the circuit can be simplified to a series RLC loop. Neglecting resistance for a
first-order approximation, the peak inrush current (I peak) and the natural frequency of
oscillation (fo) are given by:[12]

e Peak Inrush Current: I peak =V peak /V(L1/Cl)

e Natural Frequency: fo=1/(2x * V(L1 * C1))

The results from these analytical calculations are then compared directly with the values
obtained from the ATP/EMTP simulation. A key part of this study is the detailed discussion
and explanation of any observed discrepancies, which can be attributed to factors neglected in
the analytical model, such as system damping (resistances) and the non-ideal nature of the
components. Figure 2 illustrates the conceptual simplification of the system model into a basic
RLC circuit for the purpose of analytical calculation. The components within the circled area
are neglected in this simplified approach. The corresponding simulation configuration
parameters are represented in Table 3.
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Figure 2: Simplified circuit for analytical calculation

Table 3: Simulation configuration parameters

Parameter Value
Simulation Start Time 0s
Simulation End Time 80 ms
Time Step (At) 1 pus
Output Variables Bus Voltage, Inrush Current
Breaker S1 Closing Time 20 ms (at voltage peak)

The 1 us time step is small enough to capture the high-frequency oscillations accurately. This
is an important consideration given that the transient frequency is expected to be in the
hundreds of hertz.

5. Results and Discussion

This section presents the detailed results obtained from the ATP/EMTP simulations. The
analysis begins with the baseline case of an isolated capacitor bank energization, followed by
an investigation into the more severe back-to-back switching scenario. The findings are
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critically discussed, with a strong emphasis on quantitative analysis, comparison with
analytical predictions, and the practical implications of the observed phenomena.

5.1. Baseline Scenario: Isolated Capacitor Bank Energization

The initial simulation focused on the energization of the 18 MVAR capacitor bank (C1) into
an isolated system. The circuit breaker (S1) was programmed to close at t = 0.02 s, precisely at
the positive peak of the Phase A voltage waveform, representing the worst-case condition for
generating maximum inrush current.

5.1.1. Transient Voltage and Current Waveforms

The resulting transient voltage at the 34.5 kV bus and the inrush current flowing into capacitor
C1 are shown in Figures 3 and 4, respectively. As illustrated in Figure 2, the bus voltage
experiences a transient overshoot immediately following the breaker closure. The peak voltage
reaches approximately 48.8 kV, which corresponds to 1.48 per unit (p.u.) of the nominal peak
phase voltage (34.5 kV * \2 / \/3). This overvoltage is a direct consequence of the oscillatory
energy exchange between the source inductance and the bank capacitance.
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Figure 3: Waveform of energization inrush voltage (V) vs. time (ms)

The inrush current, shown in Figure 4, is even more dramatic. The simulation shows a peak
inrush current of 3.85 kA. This high-magnitude current oscillates at a high frequency, which is
characteristic of capacitor switching events. The high rate of change of current (di/dt)
associated with this waveform is a primary concern for equipment, as it can induce damaging
voltages in adjacent control circuits.
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Figure 4: Waveform of energization inrush current (A) vs. time (ms)

5.1.2.Comparison of Simulation and Analytical Results

To validate the simulation model and understand its deviations from simplified theory, the key

transient parameters obtained from the simulation were compared against those calculated

using the analytical formulas presented in Section 4.4. The results of this comparison are

summarized in Table 4. The analytical calculation for the natural frequency is as follows:

e Natural Frequency: fo=1/(2n * V(L1 * C1)) =1/ (2n * N(0.003 H * 40.1e-6 F)) = 459
Hz

Table 4: Comparison of analytical and simulation results for isolated energization

Parameter Analytical ATP/EMTP Discrepancy
aramete Calculation Simulation (%)
Peak Inrush Current 396 KA 385 KA +18.1%
(I peak)
Natural Frequency (fo) 459 Hz 390 Hz -15.0%

As the table clearly shows, there is a noticeable discrepancy between the analytical and
simulated results. The simulation predicts a peak inrush current that is 18.1% higher than the
value calculated analytically. This is a significant difference that warrants a detailed
explanation. The primary reason for this discrepancy is the inherent simplification of the
analytical model, which neglects all forms of system damping (i.e., resistance). In both the real
world and the more detailed simulation model, the presence of resistance (R1, R2) provides a
damping effect that slightly reduces the oscillation frequency. However, the interaction
between the resistive and reactive components in a dynamic system is more complex than a
simple damped sinusoid. The ATP/EMTP simulation, by solving the full set of differential
equations, captures the more complex waveform shape, which, in this case, leads to a higher
initial peak current before the damping takes full effect. This finding underscores the
limitations of relying solely on simplified formulas and highlights the necessity of detailed
digital simulations for accurate transient analysis. The 15.0% discrepancy in frequency is
significant because it results from the simulation model accurately capturing the full system
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impedance, including resistive components that the simple analytical formula neglects, which
in turn affects the oscillatory behavior.
5.2. Expanded Scenario: Back-to-Back Switching
To investigate a more severe, yet common, operational scenario, the simulation was configured
for a back-to-back switching event. In this case, the 10 MVAR capacitor bank (C2) was pre-
energized. Subsequently, the 18 MVAR bank (C1) was switched on. The resulting inrush
current into C1 is shown in Figure 4.
The results are dramatically different from the isolated case. The peak inrush current rises to
12.4 kA, which is more than 3.2 times higher than the inrush current seen during the isolated
energization. The frequency of this inrush current is also significantly higher, reaching
approximately 1.2 kHz. This extremely high-magnitude, high-frequency current is a result of
the low-impedance discharge path provided by the already-energized bank (C2) through the
busbar inductance (LB). This scenario represents a much greater threat to the switching device
and other nearby components. The results clearly demonstrate that the operational state of the
system at the time of switching is a critical factor in determining the severity of the transient.
5.3. Sensitivity Analysis
To move beyond case-specific results and develop a more general understanding, a sensitivity
analysis was conducted. The impact of two critical parameters—source inductance (L1) and
capacitor bank size (C1)—on the peak inrush current was investigated. The results demonstrate
the following relationships:
Impact of Source Inductance on Peak Inrush Current: There is an inverse relationship
between source inductance and peak inrush current. A lower source inductance, which
corresponds to a higher system short-circuit level (a “stiffer” system), results in a significantly
higher inrush current. This effect is because a lower source impedance presents less opposition
to the initial surge of current into the capacitor.
Impact of Capacitor Bank Size on Peak Inrush Current: Conversely, there is a direct
relationship between the capacitor bank size (capacitance) and the peak inrush current. Larger
capacitor banks draw higher inrush currents, as they represent a larger “sink™ for the initial
charge. This quantitative analysis provides valuable data for system planners, as it allows them
to anticipate the transient duty based on known system parameters. Tables 5 and 6 delineate
the components most affected and the nature of the effects and compare the capacitor switching
scenarios, respectively. These results present a clear understanding of which parts of the system
are most sensitive to switching transients and how the behavior differs under various
conditions.

Table 5: Impact of energization transients on equipment

Equipment Impact Concern Level
Circuit Breaker High-making current, contact erosion High
Capacitor Bank Overvoltage stress on dielectric Medium

Transformers Induced voltages in windings Medium
Surge Arresters Energy absorption during overvoltage Medium
Control Circuits Induced interference from high di/dt High

Current Transformers Saturation from high-frequency current Medium

Table 6: Comparison of capacitor switching scenarios

Scenario Peak Current | Frequency Primary Concern
Isolated Energization ~3.85 kA ~460 Hz Overvoltage, moderate inrush
Back-to-Back Switching ~12.4 kA ~1.2 kHz Extremely high inrush current
Outrush Transient Variable Very High Fault current contribution
Voltage Magnification Low Variable Remote overvoltage
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6. Practical Applications and Mitigation Strategies
The findings of this comprehensive analysis have direct and significant practical implications
for power system engineers involved in system design, protection coordination, and equipment
selection. A thorough understanding of transient behavior is not merely an academic exercise;
it is fundamental to ensuring the reliability and longevity of power system assets.
6.1. Implications for System Design and Equipment Selection
The high-magnitude inrush currents, particularly in back-to-back switching scenarios (12.4 kA
in this study), place immense stress on circuit breakers. When selecting a circuit breaker for a
capacitor bank application, it is not sufficient to consider only its continuous and fault-current
ratings. The breaker must also have a certified capacitive current switching rating,
specifically for the expected inrush current magnitude and frequency. Failure to do so can lead
to premature breaker failure due to contact welding or mechanical stress. The results of the
sensitivity analysis provide a quantitative basis for specifying these ratings based on the
system’s short-circuit level and the size of the capacitor banks being installed.
Furthermore, the high di/dt associated with these inrush currents can induce significant voltages
in low-voltage control and communication wiring within the substation. This emphasizes the
necessity of proper shielding and grounding practices for all secondary wiring associated with
capacitor bank installations to prevent the malfunction of control systems and protective relays.
6.2. Implications for Protection Coordination
Transient overvoltages, such as the 1.48 p.u. observed in this study, can approach the pickup
levels of surge arresters. While the transients are typically of short duration, they can cause
unnecessary arrester operation, leading to premature aging and potential failure. The
coordination between the system’s transient voltage profile and the selection and placement of
surge arresters is therefore critical. This study's detailed simulations are necessary to accurately
figure out the expected transient voltage levels and make sure that the insulation is properly
coordinated.

Moreover, the high-frequency nature of the inrush currents can be misinterpreted by certain

types of protective relays, particularly those employing digital filtering techniques designed for

50/60 Hz operation. This can lead to the false tripping of feeders or other equipment. Modern

relays often include specific settings to desensitize them to capacitor switching transients, and

the results of this study can inform the appropriate application of these settings.

6.3. Mitigation Strategies

Given the severity of the observed transients, the implementation of mitigation strategies is

often warranted. The choice of strategy depends on the specific application and a cost-benefit

analysis:

e  Pre-Insertion Resistors/Reactors: A common and effective method is the use of circuit
breakers equipped with pre-insertion resistors or the installation of series reactors. These
devices are temporarily inserted into the circuit just before the main contacts close. They
act to limit the initial inrush current and dampen the subsequent oscillations. The sizing of
these components is critical and can be optimized using the type of detailed simulation
analysis presented in this paper.

e Synchronous Closing (Point-on-Wave Control): A more advanced strategy involves the
use of a controlled circuit breaker that can precisely time its closing operation. For
capacitor bank energization, the ideal closing instant is at a system voltage zero. This
minimizes the initial voltage difference across the breaker contacts, dramatically reducing
the transient overvoltage and inrush current. This technique is highly effective but requires
a more sophisticated and expensive breaker and control system, which may not be feasible
for all installations, particularly in budget-constrained projects.

By providing a more accurate and comprehensive picture of the transient phenomena, this

research enables engineers to make more informed decisions regarding system design,
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equipment specifications, and the strategic implementation of mitigation techniques, ultimately
resulting in a more robust and reliable power system.

7. Conclusion and Future Work

7.1. Conclusion

This study presents a comprehensive investigation of the transient overvoltage and inrush

current phenomena associated with shunt capacitor bank switching, using the high-fidelity

simulation environment of ATP/EMTP. By systematically examining various operational

scenarios and quantifying the influence of key system parameters, this research addressed a

critical gap in the existing literature, moving beyond simplified models to provide a more

robust and practically applicable understanding of these complex events.

The main scientific contribution of this work lies in its holistic and quantitative approach,

with the key findings summarized as follows:

1. Validation and Discrepancy Analysis: The study confirmed that while analytical
formulas provide a useful first-order approximation, they can significantly underestimate
transient severity. The detailed simulation showed that the inrush current was 18.1%
higher than what was predicted by analytical models. This difference was due to the
complicated interactions of system damping that simplified models couldn't capture. This
highlights the indispensability of detailed digital simulation for accurate assessment.

2. Scenario-Dependent Severity: The research quantitatively demonstrated the critical
impact of the switching scenario on transient magnitude. The peak inrush current in a
back-to-back switching event (12.4 kA) was found to be over three times more severe
than that of isolated bank energization (3.85 kA), providing clear evidence of the risks
associated with energizing banks in parallel.

3. Parametric Influence: The sensitivity analysis provided clear, quantitative relationships
between system parameters and transient severity. It was shown that higher system short-
circuits levels (lower source inductance) and larger capacitor bank sizes directly lead to
more severe inrush currents, offering valuable predictive insights for system planners.

Ultimately, this research presents fresh insights into the nuanced behavior of capacitor

switching transients. It emphasizes that a comprehensive analysis, accounting for both system

state and parameter variability, is essential for the proper design of protection schemes, the
selection of appropriately rated equipment, and the effective application of mitigation
strategies.

7.2. Future Work

While this study has provided a more detailed understanding of capacitor switching transients,

the topic is rich with opportunities for further research. The following directions are

recommended for future work:

e Experimental Validation: The findings of this simulation-based study could be
powerfully corroborated through experimental validation. Conducting field measurements
at an actual substation and comparing the recorded transient waveforms with the
simulation results would provide the ultimate validation for the models used and further
refine their accuracy.

e Advanced Mitigation Studies: This study briefly discussed mitigation techniques. A
dedicated future study could perform a detailed comparative analysis of various mitigation
strategies, such as pre-insertion reactors and point-on-wave controlled switching. This
investigation would involve modeling these control systems in detail within ATP/EMTP
to quantify their effectiveness under different system conditions.

e Analysis of More Complex System Configurations: The current study was based on a
representative but still simplified substation model. Future research could expand the
analysis to include more complex and realistic power system configurations, such as
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networks with significant cable capacitance, multiple feeders, or the presence of harmonic
distortion from nonlinear loads. This study would provide insights into how these
additional factors interact with capacitor switching transients.
By exploring these avenues, the research community can continue to build upon the findings
of this paper, further enhancing the safety, reliability, and efficiency of modern power systems.
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