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Abstract: Electrical power systems are exposed to transient disturbances that change the voltage and
current signals of the network, which can interrupt power and damage equipment. In high-frequency
phenomena, it is essential to study the transient recovery voltage (TRV) to ensure the electrical
insulation limits of circuit breakers are not violated, thus leading to a safe and reliable operation.
Adequate models are crucial to achieving satisfactory results in the studies, according to the range of
frequency of the transient being evaluated. This paper presents a comprehensive literature review of
methods and models for studying electromagnetic transients, focusing on TRV requests imposed on
circuit breakers, in addition to fault-clearing simulations on real system modeling. The analyses are
fundamental both for the evaluation of the amplitude of the voltage signal and for its rate of rise. We
also compare the reviewed models and techniques to provide a handy resource for researchers.

Keywords: power systems; very fast transients; transient recovery voltage; reliability

1. Introduction

The electricity sector is undergoing substantial transformations, driven by the integra-
tion of variable renewable sources [1], deep electrification and various other factors tied to
the energy transition [2]. Navigating these challenges demands a comprehensive approach
combining technological innovation and policy recommendations to establish resilient and
flexible energy systems. Moreover, as the electricity system undergoes profound transfor-
mations, the importance of modeling and analyzing various phenomena becomes even
more pronounced, serving as a tool to ensure the safety and reliability of operations.

To ensure the reliable and safe operation of electrical power systems, it is crucial to
effectively monitor and protect the various equipment inserted into the system. Among the
equipment in the transmission system, the power transformer is particularly significant as
any damage to it can have severe consequences for the network. The protection system
needs to identify the type of fault that occurred and which equipment was affected, enabling
the isolation of the specific area where the equipment is located. In order to obtain accurate
simulation results, it is essential to correctly model not only the equipment itself but also the
system to which it is connected. Therefore, conducting a preliminary study on the modeling
requirements for different equipment in the network becomes imperative. For example,
when dealing with transformers, it is important to consider various factors, such as different
core topologies, winding configurations and linear and non-linear characteristics dependent
on frequency, in order to accurately model such equipment.
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According to [3–8], the voltages experienced by power equipment terminals can be
categorized as either steady-state or transient. Generally, these equipment components
operate under steady-state voltages, which typically fall within a range of 10% around
the nominal value. However, transient overvoltages can occur due to events such as
short circuits, switching operations, lightning strikes and changes in the normal operating
conditions of the system [9].

Transient periods are of great importance as they subject circuit components to signifi-
cant stress caused by excessive currents or voltages [3]. According to [10], transient over-
voltages are characterized by their short duration, potential oscillatory nature and typically
strong damping. Practical investigations documented in several literature sources highlight
that transient overvoltages pose a threat not only due to their magnitude but also because
of their rate of rise [11–13]. Consequently, frequent overvoltages with smaller amplitudes
but high rate of rise can be just as hazardous as overvoltages with larger amplitudes [14].
In this sense, it becomes essential to study the peculiarity of the phenomena for a complete
understanding of the behavior of electrical circuits [3].

Modelling of elements in electric power systems must consider the frequency of
the events being studied, and it is still a challenge for high frequencies. Several papers
addressing modeling techniques for different equipment can be found in the literature.
Given the challenges involved in modeling power systems, we selected and reviewed
the most relevant papers published from 1928 to 2023 in international conferences and
journals, in addition to standards. To the best of our knowledge, no review paper addresses
models for the analysis of TRV requests. Therefore, we aim to provide a handy resource for
researchers in the field by presenting a comprehensive survey delving into a wide array of
methods and models, specifically concentrating on examining TRV requests imposed on
circuit breakers.

Given the context described thus far, the main contributions of this paper can be
summarized as follows:

• we present a comprehensive survey on methods and models for studying electromag-
netic transients in power systems, focusing on TRV requests imposed on circuit breakers;

• we present a case study based on data from a real substation to demonstrate the
impacts of choosing the correct parameters when studying TRV;

• the study uniquely explores the influence of capacitances within equipment models
on both TRV and the rate of rise of recovery voltage (RRRV).

This paper is organized as follows: Section 2 provides fundamental definitions of tran-
sients based on their frequency range, shape and typical sources of origin. Section 3 explores
general aspects of transient recovery voltage analysis, focusing on the key standardizations
related to circuit breakers and their response to this phenomenon. Section 4 presents the
simulation of transient recovery voltage (TRV) for a modeled power system, along with an
analysis of different scenarios and a discussion of the obtained results. Finally, in Section 5,
the main conclusions regarding the findings throughout the paper are summarized.

2. Definitions and Characteristics

Phenomena classified as fast-front or very fast-front transients have the capacity to
cause damage to components in distribution and transmission systems, including cables,
power transformers and circuit breakers [15]. The interaction between devices with high-
frequency characteristics can result in abnormal and detrimental alterations to the involved
system. Table 1, adapted from [16], provides an overview of the primary sources of
transients and their respective frequency ranges.
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Table 1. Origin of electrical transients and frequency ranges (adapted from [16]).
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z–
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M

H
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Transformer Energization Ferroresonance * x
Load Rejection x
Fault Clearing x
Fault Initiation x

Line Energization x
Load Reclosing * x

TRV—Terminal Faults x
TRV—Short-Line Faults x

Multiple Re-strikes of Circuit Breaker x
Lighting Surges, Faults in Substations x

Disconnector Switching x
Faults in Gas Insulated Substation x

* Considered DC.

Table 2, adapted from [16], presents the classification of the transients in four frequency
ranges, with their respective shape designation and main applications.

Table 2. Classification of transients according to the frequency range (adapted from [16]).

Frequency
Range 0.1 Hz–3 kHz 60 Hz–20 kHz 10 kHz–3 MHz 100 kHz–50 MHz

Shape
Designation

Low Frequency
Oscillations

Slow Front
Surges

Fast Front
Surges

Very Fast Front
Surges

Representation Temporary
Overvoltages

Switching
Overvoltages

Lightning
Overvoltages

Re-strike Over-
voltages

Overvoltages that stress the insulation of equipment in an electrical system can be
characterized by their amplitude, shape and duration. In order to represent the actual effects
of these overvoltages, standard waveforms were established by [17] and are illustrated in
Figure 1.

2.1. Characteristics of Equipment and Components for TRV

To adequately represent the equipment involved in a transient, it is necessary to deter-
mine which range of frequencies are associated with the investigated phenomenon [16].
The mathematical models developed to describe the system’s equipment must be in accor-
dance with the conditions imposed on its operation. Thus, in many cases, it is necessary to
have three-phase modeling, considering interactions and couplings between phases and
frequency variations. However, several equivalent single-phase models are developed to
simplify studies in nominal frequencies, such as in steady-state. In general, steady-state
analysis involve simpler models, while the complexity increases when transient studies are
carried out.
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Transient
Class

slow-front fast-front very-fast-front

voltage or
over-voltage

shapes

standard
voltage
shapes

standard
withstand

test

switching
impulse

test

lightning
impulse

test

T2

Tp

0.5

1

t

T   =p 250 ms (front time)
T   =2 25000 ms (tail time)

voltage (pu)

0.5

1

t

voltage (pu)

T   =1 1.2 ms (front time)
T   =2 50 ms (tail time)

T1

T2

Tp

T2

T1
T2

T1

1 / f1 1 / f2

T13 ns <        £ 100 ns
f10.3 MHz <        < 100 MHz
f230 kHz <        < 300 kHz

T10.1 ms <        £ 20 ms

T2                     £ 300 ms
Tp20 ms <        £ 5000 ms

T2                     £ 20 ms

Figure 1. Classes and shapes of overvoltages: standard voltage shapes and standard withstand tests
(adapted from [17]).

In transient analysis, one critical aspect is that a physical component can have different
representation models. The model representation is directly linked to the specific transient
phenomenon being investigated [18]. For instance, one can represent a transformer by an
inductance, a network of capacitances or a combination of both. Further, according to the
nature of the studied study, the non-linearity of the magnetic core may have relevance.
The expected results of the study in question, as well as the prior knowledge of the
applied phenomenon, help to determine the best model for the physical component of
the system [18]. Table 3, adapted from [16], presents the substation equipment and its
modeling relevance for different frequency ranges.

Table 3. Classification of frequency ranges.

Substation Group I Group II Group III Group IV

Equipment 0.1 Hz–3 kHz 60 Hz–20 kHz 10 kHz–3 MHz 100 kHz–50 MHz

Transformer
Capacitance Negligible Important Important

C > 0.5 nF Very Important

Transformer
Inductance Negligible Negligible Negligible Important

Transformer
Saturation Important Negligible Negligible Negligible

Surge Arresters Negligible Negligible Very Important Very Important

Transmission
Line Capacitance Negligible Negligible Important Very Important

Circuit Breaker Negligible Negligible Very Important Very Important

Potential and
Current

Transformer
Negligible Negligible Important Very Important
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The turn-to-turn capacitance is normally neglected at low frequencies; however,
for high-frequency events, its representation becomes significant. When the system is
subjected to a pulse test, the capacitance determines the voltage distribution between
the transformer’s internal windings. In addition, the capacitance between the turns and
the inductance of the winding has a resonant frequency that can be excited. Therefore,
transformer failures can be caused by high-frequency overvoltages due to internal reso-
nances [19,20].

The internal winding resonances, generally in the 5 to 200 kHz range, are initiated by
fast transients and may not cause immediate damage. However, partial discharges may
occur, accelerating the aging of the transformer winding [21]. A detailed high-frequency
transformer model is needed to determine the voltage levels across transformer insulation
during the specific external transients. Although high-frequency general models are ac-
curate and precise, they are often too large to incorporate into an overall power system
model [22].

The study of overvoltages in a transmission system is crucial for investigating tran-
sients as it facilitates equipment specification and the coordination of line and substation
isolation. Different types of overvoltages are generated in the system, categorized based on
the degree of damping and their respective time constants. These types include temporary,
switching and lightning-induced overvoltages [23]. In [24], an artificial neural network
(ANN)-based approach to determine overvoltages in power systems is observed. The au-
thors of [25] also developed an ANN algorithm for locating faults based on Stockwell
transform on TRV.

The temporary overvoltage is an overvoltage at a given point in the system, being
phase-to-ground or between phases, oscillating and with relatively long duration, with a
total time more than 10 ms [17]. Phenomena that characterize temporary overvoltage
consist of switching operation of circuit breakers and fault-clearing events [26].

Switching overvoltage is also a phase-to-ground or phase-to-phase overvoltage at
a given point in the system and occurs due to the operation of a switchgear or a fault,
generally classified as strongly damped and of short duration. Still, it normally has a
unidirectional or oscillating front, highly damped voltage and usually caused by switching
or faults [27].

It is worth mentioning that the expression “short duration” used in the following
definitions consists of characterizing the overvoltage in terms of the wavefront time and
the time until the half value. Overvoltages with a front time between 100 and 500 µs,
frequencies between 10 kHz and 2 kHz and with a time up to the middle value of the
order of 2500 µs are generally considered switching overvoltages. On the other hand,
overvoltages with a front time of up to 2 µs, frequencies greater than 50 kHz and a time up
to half the value of the order of 50 µs are generally considered to be atmospheric surges [27].

Lightning overvoltage is a phase-to-ground or phase-to-phase overvoltage at a given
point in the system due to a lightning strike. This overvoltage is characterized by a fast-
front overvoltage. While the other types of overvoltages are proportional to the system
voltage, overvoltages from lightning strikes depend on system impedances rather than
voltage [28].

Electromagnetic transients arise from various events like momentary interruptions,
switching, faults and transient voltage/current fluctuations. Artificial intelligence (AI) has
demonstrated its effectiveness in addressing power system challenges, including those
related to electromagnetic transients within the network [29]. In [30], a method based
on time-synchronized high-frequency measurements and using a convolutional neural
network was proposed for identifying the causes of electromagnetic transient events.
Moreover, a method to classify the causes of transient using support vector machine (SVM)
was presented in [31].

In [32], a technique based on SVM was introduced to detect system disturbances and
categorize the disturbance waveforms, comparing this approach with the ANN technique.
A more recent investigation employs SVMs to detect and categorize transient overvoltages
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while mitigating the distortion occurring at signal start and end, which can hinder data
processing [33]. Estimation of peak transient overvoltages is explored in [34] using the
ANN method.

A combination of approaches—such as integrating ANN-based feature extraction,
SVMs and other intelligent methods—has emerged as a viable strategy for resolving
challenges in power systems operation [35].

Modeling of elements of electric power systems must consider the range of frequency
of the events under study. In what follows, we discuss models of power transformers,
surge arresters, transmission lines and circuit breakers.

2.2. Power Transformers

Modeling transformers over a wide frequency range still presents difficulties since
transformer inductances are non-linear and frequency-dependent. The losses in the iron
and core inductances are non-linear due to saturation and hysteresis and are frequency-
dependent from eddy currents in the laminations [36]. During resonance phenomena,
resistances greatly influence the maximum voltages of the windings. These high-frequency
resistors represent copper and iron losses [37,38]. The distributed capacitances between the
turns, winding segments and windings and ground can change the terminal and internal
voltages of the transformer due to the resonances they produce [39].

Most models available in computational tools are suitable for evaluating line switching,
capacitor switching and transformer energizing [40]. For frequency ranges above 2 kHz,
the representation of capacitances is essential. For frequency ranges up to 30 kHz, adding
winding capacitances to the ground and between windings is sufficient to reproduce several
phenomena. A more detailed representation of the model is necessary for frequencies
greater than 30 kHz, containing the modeling of the capacitances between the windings [39].

According to [41,42], models based on lumped parameters can present adequate results
for fast transients up to 1 MHz. Therefore, the transformer models used to analyze high-
frequency transients can be described by distributed parameters or lumped parameters [40].
Depending on the physical arrangement of the transformer windings, as well as its general
design, a range of typical capacitances is adopted for the representation of the terminal-
ground values and bushing capacitances, which comprises the range from 1 to 10 nF [39].

One of the leading causes of transformer winding failures is the occurrence of at-
mospheric discharges and system switching operations, which are transient phenomena
that cause voltage surges in the network [3]. In the simulations of these phenomena,
the transformer model must consider both the non-linear behavior and the frequency-
dependent effects.

According to [43,44], the behavior of some physical attributes of the equipment should
be considered for the study of electromagnetic transients: structural characteristics of
the core and coils, mutual inductances and self-inductances, stray magnetic fluxes, core
magnetic saturation, capacitive effects, and hysteresis. Mathematical modeling of a power
transformer is generally divided into two basic approaches in terms of procedures for
selecting the model structure and calculating parameters: white-box modeling and black-
box modeling [45]. According to [46], the classification also covers another model, known
as gray-box.

The white-box modeling is developed from the characteristics of the electrical com-
ponents that correspond to the physical parts of the equipment’s structure [47–50]. These
models are not dependent on measurement data, and their parameters have a direct con-
nection with the physical structure of the transformers [51,52].

The level of detail necessary for the construction of the transformer is related to the
type of study in which it is inserted. For cases where saturation, residual flux, hysteresis and
eddy current losses are important (e.g., inrush currents, ferroresonance), it is essential to
propose a more detailed model of the core to obtain more assertive results. For short-circuit
cases, for example, a model without the representation of the core can be built [53].
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An alternative method is black-box modeling, which can be implemented for both time
domain and frequency domain analyses [54,55]. For this model, no prior knowledge about
the system or the characteristics of the physical arrangement is used [45]. These models can
be used to evaluate current and voltage signals at the transformer terminals [56,57]. Finally,
the gray-box modelling is associated with methods and models that can be scaled from a
pure physical white-box model to a parameterized black-box model [48,58–61]. Generally,
the selection of a suitable representation for a given electromagnetic phenomenon, which
may or may not include surge transfer from one winding to another, depends on the
frequency range but also on the equipment design and available data [45].

In the analysis of high frequencies, the capacitive effect of the transformer cannot be
neglected [62]. It is possible to model the equipment considering the stray capacitances
distributed along the windings from concentrated capacitances connected across the trans-
former terminals. However, the calculation process of these capacitances is not simple,
and it becomes a difficult task to find the precise values.

High-frequency transformer models are discussed in [56]. The first model is based
on the detailed representation of internal windings, in which large networks of coupled
capacitances and inductances are parameterized. These are obtained from discretizing
inductances and capacitances of the transformers’ own and mutual windings [63,64]. These
parameters are obtained through a calculation that requires information from the physical
layout and constructive details of the equipment and data from the transformer manufac-
turers, which are generally unavailable.

The greatest advantage of the model is to allow access to the internal voltages of the
windings. It is suitable for calculating the initial voltage distribution along a winding
due to impulse excitation; however, it is inappropriate for calculating electromagnetic
transients involving the interaction between the system and the equipment. Furthermore,
the matrices involved in this type of representation are often extensive, which makes a
model impractical for Electromagnetic Transients Program (EMTP).

The other trend in the literature is the models developed from the terminals based on
the simulation of characteristics in both the time and frequency domains. These are models
with the modeling of the transformer terminals through complex equivalent circuits [65,66].
As a disadvantage, they are not suitable for the application of three-phase transformers.

The representation of transformer windings by electrical parameters is provided by
mathematical calculations discussed in [67–69]. The calculation of capacitance to ground is
presented in detail in [70]. The determination of inductances can be carried out according to
the equations shown in [67,69,71,72]. In the latter, it is also possible to analyze the equation
to obtain the resistances of the equipment.

In studies involving transient recovery voltage (TRV), the simulated phenomenon of
this paper, it is also necessary to include the bushing and winding capacitances of substation
transformers, in addition to the representation of the transfer capacitances between primary
and secondary windings [3]. TRV is discussed in greater detail in Section 3. However, for
general context, the phenomenon of TRV comprises the resulting voltage between the pole
terminals of the circuit breaker after the interruption of the short-circuit current [73,74].

2.3. Surge Arresters

The surge arresters are equipment of great importance for the protection system,
and their function is to conduct little or no current for normal operating voltage conditions,
or to conduct currents during the occurrence of overvoltages without causing failures.
Therefore, the equipment must have a high level of resistance during normal system
operation and relatively low resistance during transient overvoltages. In order to elucidate
this issue of voltage and current, the literature presents a nonlinear characteristic curve [75].
This behavior is provided in the equipment data sheet from the manufacturer.

In order to shed light on the primary models of surge arresters, a concise literature
review is conducted. The traditional model of the device comprises a single nonlinear
resistor, represented by a collection of points on the voltage and current characteristic
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curve mentioned earlier. However, this static characteristic fails to provide a satisfactory
representation of the dynamic behavior.

When examining the constructive aspect of surge arresters, the initial surge protection
devices consisted of spark gaps connected in series with silicon carbide (SiC) discs, which
serve as nonlinear materials. These spark gaps exhibit high impedance during normal
conditions, while the SiC discs are designed to block current flow following an electrical
discharge. The V-I characteristic curve of the surge arresters is dependent on the current
waveform, whereby faster rise times lead to voltage spikes.

Throughout the years, numerous models have been developed to elucidate frequency-
dependent phenomena. In the late 1970s, ref. [76] described the dynamic performance
of metal oxide lightning arresters. As reported in this work, lightning is accountable for
approximately 30% to 50% of all distribution system outages and a comparable percentage
of failures in distribution equipment, as evidenced by the literature.

The metal oxide lightning arresters are composed of a series arrangement of zinc
oxide elements with nonlinear resistance. In [77], a straightforward equivalent circuit is
introduced to represent the dynamic characteristics of the zinc oxide (ZnO) element. This
enables the analysis of the impact of atmospheric discharges on gas-insulated substations
using a computational tool, considering different scenarios. When comparing the overvolt-
age protection performance of the metal oxide device and the conventional one, the former
is more suitable for application in gas-insulated substations.

In [78], a method of predicting the operation and performance of metal oxide lightning
arresters in power system applications is presented. The analysis covers the V-I charac-
teristic curve when considering low currents for thermal behavior and high currents for
response to surges and system disturbances.

The work [79] outlines the process of determining the required parameters for rep-
resenting a lightning rod made of metal oxide, specifically for conducting transient sim-
ulations. In another study [80], they observed a correlation between the voltage peak
amplitude and the properties of the zinc oxide (ZnO) used in the metal oxide lightning rod.
The material composition has an impact on this peak. The simulations confirmed that a
voltage peak of approximately 10% can be attributed to the presence of ZnO in the material.

The literature also presents other models in addition to the conventional one, such
as the model by [80], which was obtained in laboratory tests and in the analysis of the
micro-structure of the zinc oxide (ZnO) varistor. This model allowed us to verify the need
to improve the representation of the ZnO grain boundary, which is responsible for the high
non-linearity of the device. In addition, the ZnO grain itself, responsible for the inductive
characteristic of the equipment in the high current region, also presented conclusions to
improve the representation [80].

In [81], a discussion on models for representing the simplification in [80] is presented.
The nonlinear resistance of this model represents the high non-linearity of the device and is
determined from its V-I characteristic curve. In order not to need this curve, the IEEE
W.G. model 3.4.11 was developed. In this sense, the model only requires knowledge of the
value of the residual voltage for the standard impulse of 10 kA and 8/20 µs, the height of
the lightning rod in meters and the number of varistor columns inside the housing [82].
Figure 2 presents an adapted image of the model proposed by [82].

In the context of metal oxide models, ref. [83] presents a set of criteria for determining
the parameters of the model. These criteria enable the direct calculation of model parame-
ters using standard data provided in the technical specifications of the devices. To assess the
effectiveness of this method, multiple manufacturers were analyzed, covering various ap-
plications in medium and high voltages. The results obtained from the ATPDraw software
were compared with the tests conducted by the manufacturers, and they demonstrated
consistency in the context of isolation coordination studies involving transients.
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Figure 2. Frequency-dependent IEEE surge arrester model.

However, after performing calculations for the resistances, inductances and capaci-
tance of the filters using (1)–(5), it was found necessary, following the method proposed
by [82], to manually adjust the value of inductance L1, as well as the nonlinear elements A0
and A1. This adjustment was required in order to fine-tune the response of the model to
the residual voltage obtained from an atmospheric pulse with a duration of 8/20 µs and
an amplitude of 10 kA, as well as for a maneuver pulse with the values provided in the
lightning arresters’ data sheets [83]. The values for inductances, resistances and capacitance
are provided as follows:

L0 = 0.2 · d
n

µH (1)

L1 = 15 · d
n

µH (2)

R0 = 100 · d
n

Ω (3)

R1 = 65 · d
n

Ω (4)

C = 100 · n
d

pF (5)

where d—height of the surge arresters and n—number of columns of zinc oxide material
In an effort to simplify the IEEE model, ref. [83] developed an alternative model that

eliminates the need for manual adjustments to the calculated parameters. This new model’s
equations do not rely on physical data; instead, they only require the input of the rated
voltage, the residual voltage for an atmospheric impulse of 10 kA and the residual voltage
for a steep impulse.

Non-frequency-dependent models are suitable for simulations involving low-frequency
groups, specifically groups I and II, as specified in Table 2. However, when studying phe-
nomena characterized by high frequencies, such as groups III and IV, it is essential to
employ a frequency-dependent model. It is worth noting that a high-frequency model
should incorporate the inherent inductance of the device, along with a concentrated in-
ductance in the margin of 1 H/m for grounding cables [75]. For guidelines regarding the
representation of metal oxide devices and varistor materials, please refer to Table 4.

Table 4. Guidelines to represent metal-oxide surge arresters.

Model Group I Group II Group III Group IV

Characteristics 0.1 Hz–3 kHz 60 Hz–20 kHz 10 kHz–3 MHz 100 kHz–50 MHz

Frequency-
Dependent V-I
Characteristic

Negligible Negligible Important Very Important
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2.4. Transmission Lines

Accurately representing the wave propagation in transmission lines is a complex
task [84,85]. To achieve precise results in digital simulations, it is crucial to accurately model
the system elements based on the corresponding frequency range [16]. This ensures that
the phenomena under study are correctly simulated, enabling accurate analysis and results.

Transmission lines, like other equipment, can be modeled either in the time domain or
in the frequency domain. However, the nonlinear nature of their elements poses a challenge
when representing them in the frequency domain. Therefore, it is generally preferred to
develop models for transmission lines in the time domain [86]. Moreover, when analyzing
transient phenomena using computational tools, it is essential to represent the system
components in the time domain for accurate results.

In the field of transmission line modeling, one of the pioneering time domain models
was introduced in [84] by utilizing Bergeron’s method. This model is an algorithmic ap-
proach capable of simulating electromagnetic transients in discrete or distributed parameter
networks. When analyzing shunt connections and switching operations on transmission
lines, it is possible to represent them using a cascade of π circuits. Each segment in this
model consists of a combination of series and parallel resistors and inductors that take into
account factors such as soil and skin effects [87,88].

When it comes to the parameters of transmission lines, they can be represented
using either lumped or distributed parameter models. Distributed parameter models
take into account the frequency dependence, while constant parameter models do not.
By considering the frequency dependence, the system is represented more accurately in
relation to its real physical behavior. However, this increased accuracy comes at the cost of
higher computational effort.

Another important aspect to note is that poly-phase lines can be modeled in either the
modal domain or the phase domain. For transient studies, modal models are commonly
used. In these models, the line’s n phases can be decoupled by calculating the eigenvalues
and eigenvectors of the matrices that describe the line. This decoupling process allows the
n phases of the poly-phase line to be treated as individual single-phase lines. This approach
simplifies the calculation of electromagnetic transient responses [89,90].

2.4.1. Frequency-Independent Model

In the literature, there are notable models that consider only constant parameters,
without frequency dependence. One such model is the Bergeron model, which is closely
associated with the method of characteristics. This model is commonly used in situations
where a single frequency predominates, such as studies involving impedance evaluated at
the fundamental frequency, relay tests or power flow validation.

Another well-known model is the π model, which provides a reasonably accurate
representation of the line. This model employs a circuit consisting of a series impedance
between the two ends of the circuit and a shunt admittance allocated at each end of the
circuit [91]. This structure includes series impedances and shunt admittances as well [92].

2.4.2. Frequency-Dependent Model

To achieve greater accuracy in analyzing a wide range of frequencies, it is necessary
to consider distributed and frequency-dependent parameters in the model. Therefore,
this section provides a brief literature review of some commonly discussed models over
the years.

One notable model is proposed by [90], which employs a transformation matrix to
decouple the phase model into the aforementioned modes. In most cases, this matrix
remains constant for all frequencies, except for low-frequency ranges and when studying
perturbations in parallel lines with different circuits [93]. This model takes into account the
frequency dependence of all line parameters, including inductance, capacitance and active
resistance [90].
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Another well-established model is the universal line model (ULM) introduced by [94].
This model operates in the phase domain and is applicable to various types of line con-
figurations, even in cases where the transformation matrix depends on frequency due
to significant differences in modal propagation times. In the ULM, the characteristic ad-
mittance and propagation function are determined in the phase domain. Additionally,
the propagation function is obtained through the modal model and subsequently fitted in
the phase domain for improved accuracy.

Regarding the utilization of computational tools, EMTP-type programs commonly
employ the Bergeron models and the model proposed by [90] for constant parameters.
However, when considering frequency-dependent parameters, the ULM model is widely
implemented in these tools. One of the main advantages of the ULM model is its versatility
as it can be utilized for modeling both overhead lines and underground cables, making it
highly useful in a variety of scenarios.

It is worth emphasizing that models developed in the modal domain, such as Martí’s
model [90], yield precise results for symmetric configurations and continuously transposed
lines. However, the use of constant transformation matrices is not advisable for non-
transposed lines and cables [95]. To provide a summary of the key models in the literature
and their specific characteristics, Table 5 is presented.

Table 5. Overview of transmission line models.

Model Characteristics Constant Parameters Frequency-Dependent Parameters

Lumped Parameters Model π -
Distributed Parameters Bergeron Martí and ULM

2.5. Circuit Breaker

The performance of circuit breakers in high-voltage systems plays a crucial role in
ensuring the safety and stability of power system operations [96]. Computational tools
offer a range of models with varying levels of complexity. The simplest model represents a
circuit breaker as an ideal switch that opens when the current passes through zero after
a predefined time. However, in gas circuit breakers, the electric arc can be seen as a heat
source in a high-speed gas flow [97]. It is important to note that the breaking action of this
model is independent of the electric arc itself [98].

Table 6 shows modeling guidelines proposed by [99] for representing circuit breakers
in opening operation.

Table 6. Modeling guidelines for circuit breakers.

Opening Group I Group II Group III Group IV

Operation 0.1 Hz–3 kHz 60 Hz–20 kHz 10 kHz–3 MHz 100 kHz–50 MHz

High current
interruption

Important only for
interruption

capability studies

Important only for
interruption

capability studies
Negligible Negligible

Current chopping Negligible
Important only for

interruption of small
inductive currents

Important only for
interruption of small

inductive currents
Negligible

Re-strike characteristic Negligible
Important only for

interruption of small
inductive currents

Very important Very important

High-frequency
current interruption Negligible

Important only for
interruption of small

inductive currents
Very important Very important
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To provide a clearer understanding of the physical nature of the electric arc, particularly
in relation to the TRV phenomenon, a brief overview will be presented. The process of
interrupting current within the extinguishing chamber can be described in four distinct
steps. Initially, the circuit breaker contacts are closed, and the current flows smoothly
through the device. When the moving contact begins to separate, the circuit breaker’s
opening process is initiated, and the current is transferred to the stationary contacts.

As the contacts continue to separate, an electric arc is formed between them, allowing
the current to flow across the circuit breaker terminals [100–102]. Simultaneously, a blast of
insulating gas is released into the extinguishing chamber, aimed at extinguishing the arc.
To ensure successful interruption of the current, the contacts need to be fully open at this
stage. As the current approaches zero, the electric arc rapidly loses conductivity during the
interruption process. A short time after the current reaches zero, the current circulation
is completely interrupted, and the arc is extinguished. However, at this point, the TRV
imposed by the electrical network induces a residual voltage across the contacts. If the
TRV exceeds the dielectric strength between the contacts, it can result in arc re-ignition and
failure of the circuit breaker.

In the 1930s and 1940s, the first tests regarding circuit breakers were conducted and
reported in [103,104]. Since then, subsequent researchers have built upon their initial equa-
tions and incorporated them into their own models. Several models have been proposed in
the literature for circuit breaker implementation. In the case of SF6-insulated circuit break-
ers, ref. [105] highlights the significance of the differential equations introduced in [103,104].
Based on these equations, ref. [105] developed a model that incorporates two resistors
connected in series. In situations involving high currents, the majority of the arc voltage is
governed by Cassie’s equation. As the current approaches zero, the portion of the equation
from [103] undergoes a modified value, capturing the TRV after the current interruption.
At the same moment, the equation from [104] reaches zero.

In [98], various models were presented for analyzing the transient period. One of
the simplified models for the device involves an ideal switch that opens when the current
passes through zero for the first time. A more advanced model considers the arc as a time-
varying resistance or conductance, determined by the device characteristics and breaking
current. This model also incorporates the inclusion of the arc in the system if detailed
information about it is available. However, it is worth noting that obtaining accurate arc
parameters can be difficult. To evaluate the suitability of the circuit breaker, it is essential to
consider TRV curves [98].

Another model that is available represents the device as a dynamically changing resis-
tance or conductance, with the value being dependent on the measured voltage and current
values. This model differs from the previous one mentioned as it does not require the use
of pre-calculated TRV curves. Its primary focus is on short-circuit breaking and switching
applications involving inductive currents. Additionally, it is specifically applicable to
SF6-gas-insulated devices [98].

In [106], the devices built need short circuit tests so that the design and manufacture
are carried out with greater assertiveness. In order to develop the electric arc model, it is
crucial to consider the information regarding the arc column, cooling and dielectric strength
during the opening of the contacts. When mechanical circuit interruption occurs, the plasma
column is ionized and the arc must be extinguished when the current passes zero.

According to [107], the parameters of the TRV envelope defined in the standards
specified in Section 3.1 are determined based on the ideal circuit breaker circuit without
considering the influence of the arc. Therefore, the electric arc model is often disregarded
in studies of this phenomenon [108].

3. Transient Recovery Voltage

In the early 20th century, studies began to investigate the TRV phenomenon. Dur-
ing this period, several publications emerged that focused on determining the characteris-
tics of TRV in power systems [109–112]. One of the notable findings was that faults could
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result in high initial RRRV at current zero, which could potentially cause the arc in the
circuit breaker to reignite before the full system recovery voltage could manifest [113]. Fur-
thermore, in [114], the author examined how the interrupting capacity of a circuit breaker
is influenced by the natural voltage oscillations of the system when current is interrupted
after the instant of current zero. This phenomenon corresponds to the difference in voltage
obtained by subtracting the voltage to ground on one side of the breaker from the voltage
to ground on the other side during an opening operation [115]. Recent research indicates
that TRV investigations are being conducted within grid-connected systems with voltages
exceeding 15 kV [116–118].

When it comes to extinguishing the electric arc, there are several types of circuit
breakers commonly used in electrical systems, including Sulphur Hexafluoride (SF6),
oil-insulated, compressed-air-insulated and vacuum-insulated circuit breakers. In the
case study, the circuit breakers being analyzed are SF6-insulated, and, therefore, a brief
characterization of SF6 circuit breakers is provided below.

SF6 gas began to be used as an insulating medium in transformers in the 1930s, a few
years after its synthesis. In addition to having a greater dielectric strength than air, SF6 gas
has a high heat transfer capacity and low ionization temperature, factors that make it an
excellent arc-extinguishing medium. Thus, about a decade after its use in transformers,
SF6 gas began to be implemented in circuit breakers as an insulating medium and arc flash
extinguisher [119,120].

During fault conditions in an electrical system, it is crucial that the circuit breaker
maintains its current interruption capacity and continues to function effectively. The proper
operation of the circuit breaker is essential in minimizing the impact of a short circuit on
the overall system behavior. This becomes particularly important when the network is
exposed to extreme fault conditions. Ensuring the circuit breaker’s successful operation
helps safeguard the system and prevents damage or disruption caused by faults.

The TRV refers to the difference in phase-to-ground voltages at each terminal of a
circuit breaker. It is characterized by a high-frequency component that decays within
microseconds but gives rise to RRRV [121]. RRRV is a serious transient phenomenon that
can cause interruptions in the power supply to customers and result in maintenance costs
for power utilities [122].

During the interruption of a fault, the electric arc in a circuit breaker quickly loses its
conductivity as the current approaches zero. At this point, a voltage response known as TRV
is generated. TRV is a result of the stress on the insulation gap and the arcing that occurs
within the interrupting medium. To ensure that the circuit breaker is not overwhelmed
by TRV, it must be capable of withstanding the generated voltage response without any
detrimental effects on its operation or insulation [123].

After the current is extinguished, the internal mechanisms try to recover the dielectric
characteristics of the insulating medium [124]. During this same period, the voltage request
between the contacts acts in the opposite direction, which may cause a re-ignition. Dur-
ing the interruption process, the arc rapidly loses its conductivity as the current approaches
zero [123]. After this period, TRV occurs, which, in other words, consists of a power system
response to a sudden change in the network topology, with high frequency and amplitudes.

According to [123], the nature of TRV depends on the characteristic of the investigated
system, whether it is predominantly capacitive, resistive or inductive. According to [125],
in power systems of inductive predominance, the interruption coincides with the maximum
time of the voltage expressed by the sinusoid. As the TRV depends on the system conditions
and the parameters involved in the circuit, it is important that they are studied for circuit
breaker specifications [123].

To prevent the re-ignition process from occurring, the dielectric recovery must be
greater than the voltage request between its contacts. When the contacts are already farther
apart, the maximum TRV value that is capable of not exceeding the dielectric capacity of
the insulating medium must be calculated and analyzed. Thus, studying and analyzing
the TRV phenomenon is important in order to ensure that the circuit breaker’s electrical
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insulation limits are not violated since arc re-ignitions can drastically damage the circuit
breaker’s operation and functionality [126].

Concerning the events that can cause severe damage to the circuit breaker, it is possible
to cite faulty terminals and short-line faults. According to [127], the growth in short-circuit
currents of power systems motivated the study of short-line faults. In [128], there are two
recovery voltage regions of important analysis. The first region comprises up to 100 µs or
200 µs and the second region up to 1000 µs. During the first microseconds of the first region,
high RRRV may produce thermal failure, in addition to dielectric failure. In the second
region, it is common for waves reflected from the lines connected to the faulty bus to return
to the circuit breaker. This reflection results in an increase in the RRRV. As mentioned
in [126], this can potentially lead to dielectric failure.

3.1. Normative Considerations

The choice in circuit breakers for a system is generally based on the required short-
circuit breaking capacity. However, each contact opening results in a TRV that can affect
the dielectric characteristic of the equipment, although currents may be less than the rated
short-circuit current [129].

To ensure the reliability and safety of the power system, it is crucial to have accurate
knowledge of the specified values for a circuit breaker. This is important because the circuit
breaker can be exceeded in terms of its short circuit breaking capacity and its ability to
withstand TRV. The short circuit breaking capacity of a circuit breaker is determined by
comparing the specified values, which indicate the maximum current it can handle, with the
permissible values for the recovery voltage that occurs after the contacts are opened.

This section focuses on discussing the regulatory aspects related to the short-circuit
current breaking capacity of a circuit breaker. It also explores the potential standardized
criteria for stress analysis. To facilitate comprehension of the normative parameters men-
tioned in this section, it is important to provide an explanation of certain concepts related
to circuit breakers.

According to [130], the first pole-to-clear factor is defined as the ratio of rms voltage
between the faulted phase and unfaulted phase and phase-to-neutral voltage with the
fault removed. This concept takes into account the non-simultaneity of the interruption
of the arc in the three phases. Furthermore, the most severe oscillatory or exponential
recovery voltages tend to occur across the first pole to open of a circuit breaker interrupting
a three-phase ungrounded symmetrical fault at its terminal when the system voltage is
maximum [131].

After the pole opening, the voltage wave has a high amplitude and an RRRV that
have their values established in the standards [132,133], which also provide for studies for
short-line faults, terminal faults and openings with the phases not synchronized. In the
case of terminal faults, different short circuit levels are foreseen in relation to the breaking
capacity of the circuit breaker.

As for the waveform, the TRV can differ in some categories, such as exponential,
oscillatory and triangular, depending on the power system response [134,135]. For the
circuit breaker interruption scenario in substations, the waveform obtained is exponential,
with an over-damped characteristic [124].

3.2. Circuit Breaker Override Analysis by TRV

To establish reference parameters for TRV values, envelope curves have been devel-
oped to indicate the capability of the investigated circuit breaker. These envelope curves
are specified in standards such as [131–133]. The standard [133] standard [118] defines the
TRV envelope, which can be represented by two or four parameter curves. On the other
hand, according to the standard [132], TRV behavior varies in systems with voltage equal
to or greater than 100 kV. Initially, there is a high RRRV, and, later, this rate is reduced [131].

The TRV waveform, in the case of significant short-circuit currents, can be repre-
sented by an envelope defined by four parameters. However, for systems with voltages
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below 100 kV, when the short-circuit current is relatively low compared to the maximum
short-circuit current and supplied by transformers, the resulting waveform can be approxi-
mated by a two-parameter envelope [121]. Figure 3, adapted from [123], illustrates these
envelope curves.

The graph highlights the parameters that represent important voltage values and
their corresponding time periods. The parameter u1 denotes the first reference voltage
reached, and its corresponding period is denoted by t1. The parameter uc represents the
maximum voltage reached, and its corresponding period is denoted by t2. In the case of
the four-parameter envelope curve, there is an additional parameter uc that represents the
final voltage reached, and its corresponding period is denoted by t3. Both envelope curves
also involve auxiliary parameters that account for time delays in the analysis.

 

𝑡1 𝑡2 

𝑢𝑐  

𝑡3 

(𝑎) (𝑏) 

𝑢𝑐  

𝑢1 

Figure 3. Envelope defined to: (a) four parameters, (b) two parameters.

If the envelope limits are exceeded during the operation to clear a short circuit, it is
necessary to either replace the circuit breaker being investigated or implement mitigation
methods to address the issue [136]. For instance, the research conducted in [137] explored
the use of supercapacitors for mitigating TRV.

The standard [133] specifies the parameters for the standardized envelope tests at
various levels of short-circuit currents, namely 10%, 30%, 60% and 100% of the rated short
circuit breaking capacity. As the short-circuit currents decrease, the envelope capacities
increase. According to [138], circuit breakers with a rated voltage below 100 kV are classified
into two classes: S1 and S2. A circuit breaker belonging to class S1 is designed for cable
systems, while a circuit breaker in class S2 is designed for overhead line systems.

The oscillatory or exponential recovery voltages typically occur when the first pole of
a circuit breaker opens during the interruption of a three-phase symmetrical fault without
grounding at its terminals, while the system voltage is at its maximum [131]. In the case
of a three-phase ungrounded fault, the first pole factor is denoted by a constant of 1.3 for
effectively grounded systems. However, for ungrounded systems, this first pole factor is
assumed to be 1.5 [121]. The TRV characteristic curve tends to be complex, which highlights
the importance of utilizing computational tools to aid in its analysis.

3.3. Computational Methods for TRV Analysis

Due to the high complexity of electrical systems, manually solving the differential
equations that describe the dynamic behavior of the power system becomes impractical.
Instead, the use of computational tools offers a more practical and effective solution for rep-
resenting the components of the electrical network and obtaining accurate results. In digital
offline simulation, the primary objective is to develop suitable methods for analyzing
future phenomena. However, while power system variables are continuous, computa-
tional simulations are inherently discrete. This poses a major challenge of developing
appropriate methods to solve differential and algebraic problems at discrete points in the
simulation [139].
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Numerical solution techniques based on nodal analysis were introduced in [84,89,140,141],
enabling the calculation of electromagnetic transients. Within the software category for
simulating electromagnetic transients, EMTP (Electromagnetic Transients Program) stands
out. Developed by BPA (Bonneville Power Administration), EMTP offers various mod-
els for representing power system equipment, such as transmission lines, transformers,
surge arresters and circuit breakers [142]. These models provide detailed and complex
representations of transient phenomena in power systems.

4. Transient Recovery Voltage Simulation

The TRV to which a circuit breaker is subjected depends on the type of fault, the loca-
tion of the fault and the characteristics of the network [143]. In that sense, to complement
the literature review focusing on TRV requests imposed on circuit breakers, a set of com-
putational simulations was performed using parameters from a real power substation
in southern Brazil. The simulated scenarios aim to evaluate the supportability of circuit
breakers, for maximum voltage and rate-of-rise of recovery voltage during the occurrence
of a TRV, considering the envelope standardized by the IEEE [132,133].

The characteristics of the power substation, the simulation parameters and the analysis
of results are presented in this section.

4.1. Simulated Case

To assess the supportability of the circuit breakers of the substation considered in
this case study, simulations were carried out in the EMTP-RV software using real data.
The simulations involved three-phase grounded and ungrounded faults. The substation
operates at a voltage level of 230 kV. The one-line diagram of the power substation used in
the computer simulations for TRV analysis is presented in Figure 4. The faults simulated for
TRV analysis in circuit breaker CB11 were located at FL1 and FL2, while FL3 represented
the fault location for circuit breaker CB1.
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Figure 4. Simplified one-line diagram of the substation.

The characteristics of the simulated system are presented in this subsection. In the
lines, the EMTP wide band model was used, which is the most accurate model for time
domain simulations of lines for a large band of frequencies [144]. The lines are arranged in
two configurations, as shown in Figure 5. Lines 1 to 13 use configuration 1, with Cardinal-
type phase cables, and line 14 uses configuration 2, with Lynx-type cables. The overhead
ground wires on all lines are of the Alumosteel 1/0 20% IACS type. Table 7 presents the
test system line lengths.
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Figure 5. Tower configuration type: (a) configuration 1, (b) configuration 2.

Table 7. Line data.

Line Length (km) Line Length (km)

1 17.20 8 23.00
2 14.82 9 102.00
3 38.50 10 13.00
4 46.90 11 13.00
5 23.60 12 13.00
6 23.00 13 9.00
7 23.00 14 22.90

Table 8 presents the data of the equivalent loads connected to the substation. Table 9
shows information about Thèvenin’s equivalent systems viewed from the substation, where
Zth_0, Zth_1 and Zth_2 denote the equivalent zero, positive and negative sequence impedances,
respectively. Additionally, Table 10 presents information about the types of connections,
nominal voltages (primary, secondary and tertiary), nominal powers and electrical parameters
(resistance and reactance in per unit) for three-phase transformers with three windings.

Table 8. Load data.

Load P (MW) Q (MVAr)

1–3–5–6 0.14 0.06
2–4 42.75 14.05

7 49.80 16.50

Table 9. Equivalent systems.

Sourcer Vth (kV) Zth_0 (Ω) Zth_1 = Zth_2 (Ω)

G1 230 2.260 + j 6.478 29.805 + j 308.446
G2 230 2.628 + j 17.873 4.556 + j 33.791
G3 230 2.951 + j 32.725 19.448 + j 128.644
G4 230 1.073 + j 26.137 10.672 + j 98.312
G5 230 1.117 + j 7.262 0.405 + j 7.777
G6 230 4.622 + j 46.055 18.259 + j 103.168
G7 230 0.278 + j 3.787 0.621 + j 9.132
G8 230 0.158 + j 0.397 14.668 + j 38.997
G9 230 0.531 + j 10.139 12.098 + j 133.193
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Table 10. Transformer data.

Transformer 1 2 3 4

Vector group YNyn0d1 YNyn0d1 YNyn0d1 YNyn0d1
Voltage (kV) 230/23/13.8 230/23/13.8 230/138/13.8 230/138/13.8
Rated (MVA) 50 50 225 225

R12 (p.u.) 0.178 0.733 0.102 0.102
R13 (p.u.) 1.601 3.649 0.287 0.287
R23 (p.u.) 1.539 3.564 0.305 0.305
X12 (p.u.) 28.520 27.200 4.360 4.360
X13 (p.u.) 49.280 50.190 17.920 17.920
X23 (p.u.) 16.800 17.110 11.660 11.660

4.2. Methodological Procedures and Simulation Data

In [131], a guide for the application of TRV for AC high-voltage circuit breakers is
presented. In the TRV calculation process, circuit constants are required for each element
within the system. Typically, only inductances and capacitances are considered, while
resistance is neglected [131]. This guide offers valuable insights and contributions to the
analysis of TRVs in circuit breakers. Additionally, it provides a range of typical capacitance
values for various equipment found in a power substation. These capacitances pertain
to the modeling of equipment such as circuit breakers, disconnect switches, bus bars,
capacitive and inductive potential transformers.

The stray capacitances of equipment present in substations can be modeled using
typical values found in the IEEE Std. C37.011, as demonstrated in a recently published
article [145]. In the simulations we present, three capacitance values for the equipment
were selected from the range provided in [131]. Table 11 shows these capacitance val-
ues, denoted as Cmin, Cavg and Cmax, representing the minimum, average and maximum
values, respectively.

Table 11. Typical equipment capacitances.

Equipments Cmin (pF) Cavg (pF) Cmax (pF)

Circuit Breaker 50 150 250
Disconnect Switches Closed 60 130 200
Disconnect Switches Open 30 80 130

Surge Arresters 80 100 120
Capacitive Voltage Transformer 3000 7750 12,500

Inductive Instrument Transformer 75 167.5 260
Bus Capacitance 8.2 13.1 18

To perform TRV analysis using EMTP-RV, the envelope utilized for analysis is based
on the curves provided in [132,133] for circuit breakers rated above 100 kV with effective
grounding. This analysis involves four parameters, as illustrated in Figure 3. Among the
nominal voltage ranges available in the software, a voltage of 245 kV was selected for
the analysis. The investigated circuit breaker has a nominal current of 40 kA, and its
breaking current capacity is approximately 34.9 kA, which is approximately 85% of the
rated current value. According to the [133] standard, which defines the parameters of the
standardized envelope for tests conducted at currents ranging from 10% to 100% of the
circuit-breaker-rated short-circuit, the software performs an interpolation between 60% and
100% to obtain the parameters associated with the envelope.

Table 12 presents the parameters derived from standards [132,133] that were utilized
in the simulations for ungrounded three-phase faults. The parameters u1, t1, uc and t2 have
been discussed in Section 3.2. The RRRV (rate of rise of recovery voltage) represents the
initial slope of the rated TRV and is calculated by dividing the TRV by the time it takes for
the TRV to reach its peak value [146]. The parameters u′ and td denote the peak voltage and
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time delay of the TRV, respectively. The term kpp represents the first-pole-to-clear factor,
while ka f signifies the amplitude factor.

Table 12. Parameters of envelope in EMTP-RV—ungrounded three-phase faults.

Parameters of Envelope Standard IEC Standard IEEE

u1 195.04 kV 195.04 kV
t1 87.69 µs 87.69 µs
uc 372.2 kV 372.2 kV
t2 392.74 µs 329.53 µs

RRRV 2.224 kV/µs 2.224 kV/µs
u′ 97.52 kV 97.52 kV
td 2 µs 2 µs

kpp 1.3 p.u. 1.3 p.u.
ka f 1.43 p.u. 1.43 p.u.

Based on Table 12, there is a discrepancy in the value of parameter t2, which represents
the duration corresponding to the maximum envelope stress. Therefore, through computer
simulations, it will be feasible to examine whether the stress behavior will affect or not
the results by observing any deviation in the envelope displacement when compared
to another.

4.3. Results and Analysis

To facilitate comprehension and analysis, the simulations were divided into three
scenarios. In these scenarios, three-phase faults were simulated within a time frame of
100 µs, where the fault occurs at the instant of maximum voltage in phase-a for a cosine
function. The circuit breaker is then opened at 200 µs. As stated in [126], TRV considerations
typically encompass the time period up to 100 µs following the circuit breaker opening.

Additionally, during the conducted simulations, three capacitance values (Cmin, Cavg
and Cmax, as listed in Table 11) were employed for the models of substation equipment in
each scenario and for each type of fault. The evaluation of circuit breaker supportability
took into account the standardized envelope provided by the IEEE [132] and the IEC [133].

4.3.1. Scenario 1

In scenario 1, the circuit breaker CB11 opens in response to a three-phase grounded
terminal fault or a three-phase ungrounded terminal fault occurring on the high-voltage
side of the transformer. This fault location is illustrated as FL1 in Figure 4.

Regarding the TRV peak, Table 13 displays the results for the highest voltage peak in
one of the three phases: a, b or c. The respective letter in parentheses indicates the phase
corresponding to the voltage values. According to Table 12, the maximum voltage value uc
is 372.2 kV for both the IEC and IEEE envelopes. Comparing this value with the results
presented in Table 13, it is evident that the TRV in phase b exceeds the capability of circuit
breaker CB11 for a three-phase ungrounded fault, regardless of the minimum, average
or maximum capacitance values. The most severe condition occurs when considering
the minimum capacitance value, with a TRV peak of 961.40 kV. On the other hand, it is
observed that the TRV does not surpass the capacity of the circuit breaker for a three-phase
grounded fault. In this case, the TRV in phase c is equal to 265.84 kV for the maximum
capacitance value.

Table 12 provides the maximum RRRV value, determined by the ratio u1/t1, which is
equal to 2.224 kV/µs. Upon comparing this value with the results in Table 13, it is evident
that the capacity of the circuit breaker is not exceeded in any of the simulated conditions.
The value that comes closest to the maximum RRRV limit is 2.056 kV/µs, observed for a
three-phase ungrounded fault when considering the minimum capacitance value.
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Table 13. Simulation results for scenario 1.

Fault Location Fault Type
Cmin Cavg Cmax

TRV Peak RRRV TRV Peak RRRV TRV Peak RRRV
(kV) (kV/µs) (kV) (kV/µs) (kV) (kV/µs)

FL1 3φ-G 263.51 (c) 0.556 265.18 (c) 0.532 265.84 (c) 0.529
3φ-U 961.40 (b) 2.056 908.09 (b) 1.888 860.79 (b) 1.642

Figure 6 illustrates the maximum voltages in the phases, with a specific focus on the
envelope and the voltage in phase b. By referring to Figure 6b, the RRRV can be determined
using the times t f and ti, along with the voltages u f and ui, according to (6):

RRRVFL1 3φ−U =
u f − ui

t f − ti
=

u1

t1
=

182.95 kV− 0
206.565 ms− 206.654 ms

=
182.95 kV

89 µs
(6)

RRRVFL1 3φ−U = 2.056 kV/µs
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Figure 6. Three-phase ungrounded terminal fault on the high-voltage side of the transformer in FL1:
(a) maximum voltages in the phases; (b) highlight of envelope and voltage in phase b.

4.3.2. Scenario 2

In scenario 2, the circuit breaker opens in response to a three-phase grounded terminal
fault and a three-phase ungrounded terminal fault occurring on the low-voltage side of the
transformer. These fault locations are indicated as FL2 in Figure 4.
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In a similar analysis to scenario 1, when comparing the value of uc = 372.2 kV from
Table 12 with the results provided in Table 14, it is evident that the TRV does not surpass the
capacity of circuit breaker CB11 in any of the simulated conditions. Moreover, upon eval-
uating the RRRV values presented in Table 14 and comparing them to the RRRV value
of 2.224 kV/µs from Table 12, one can observe that the capacity of the circuit breaker is
not exceeded.

Table 14. Simulation results for scenario 2.

Fault Location Fault Type
Cmin Cavg Cmax

TRV Peak RRRV TRV Peak RRRV TRV Peak RRRV
(kV) (kV/µs) (kV) (kV/µs) (kV) (kV/µs)

FL2 3φ-G 364.39 (b) 0.055 362.82 (a) 0.046 366.86 (a) 0.046
3φ-U 364.78 (c) 0.054 362.92 (c) 0.046 361.29 (a) 0.043

Figure 7 shows the maximum voltages in the phases, with a specific focus on the
envelope and the voltage in phase a. By referring to Figure 7b, the RRRV for a three-
phase grounded fault and maximum capacitance can be determined using the graph and
Equation (7):

RRRVFL2 3φ−G =
u f − ui

t f − ti
=

u1

t1
=

−4.14 kV− 0
208.24 ms− 208.33 ms

=
−4.14 kV

90 µs
(7)

RRRVFL2 3φ−G = −0.046 kV/µs
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Figure 7. Three-phase grounded terminal fault on the low-voltage side of the transformer in FL2:
(a) maximum voltages in the phases; (b) highlight of envelope and voltage in phase a.
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4.3.3. Scenario 3

In scenario 3, the circuit breaker opens due to three-phase grounded short-line fault
and three-phase ungrounded short-line, shown in Figure 4 as FL3. Similar to the pre-
vious scenarios, analyzing the results presented in Table 15, with TRV = 372.2 kV and
RRRV = 2.224 kV/µs from Table 12, it is observed that the capacity of circuit breaker CB1
is not exceeded for both TRV peak and RRRV in any of the simulated conditions.

Table 15. Simulation results for scenario 3.

Fault Location Fault Type
Cmin Cavg Cmax

TRV Peak RRRV TRV Peak RRRV TRV Peak RRRV
(kV) (kV/µs) (kV) (kV/µs) (kV) (kV/µs)

FL3 3φ-G 194.73 (c) 1.171 199.02 (c) 1.459 200.36 (c) 1.142
3φ-U 188.37 (c) 1.168 198.19 (c) 1.155 202.97 (c) 0.849

Figure 8 illustrates the maximum voltages in the phases, with a specific focus on the
envelope and the voltage in phase c. By referring to Figure 8b, the RRRV for a three-phase
ungrounded fault and maximum capacitance can be determined using the graph and
Equation (8):

RRRVv FL3 3φ−U =
u f − ui

t f − ti
=

u1

t1
=

76.42 kV− 0
202.62 ms− 202.53 ms

=
76.42 kV

90 µs
(8)

RRRVv FL3 3φ−U = 0.849 kV/µs
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Figure 8. Three-phase grounded short-line fault in FL3: (a) maximum voltages in the phases;
(b) highlight of envelope and voltage in phase c.
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The RRRVv, obtained from the graph in Figure 8b, was calculated with a ∆t = 202.62 ms
− 202.53 ms = 90 µs. Note that the analysis is performed for a ∆t = 202.56 ms − 202.534 ms
= 26 µs, as shown in Figure 9. Based on this, a new RRRVn can be calculated using
Equation (9).

RRRVn FL3 3φ−U =
u f − ui

t f − ti
=

u1

t1
=

100 kV− 0
202.56 ms− 202.534 ms

=
100 kV
26 µs

(9)

RRRVn FL3 3φ−U = 3.846 kV/µs

The result reveals that the RRRVn exceeds the capability of circuit breaker CB1 for a
three-phase ungrounded fault.
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0

100

V
o
lt
a
g
e
 (

k
V

)

Phase c

IEEE Envelope

IEC Envelope

Figure 9. Highlight of envelope and voltage in phase c for ∆t = 26 µs.

5. Conclusions

The TRV analysis is a study aimed at verifying the ability of a circuit breaker to withstand
network faults. The amplitude and rate of rise of the TRV play crucial roles in the successful
operation of high-voltage circuit breakers. Recognizing the significance of TRV studies,
this work conducted a comprehensive literature review on the topic. The review revealed
the complexity associated with representing certain components of the network as their
characteristics vary depending on the frequency of the phenomenon under study.

In the context of the analyzed power substation, the simulation results revealed that
variations in the capacitance values used to model the substation equipment have a signifi-
cant impact on the TRV and RRRV values. However, this sensitivity was observed primarily
in the case of a three-phase ungrounded terminal fault occurring on the high-voltage side
of the transformer, particularly when the fault was closer to the circuit breaker. Given that
capacitance is typically an unknown parameter, selecting an appropriate capacitance value
during the modeling becomes crucial to ensure that the obtained results align with the
transformer’s characteristics.

For scenario 1, it was found that the TRV peak exceeded the capacity of the CB11 circuit
breaker by almost three times, proving to be the most critical condition for eliminating
a three-phase ungrounded terminal fault on the high-voltage side of the transformer.
Regarding scenario 3, the TRV peak remained between the upper and lower limits of the
envelopes. Although the analysis of this scenario did not indicate equipment exceeding
its capacity in terms of amplitude, when analyzing the time range between 202.56 ms and
202.534 ms, it can be observed, either through calculation or graphical inspection, that the
interrupting capacity of the circuit breaker was exceeded by the RRRV. This observation
emphasizes the importance of analyzing the TRV in instants immediately after the opening
of circuit breaker poles rather than solely focusing on the specific time instants established
in the IEEE and IEC standards.

It is important to note that evaluating the circuit breaker’s ability to withstand TRV
based solely on amplitude is not always conclusive. The outcome also depends on the
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switching behavior of the equipment connected to the substation at the time of the fault.
Additionally, it is important to note that the results are applicable specifically to the exam-
ined power substation. When assessing different substations, it is essential to account for
the wide-ranging equipment characteristics present in each individual substation. Never-
theless, the comprehensive literature review and the resulting findings can offer significant
guidance to researchers in this field.
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