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Frequency-Domain Modeling of Electrical Insulation
and Application to High-Voltage Power
Electronics: A Review

Xize Dai
and Claus Leth Bak

Abstract—Modern power applications, such as high-voltage di-
rect current transmission, electrified transportation, and indus-
trial systems, increasingly rely on wide-bandgap semiconductors,
driving the need for electrical insulation systems capable of with-
standing high electric fields and switching voltage waveforms. The
reliable design of insulation systems is critical to ensuring the high-
power density and operational stability for high-voltage power
electronics. Under multifrequency voltage conditions, frequency-
dependent polarization dynamics within insulation materials sig-
nificantly influence the macroscopic dielectric properties and insu-
lation performance. This article provides a comprehensive review
of frequency-domain modeling methodologies for electrical insu-
lation exposed to switching voltage waveforms with varying rising
times. It examines advancements in semi-empirical equations and
equivalent circuit models for characterizing frequency-dependent
polarization dynamics behaviors, analyzing the strengths, limita-
tions, and suitability for various applications. Challenges caused
by the fast-rising voltage waveforms to electrical insulation are
addressed by integrating frequency-domain models. Practical case
studies such as electrothermal field calculations and health assess-
ments are discussed, demonstrating the necessity of the inclusion
of polarization dynamics behaviors. The review concludes with in-
sights into emerging trends, including the development of advanced
insulating materials and diagnostic techniques. This work offers
valuable guidance for insulation design and reliability analysis in
high-voltage power electronics applications.

Index Terms—Electrical insulation, frequency-domain model-
ing, high-voltage power electronics, multifrequency voltage
waveforms, polarization dynamics behaviors.

1. INTRODUCTION

ITH the rapid development of the wide-bandgap
(WBG) semiconductor devices, the multifrequency
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power applications involving high-voltage power assets and
power electronics devices play a key role in renewable energy,
electrified transportation, and high-voltage direct current
(HVDC) transmissions, as illustrated in Fig. 1 [1], [2], [3].
Different from the electrical insulation usually adopting thicker
materials at power frequency, these modern multifrequency
power applications put forward more stringent requirements
with high power density, miniaturization, and reliability [4], [5].
The electrical insulation challenges exposed to high-frequency
voltage waveforms occur in high-frequency power inverters,
inverter-fed electrical machines, solid-state transformers, and
power module packages and other high-voltage power assets [5],
[6],[7], [8]. Electrical insulation as the core of these high-voltage
applications is one of the most easily destroyed components,
particularly under the power electronics voltage waveforms with
fast rising times and high switching frequencies [9]. It is there-
fore significant to address the critical bottleneck of electrical
insulation in high-voltage power electronics applications.
Intrinsic physiochemical performance and extrinsic partial
discharge activities are intertwined as two critical factors, which
threaten the reliability and durability of electrical insulation
materials used in high-voltage power electronics applications.
The influence of high-frequency switching waveforms on the
aging, degradation, and lifetime of electrical insulation materials
in solid-state transformers, power modules, and motor windings
have been extensively investigated [10], [11], [12], [13], [14],
[15]. In [12], the results exhibit that the insulation lifetime of
medium-frequency transformer can be sharply reduced as a
function of the switching frequency (from 10 to 50 kHz). The
higher slew rate (dv/dt) would shorten the insulation lifetime
under the same switching frequency. In [13], research shows
that the electro-thermal-frequency coupling stress can cause an
obvious synergistic influence on the performance degradation
of insulation materials. In contrast, more research focuses have
been on the influence analysis of power electronics voltage
waveforms on partial discharge activities (e.g., partial discharge
inception voltage, PDIV) inside insulation materials used in
high-voltage power electronics applications, such as power
module packaging [14], [16], [17], solid-state transformers
[12], [18], printed circuit boards [7], and inverter-fed motors
[15], [19], [20], [21]. Predominant research results exhibit that
the switching frequencies, rising time of power electronics
voltage waveforms would obviously decrease in the PDIV and
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Fig. 1. Illustration of practical requirements for electrical insulation in high-
voltage power assets. Compared to the traditional power-frequency voltage, the
switching voltage stresses can stimulate the frequency-dependent polarization
dynamics behaviors inside insulation materials.

accelerate the partial discharge (PD) activities. Additionally,
harsh environmental factors like high temperature, humidity, and
low gas pressure can synergistically decline PDIV values [22],
[23], [24], [25]. It is worth noting that the aging, degradation,
and partial discharge activities are closely associated with
the fundamental variations in underlying dielectric properties
of electrical insulation materials like polymeric epoxy resin,
silicone gel, and polyimide [26], [27], [28], [29], [30]. Therefore,
it is crucial to model the frequency-related dielectric properties
and understand the physical mechanisms of electrical insulation
materials subjected to power electronics voltage waveforms,
aiming to address the aforementioned issues.

The switching voltage waveforms can be transformed to a
series of multifrequency sinusoidal waveforms in frequency
domain, which would stimulate the underlying frequency-
dependent polarization dynamics behaviors inside electrical in-
sulation materials [31]. Massive analysis results in traditional
high-voltage engineering show that the frequency-dependent
polarization dynamics phenomena will also be strongly en-
hanced by the complex coupling stresses of high tempera-
ture, high humidity, strong electric field, and frequency [32],
[33], [34], [35], [36]. The underlying frequency-dependent
polarization dynamics will directly influence the macroscopic
dielectric properties like relative permittivity, dielectric loss,
and conductivity, further, determining the electrothermal field
distribution of insulation systems inside high-voltage power
electronics [17], [26], [31]. However, the frequency-dependent
polarization dynamics behaviors inside electrical insulation sys-
tems have not yet received enough attention in the emerging
high-voltage power electronics applications. Therefore, it is
imperative for high-voltage power electronics applications to
take frequency-dependent polarization dynamics behaviors of
electrical insulation materials exposed to multifrequency switch-
ing voltages into account. This will provide theoretical and
technical support for insulation design, degradation understand-
ing, and insulation diagnostics and health management of high-
voltage power electronics assets.
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Fig.2. Schematic diagram of the role of insulation systems in multifrequency
power electronics applications involving other parts, including power devices,
magnetic systems, and control systems. The schematic diagram consists of the
procedure of frequency-dependent dielectric properties of insulation systems
under multifrequency voltage waveforms.

To address the current challenges, this article will conduct a
systematic review of the modelling approaches of frequency-
dependent polarization dynamics behaviors of electrical insu-
lation materials and their applications to high-voltage power
electronics applications as presented in Fig. 2. The research
backgrounds and relevant challenges of electrical insulation
materials exposed to power electronics voltage waveforms are
analyzed. Subsequently, two types of frequency-domain models
for characterizing frequency-dependent polarization dynamics
behaviors are summarized, consisting of semi-empirical equa-
tions and equivalent circuit models (ECMs). The effectiveness
and accuracy of frequency-domain models are discussed through
a range of practical applications under multifrequency voltage
waveforms. Additionally, the advantages and shortcomings of
the semi-empirical equations and ECMs for electrical insula-
tion materials are concluded. The typical practical cases of
frequency-dependent polarization dynamics of electrical insula-
tion materials exposed to the multifrequency voltage waveforms
are provided for the high-voltage power electronics applications.
These applications can support insulation modeling, design
analysis, and condition assessment for high-voltage power elec-
tronics applications. Finally, the future development trends of
electrical insulation materials exposed to multifrequency volt-
age waveforms are discussed, which can serve as a reference
in the interdisciplinary exploration of electrical insulation and
high-voltage power electronics.

The structure of this article is as follows. Section II presents
the relationship between frequency-dependent polarization dy-
namics mechanisms inside insulation systems and multifre-
quency switching voltage waveforms. Section III provides a
detailed summary of the semi-empirical equations for character-
izing the frequency-dependent polarization dynamics behaviors
for insulation materials. Section IV analyzes the theoretical
basis and development processes of equivalent circuit models for
insulation systems. Section V presents a series of research cases
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Fig. 3. Comparison figures of traditional power-frequency AC voltage, DC
voltage, and switching voltage waveforms.

exploring the applications of frequency-dependent polarization
behaviors to the physical mechanism analysis, system design,
and health condition assessment of electrical insulation using
dual frequency-domain modeling approaches. Section VI out-
lines future research directions to address existing challenges of
electrical insulation in high-voltage power electronics applica-
tions. Finally, Section VII delivers a comprehensive conclusion,
summarizing the key insights and contributions of this paper
to the interdisciplinary field of electrical insulation and high-
voltage power electronics.

II. RELATIONSHIP BETWEEN POLARIZATION DYNAMICS OF
ELECTRICAL INSULATION AND MULTIFREQUENCY
APPLICATIONS

A. Switching Voltage Waveforms With Fast Rising Time

The most prominent challenge to electrical insulation sys-
tems used in high-voltage power electronics applications is
the switching voltage waveforms with fast rising time and
high switching frequency, as presented in Fig. 3. Compared
to power-frequency ac stress, the high-frequency switching
voltage stresses applied to electrical insulation are becoming
more complex. Deeply understanding the underlying physics
mechanisms inside electrical insulation materials subjected to
switching voltage waveforms with faster rising time is very
concerned. This fundamentally determines the reliability and
endurance of electrical insulation in high-voltage power elec-
tronics applications.

It should be an effective solution for the above issue from
the perspective of frequency domain. The switching voltage
waveforms with different rising times can be mathematically
decomposed into a series of sinusoidal waveforms with different
frequency components, as displayed in Fig. 3 [31], [37].
Inversely, the superimposition of a range of frequency-related
sinusoidal waveforms forms the switching voltage waveforms.
Thus, the dielectric properties for electrical insulation exposed
to switching voltage waveforms with fast rising time present
frequency-related. The frequency-dependent polarization
dynamics behaviors inside insulation materials would be
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stimulated. Additionally, dc voltage in the time domain is
special because dc voltage forms also involve an energization
stage or superimpose with ac ripples. The long-term dc steady
states also stimulate underlying multi-timescale polarization
dynamics properties inside insulation systems [38], [39], [40].
Notably, this article mainly addresses the impact of switching
voltage waveforms, which could also provide the indirect
reference for addressing dc voltage effects like MVDC power
electronics applications.

The electrical insulation material is stimulated by a range of
frequency-related sinusoidal excitation waveforms. The ionic,
charge carriers, dipoles, and electrons inside insulation materials
will migrate, move, and transfer under the sinusoidal elec-
tric field with different frequency components, causing charge
storage and energy loss [41], [42]. Furthermore, the complex
permittivity, dielectric loss tangent, and impedance properties
due to intrinsic frequency-dependent polarization dynamics
mechanisms would work as a function of the applied voltage
frequency [41]. If only considering power-frequency relative
permittivity or dc conductivity, the design and modelling of
insulation systems exposed switching voltage waveforms and dc
voltage superimposed by ac ripples could lead to large deviations
from the realistic phenomena occurring frequency-dependent
polarization dynamics behaviors.

Additionally, the frequency-dependent polarization dynamics
behaviors could be highly dependent on the rising time of
switching voltage waveforms, particularly when superimposed
by harsh environmental factors like high temperature and high
humidity [32], [33], [34], [35], [36]. According to the Fourier
transformation theory, if the switching voltage waveforms have
fast rising time, the decomposed sinusoidal voltage waveforms
exhibit higher frequency ranges and higher magnitude. This
would result in two main effects on frequency-dependent po-
larization dynamics mechanisms: high frequency and dielectric
heating caused by power loss. Therefore, the switching voltage
waveforms with different rising times would generate noticeable
effects on frequency-domain modelling of electrical insulation.

B. Frequency-Dependent Polarization Dynamics Mechanisms

The frequency-dependent polarization dynamics types in-
side electrical insulation materials subjected to multifrequency
voltage waveforms generally consist of interfacial polarization,
dipole/orientation polarization, ionic polarization, atomic polar-
ization, and electronic polarization from low-frequency to high-
frequency regions, as exhibited in Fig. 4 [41]. These frequency-
dependent polarization dynamics phenomena are closely asso-
ciated with applied electric field, magnetic field, and environ-
mental factors.

The polarization dynamics behaviors are composed of the
relaxation and resonance regime in Fig. 4 [41], [43], [44]. The
relaxation regime mainly includes interfacial polarization and
dipolar polarization. The resonance regime consists of atomic
and electron polarizations, between 10'? and 10'® Hz. Partic-
ularly, ionic polarization refers to the small movement of ions
from the original steady state under an ac electric field, usually
seen in the infrared frequency region [44]. It is noteworthy that
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Fig.4. Schematic diagram of different polarization mechanisms and types for
insulation systems as a function of voltage frequency [41], [44].

the occurrence frequency ranges of various polarization mech-
anisms would vary with external factors, such as temperature,
electric field, humidity, aging states, chemical structures, which
highly depend on application cases.

Notably, the research group from ETH Zurich has consid-
ered the effects of the frequency-dependency and temperature-
dependency of complex permittivity of electrical insulation
materials on power electronics transformers design [45]. The
frequency- and temperature-dependent polarization dynamics
mechanisms of electrical insulation materials have been de-
scribed as shown in Fig. 5 [45]. Particularly, the dielectric prop-
erties like complex permittivity of insulation materials would
sharply change when the temperature exceeds the glass transi-
tion temperature (7). [33] also discusses the influence of T
on frequency-dependent dielectric properties of epoxy resin in
multifrequency power electronics applications.

C. Frequency-Dependent Polarization Dynamics Modeling

Over the past few decades, several research works have
provided a deep understanding on frequency-dependent polar-
ization dynamics inside insulation materials based on exper-
imental characterizations and modelling analysis [32], [33],
[34], [35], [36], [46]. The general measurement method is
broadband dielectric spectroscopy (BDS), also called frequency-
domain dielectric spectroscopy (FDS), frequency domain spec-
troscopy, dielectric spectroscopy. The modelling approaches
of frequency-dependent polarization mechanisms of electrical
insulation materials have been developed for capturing these
physical phenomena. The grey-box methodology for modelling
frequency-dependent polarization dynamics have been exten-
sively adopted, as it integrates both advantages of white-box as
a pure physics method and black-box as a pure data method in
Fig. 6. The grey-box approach not only involves prior physical
knowledge but also requires the input of experimental FDS
data [47].

The grey-box methodologies for electrical insulation mate-
rials include semi-empirical equations and equivalent circuit
models (ECMs). The semi-empirical equations are primar-
ily employed to represent the complex permittivity, assum-
ing that the geometric dimensions of the measured insulation
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ture dependency. (c) Effects of frequency and temperature on loss properties,
including conductance loss and polarization loss. T, is the glass transition
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system are known [48], [49], [50], [51], [52]. The ECMs
established by basic circuit elements represents the complex
impedance/capacitance and does not necessarily require prior
knowledge of the geometric information of the measured insula-
tion system [53], [54], [55]. These semi-empirical equations and
ECMs are applied to fit and reconstruct the measured broadband
dielectric/impedance spectroscopy curves of insulation systems
under different external factors [48], [49], [50], [51], [52], [53],
[54], [55]. The most fundamental purpose is to understand the
underlying polarization dynamics processes and physics mech-
anisms of electrical insulation materials. This will provide the
basic support for insulation design, health management, material
selection in high-voltage power electronics applications. The
frequency-dependent dynamics modeling of electrical insulation
materials exposed to multifrequency switching waveforms has
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voltage forms. Note: Based on the existing works, the electric field calculation
of insulation systems under DC voltage usually considers the DC conductivity.
Hence, the multi-timescale polarization mechanisms occurring under DC volt-
age have not been added. In Section VI, the authors introduce one research case
of the electric field calculation of insulation systems under DC voltage, but the
polarization mechanisms are included.

become extremely important, different from traditional power-
frequency voltage.

D. Insulation Design Considering Polarization Dynamics
Under Multifrequency Switching Voltage Waveforms

The basic properties of electrical insulation systems under tra-
ditional dc and power-frequency ac stresses can be characterized
by the conductivity (0 4.) and power-frequency permittivity (&),
respectively, as presented in Fig. 7. Nevertheless, the frequency-
dependent polarization dynamics inside insulation materials
make a prominent contribution under the multifrequency electric
stresses in the modern high-voltage power applications driven
by the WBG devices. The dielectric properties of insulation
materials cannot be directly reflected by the conventionally sim-
ple conductivity (o4.) and power-frequency permittivity (&,).
Instead, the frequency-dependent polarization mechanisms must
be integrated into the modeling, design, and optimization of elec-
trical insulation systems used in high-voltage power electronics
applications. For instance, the constitutive equations of electrical
field calculation for insulation materials need to be improved by
integrating frequency-dependent polarization mechanisms.

E. Insulation Reliability Analysis Considering Polarization
Dynamics Under Multifrequency Switching Voltage Waveforms

The relationship between complex coupling stresses and di-
electric dynamics mechanisms for electrical insulation materials
is shown in Fig. 8.

Behind the variations in macroscopic dielectric properties and
accelerated aging of electrical insulation materials, the transport,
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transfer, hopping, and movement of electrons and charge carriers
inside insulation materials will occur as a function of the applied
electric fields [41]. These microscopic mechanisms will lead to
variations of macroscopic dielectric properties of insulation ma-
terials, such as conductivity, permittivity, and loss tangent [41],
[42]. Under the sinusoidal electric fields with varied frequencies,
the microscopic behaviors present the frequency-dependent po-
larization mechanisms, making a direct relation to the macro-
scopic permittivity and dielectric loss tangent. In essence, the
macroscopic dielectric properties of insulation materials are a
precise reflection of microscopic dynamics behaviors. In ba-
sic, modelling macroscopic dielectric properties under multi-
frequency electric stresses is the physical twin of microscopic
polarization dynamic mechanisms of charge carriers. Therefore,
the modelling and characterization of frequency-dependent po-
larization dynamics mechanisms will provide effective method-
ologies for reliability analysis and health condition management
of electrical insulation materials used in high-voltage power
electronics applications [32].

III. GREY-BOX SEMI-EMPIRICAL EQUATIONS

Since 1912, semi-empirical equations and ECMs have been
developed to characterize the frequency dependence of dielectric
dynamics behaviors and impedance properties in electrical insu-
lation materials. Semi-empirical equations are primarily used to
elucidate frequency-dependent polarization dynamics behaviors
of insulation materials, with a focus on complex permittivity
(or susceptibility). In contrast, equivalent circuit models serve
to characterize frequency-dependent impedance properties of
insulation materials.

The foundational semi-empirical equation, the Debye model,
was first introduced in 1912 [56]. Building upon this initial De-
bye equation, other semi-empirical models have been developed
to characterize frequency-dependent polarization dynamics be-
haviors inside insulation materials [56], [57], [58], [59]. Three
categories of semi-empirical equations/models are summarized
in Fig. 9, including Debye-derived models (1941-1966) [56],
[57], [58], [59], the Williams—Watts (WW) model (1970) [60],
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and the Dissado—Hill (DH) model (1983) [61], [62]. The Debye-
derived models comprise the Cole— (CC), the Cole-Davison
(CD), and the Havriliak—Negami (HN) models. The DH model
includes the DH loss peak and QDC models [61], [62].

In comparison to Debye-derived models, WWM and DHMs
have complex mathematical expressions, involving Gaussian
functions. Concluded from existing literature, Debye-derived
models with relatively easy-to-understand advantages have ex-
tensive practical applications in characterizing conductance and
polarization dynamics mechanisms of insulation materials. This
work will introduce more details about Debye-derived models,
aiming to support the multifrequency power electronics applica-
tions. The basic theory and physical mechanisms of DH model
have been comprehensively introduced by [63].

Beginning with the basic Debye model, an evolutionary
diagram and correlation of the Debye-derived semi-empirical
models are presented in Fig. 10.

The correlation relationship among different Debye-derived
models is intertwined, where the Debye model is the starting
point. The CC and CD models play a crucial role in character-
izing frequency-dependent polarization dynamics behaviors of
insulation materials until now. The HN model is a unification
model that integrates Debye, CC, and CD models.

The mathematical relationships and physical meanings of ex-
ponents (shape parameters, « or [3) within these Debye-derived
models are further summarized in Fig. 11. When the exponents «
and $3 of the unification HN model are equal to 1, the unification
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HN model returns to Debye model, which corresponds to an
ideal semicircle shape [59]. When « is equal to 1, the unification
HN model becomes the CD model, which is a compressed asym-
metric semicircle shape. When 3 is equal to 1, the unification
HN model becomes the CC model, which forms a compressed
semicircle shape. More specific analytical expressions of these
Debye-derived semi-empirical models will be discussed in the
following subsections.

A. Basic Debye Model

The Debye relaxation model proposed by physicist Prof. Peter
Debye in 1912 is the most fundamental equation to characterize
the ideal relaxation response behavior of dielectric materials as
shown in the following [56]:

Ae €s — €xo

Er(w)ZEOO"‘ :Eoo‘f'm

1+ jwr M
where 7 is the relaxation time constant (s), £« is the optical-
frequency permittivity, €5 is the static-state permittivity, and w
is the angular frequency (rad/s).

Remarkably, one important assumption of Debye model is that
the polarization dynamics behavior of insulation materials under
the applied alternating electric field is ideal, which is closely
correlated with the independent dipole movement. The intrinsic
polarization behavior follows the exponential decay law. The
Nyquist plot exhibits a perfect semi-circle shape as shown in
Fig. 11. However, most insulation materials like nanocomposites
with complex structures are nonideal, particularly under harsh
operating conditions. As a result, the ideal Debye model has its
intrinsic limitations for characterizing the frequency-dependent
dielectric dynamics.

Therefore, a series of derived semi-empirical equations were
proposed to characterize nonideal polarization dynamics inside
insulation materials. The frequency dependence behaviors of
complex permittivity based on different semi-empirical equa-
tions are illustrated in Fig. 12 [64]. The exponents in semi-
empirical equations determine the curve shapes of complex
permittivity for insulation materials.

B. Cole—Cole Model

Kenneth S. Cole and Robert H. Cole proposed the derived
Debye model, named the Cole—Cole (CC) semi-empirical equa-
tion/model. In comparison to the typical Debye model, the CC
model introduces a shape parameter «, as shown in (2) [57].
The function of the shape parameter « (belonging to 0-1) is to
characterize the semi-circle with the change of magnitude. The
frequency dependence of complex permittivity based on the CC
model is in Fig. 12

Ae

T e @

er(w)=¢

C. Cole-Davidson Model

The CD semi-empirical equation as an asymmetric
generalization form derived from the basic Debye model
was developed in (3). A shape parameter 8 (belonging to 0-1)
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is added to describe the nonlinear and nonideal polarization
dynamics mechanisms of insulation materials subjected to
variable-frequency ac voltage waveforms. It can be shown
in Fig. 12 that the CD model presents a deviation of real
permittivity from the ideal Debye model and a noticeable
variation in the high-frequency imaginary permittivity [58]
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D. Havriliak—Negami Model

Based on CC and CD models, the Havriliak—Negami (HN)
semi-empirical equation/model as a unification was proposed to
comprehensively characterize both asymmetry and broadness of
frequency-dependent complex permittivity of insulation materi-
als in (4) [59]. Both two shape parameters « and 3 belonging to
between 0 and 1 are employed. The influence of the o and 3 on

the frequency dependency of complex permittivity is illustrated
in Fig. 12
Ae

[+ (Gur)*)”

In contrast with CC and CD models, the integrated HN model,
as a final solution for complex permittivity reconstruction, pro-
vides a comprehensive semi-empirical equation to replicate in-
tricate polarization dynamics processes of insulation materials.
Nevertheless, the integrated HN semi-empirical equation has
some drawbacks about the solution of model parameters. In
particular, the shape parameters calculations of « and 3 are
difficult to obtain and remains some debates currently. Different
combinations of o and § values may lead to the same recon-
structed complex permittivity curves, which needs researchers to
have rich experiences and theoretical expertise in understanding
underlying polarization mechanisms of insulation materials.

“
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E. Extended Semi-Empirical Equations With Multiple
Polarization Processes

The Debye and its derived models have certain limita-
tions, only characterizing a single polarization process inside
insulation materials. It is noteworthy that polarization dynam-
ics phenomena inside (polymeric) insulation materials are ex-
tremely complex under arange of internal (e.g., material compo-
nents) and external conditions (e.g., frequency ranges, tempera-
ture). Two detailed aspects are as follows: 1) Internal conditions:
Insulation material or system itself usually as a composite mate-
rial has complex chemical structures and physical properties. 2)
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External conditions: The measurement conditions (e.g., voltage
frequency range, voltage magnitude) and ambient factors (e.g.,
temperature, humidity) influence the underlying polarization
dynamics processes. Therefore, the traditional semi-empirical
equations present certain difficulties in capturing the underlying
multiple superimposed polarization dynamics processes inside
insulation materials.

To address the above gaps, the extended Debye models involv-
ing diverse physics processes are developed from basic Debye
and its derived models, aiming to accurately capture polarization
dynamics processes and then characterize the frequency de-
pendence of insulation materials subjected to switching voltage
waveforms with fast rising time. The complex dielectric physics
behaviors involve conductance mechanisms with different ori-
gins and polarization processes with different time constants.
Extended semi-empirical equations are proposed as shown in
(5) to (8). The essence of extended equations is to add various
polarization terms and conductivity terms such as quasi-DC
conductivity term (opc) and hopping conductivity term (o).
The hopping conductivity term follows the power law behavior.
For example, (5) consists of n Debye relaxation processes, quasi-
DC conductance behavior, and hopping conductance process.
Compared to (5), (6) to (8) represents n CC, CD, and HN
relaxation processes, respectively. Notably, the use (n value,
opc or oy, term) of extended semi-empirical equations strictly
depends on real physical processes observed from the measured
BDS of insulation materials in high-voltage power electronics

o e R I
E (w)zgﬁéuéi%)“ oeo T e ©
W) =t 2 1+ (ii)ai}ﬁi i ;o]js(; (joj)h”so

) ®)

where n presents the types of polarization dynamics processes;
n = 1, the equation represents the classical Debye model with
one relaxation process; For example, if two types of polarization
processes occur in BDS, the value of the parameter n should be
2; v is a constant belonging to [0, 1].

IV. GREY-BOX EQUIVALENT CIRCUIT MODELS

The equivalent circuit modeling approaches have been
developed for characterizing the frequency dependency of
dielectric dynamics behaviors inside insulation materials, which
are complementary to semi-empirical equations. The promi-
nent advantages of ECMs involve the translation of underly-
ing polarization dynamics mechanisms into impedance forms,
which is easy to understand, friendly for engineers from various
fields, system-level simulation, and so on. The ECM approaches
mainly consist of RC-based impedance circuits, fractional-order
impedance circuits, and DH relaxation circuits as summarized
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Fig. 13. Summarization of different ECMs, including RC-based ECM,
fractional-order ECMs, and DH circuit model.
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Fig. 14.  Schematic diagram of the equivalent Debye circuit model involving
frequency-independent geometry module and frequency-dependent polarization
module [65]. (a) Basic circuit elements of resistance and capacitance. (b)
Geometry circuit module. (c) Frequency-dependent polarization circuit module.

in Fig. 13. First, the RC-based ECM, also named equivalent
Debye circuit model, is constructed by different combination
forms of linear circuit elements, resistance (R) and capacitance
(C). Subsequently, the fractional-order ECM is composed of
nonlinear circuit elements derived from fractional-order calculus
theory. Strictly, the time constant calculated by capacitance
and resistance does not follow the exponential decay, instead,
is determined by power-law behaviors. Additionally, another
ECM is the DH circuit model. In essence, the DH circuit model
is a structured block diagram, where each block is from DH
theory [63].

A. Equivalent Debye Circuit Model

The equivalent Debye circuit model (EDCM) as an integer-
order form was developed by constructing the combination
forms of linear circuit elements, like resistance (R) and capac-
itance (C) in Fig. 14 [65]. The physical mechanism of the RC
branch exhibits the interpretation of the ideal Debye polarization
process that follows the exponential decay behavior. Specif-
ically, one independent RC branch marks an ideal relaxation
polarization process with one time constant.

The integer-order EDCM is the superimposition of the ge-
ometry circuit module and the polarization circuit module with
n ideal Debye physical processes. The derivation process of
the analytical impedance expression based on EDCM has been
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Fig. 15.  Schematic diagram of the measured impedance curves superimposed

by several ideal Debye response processes [69].

extensively reported by literature, such as [44], [45], [46], [47].
In the geometry circuit module, C and G (1/G = R,) repre-
sent insulation bulk properties, the insulation capacitance and
the insulation conductance. For another frequency-dependent
circuit module, n RC branches with n ideal relaxation time
constants [71, T2, ..., Tn] are independently distributed into
the polarization circuit module [65], [66], [67], [68]. Current
research works shows that the EDCM is generally adopted by
adding 6 RC relaxation branches within 6 decades of frequency
[68]. To some extent, the number of RC relaxation branches is
always determined based on experience and fitting accuracy.

In addition, the configuration of EDCM is dependent on
the measured dielectric/impedance spectroscopy of insulation
systems. The dielectric spectroscopy of insulation materials
involves rich dielectric physics mechanisms, associating with
the measurement voltage magnitude, voltage frequency, inter-
nal insulation physiochemical properties, and external factors
like temperature, air pressure, and humidity. Therefore, the
superimposed several RC branches that correspond to different
time constants are applied to represent the measured impedance
spectroscopy of insulation systems in Fig. 15 [69]. The EDCM
formulation allows for a simplified understanding of dielec-
tric dynamics by linking linear RC networks to polarization
dynamics mechanisms of insulation materials. This makes it
become a mathematical approximation approach to analyze
the insulation dielectric properties under the multifrequency
electric stresses. It must be noted that this approach provides
only the approximation discretization analysis of the measured
impedance spectroscopy curves of nonideal insulation materials,
as the classical Debye model is inherently based on idealized
assumptions [70], [71]. The EDCM in essence lacks the physical
understanding of complex dielectric dynamics behaviors inside
insulation materials.

B. Distributed Equivalent Debye Circuit Model

The electrical insulation systems used in different high-
voltage power devices/assets will withstand the influence of

15407

Entire Insulation Systems Discretized Insulation Systems, 72 xn

Fig. 16.  Schematic diagram of the insulation system with spatial distribution
states and its discretized insulation cells.
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Fig. 17.  One distributed circuit topology of D-EDCM [74].

gradient stresses, resulting in the nonuniform distribution of
insulation health states. The space discretization strategy prelim-
inarily aims to mesh insulation systems with spatial distribution
states as illustrated in Fig. 16. The insulation systems with non-
linear dielectric properties can be approximately discretized into
a lot of small units with linear properties after discretization. For
each small unit, the impedance properties of insulation systems
can be characterized by linear RC circuit modules [70], [71].
The distributed EDCM (D-EDCM) is therefore established for
characterizing the frequency-dependent impedance behaviors
for nonuniform aged insulation systems.

The discretization circuit model (D-EDCM) was initially
proposed to address the challenges of nonuniform aging in oil-
paper insulation systems of high-voltage power transformers,
where the insulation properties subject to stress gradients vary
from layer 1 to layer m [72], [73], [74]. Fig. 17 exhibits the
distributed circuit topology of D-EDCM discovered from the
existing literature [74]. The D-EDCM incorporates multiple
relaxation subsections, each representing the polarization part
(comprising RC relaxation branches in parallel) as in the tra-
ditional EDCM. The geometry capacitance and resistance are
preserved throughout the model to reflect the physical structure
of the insulation system.

The D-EDCM is formed by an extremely complex RC net-
work, where solving circuit parameters relies heavily on mathe-
matical optimization techniques and the availability of detailed
information on the intrinsic insulation states. The basic principle
of the D-EDCM lies in the superposition of individual relaxation
subsections, aiming to approximate the measured impedance
spectroscopy of insulation systems. While the D-EDCM has
been successfully validated, its practicality and feasibility for
broader applications including and beyond oil-paper insulation
systems require further investigation.



15408

=
1
LT
-
o
|
il

O

AC Voltage  DC (£0) h b fn f
Frequency-Dependent Impedance Modules
(@
Rn
v | L
@ & a, ] g
T
\/

Geomet Geomet
AC Voltage Rcsistan?; Molecule Relaxation Dynamics Processes Capacila;ie
(b)
Fig. 18. One unification fractional-order equivalent circuit model with the

basic function of generality and modularity. The FO-ECM can effectively cap-
ture nonideal underlying polarization dynamics mechanisms [54]. (a) Modular
FO-ECM topology. (b) Specific FO-ECM with clear physics explanation.

Notably, the D-EDCM structure with a large amount of RC
elements is complex, and its application (forward and inverse)
faces huge challenges. If the D-EDCM is applied to solve for-
ward issues such as insulation design with known material infor-
mation, the specific D-EDCM structure necessitates additional
modifications to be suitable for different application scenarios.
However, for the inverse issues like the feature engineering and
reliability analysis, the identification of unknown parameters
inside D-EDCM will become very difficult. The D-EDCM may
be difficult to play in its original imagination and target for
engineering practicability.

C. Fractional-Order Equivalent Circuit Model

The fractional-order equivalent circuit model (FO-ECM),
through incorporating a fractional-order capacitive element (Q,
or C%) can characterize the underlying physics meaning of
insulation materials, which is a nonlinear impedance characteri-
zation approach. More details about the fractional-order calculus
theory can be referred to papers [75], [76], [77].

Basic theory demonstrates that the FO-ECM can effectively
capture frequency-dependent polarization behaviors inside in-
sulation systems, as the RQ circuit module following power-law
behaviors can represent nonideal physics mechanisms [77]. [54]
proposed a unification FO-ECM for the frequency-dependent
impedance properties characterization for polymeric insulation
systems used in high-voltage power electronics applications
as presented in Fig. 18. The proposed FO-ECM is modular,
generic, and adjustive based on real impedance dynamics of
the measured insulation systems. The FO-ECM is composed
of two sections: frequency-independent geometry modules and
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frequency-dependent impedance modules. In comparison to the
conventional EDCM, the novel FO-ECM with fewer circuit pa-
rameters, in essence, derived from fractional-order calculus the-
ory, can accurately capture the underlying nonlinear impedance
dynamics characteristics occurring in electrical insulation
exposed to multifrequency voltages and harsh environmental
factors.

Additionally, one RQ circuit module can be approximately
equivalent to the superposition of multiple RC modules, as il-
lustrated in Fig. 19 [78]. The FO-ECM can characterize the space
distribution properties of the impedance dynamics behaviors of
insulation systems. After this discretization, the overall nonlin-
ear impedance can be translated into a summary of discretized
spatial impedance as discussed in Section IV-B. Each discretized
unit of insulation materials can be characterized by a linear RC
model. [78], [79] first explored the feasibility of the equivalent
circuit model incorporating a fractional-order RQ module to
reconstruct the impedance distribution properties of insulation
systems subjected to stress gradients.

D. DH Equivalent Circuit Block Model

Different from EDCM, D-EDCM, and FO-ECM, the DH
model rooted in intrinsic dielectric physics mechanisms (con-
ductance and polarization dynamics) is designed to analyze more
complex dielectric responses that involve multiple relaxation
processes and quasi-DC conductance behavior. Generally, there
are five types of basic dielectric response processes that can oc-
cur in insulation materials, such as conductance process, infinite
frequency capacitance, QDC relaxation, loss peak relaxation,
and diffusion process [80]. Most importantly, the DH circuit
model is highly dependent on the intrinsic physical mechanisms
appearing inside insulation systems [80], [81], [82]. This work
offers a brief introduction to the basic configuration of DH circuit
model as shown in Fig. 20.

It is shown in Fig. 20 that the basic DH model as an example
include five basic processes. Note that this basic DH-ECM can
be evolved to a series of improved DH impedance circuit models.
Although for the same insulation systems, the intrinsic dielec-
tric dynamic characteristics vary under different environmental
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TABLE I

COMPARISON ANALYSIS OF SEMI-EMPIRICAL EQUATIONS AND EQUIVALENT CIRCUIT MODELS FOR POLARIZATION DYNAMICS BEHAVIORS
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2. Suitable for Ideal/Linear Insulation Materials

Types Models Advantages Shortcomings
1. Cannot describe complex polarization
Debye Model 1. Simple Equation dynamics of nonideal insulation materials

2. Ignores the distribution and asymmetry of
relaxation processes

Cole-Cole Model

1. Introduces a parameter to describe a broad
relaxation distribution
2. Good fitting for many insulation dielectrics

1. a parameter has weak physical interpretation
2. Does not account for asymmetric relaxation
behaviors

Semi . Cole-Davison Model
emi-empirical

1. Effectively describe the asymmetry of relaxation
time distributions by introducing f parameter
2. Suitable for dielectrics with asymmetric

1. Limited capability for describing broad
relaxation distributions
2. Higher mathematical complexity

Circuit Models

systems exhibiting multiple relaxation processes
3.Suitable for insulation system design stage

Equations relaxation processes
1. Add two parameters « and f to describe both 1. Complex equations with high difficulties to
Havriliak—Negami broad and asymmetric relaxation distributions solve parameters
Model 2. Highly effective for complex insulation materials | 2. Strongly dependent on high-quality
with complex structures experimental data
1. Clear Physical Meaning, directly linking to I H¥gh complexity Wlt.h many parametgrs
. . . 2. High challenged optimization and fitting to
. . microscopic structures and physical processes
Dissado-Hill Model . . . . . solve model parameters
2. Suitable for complex insulation materials with . -
L 3. Strong dependency on high-precision
intricate molecule structures .
experimental data
1. Easy implementation for ideal insulation 1. Cannot describe nonlinear dielectric dynamics
Equivalent Debye materials behaviors
Circuit Model 2. Suitable for fast system-level computation with 2. Neglect the distributed impedance effects of
approximate accuracy insulation systems in real power assets
1. Capable of fitting frequency response of . . .
. - . 1. Higher mathematical and computational
s . complex insulation materials .
Distributed Equivalent 2. Suitable for system-level simulation of insulation complexity
Equivalent Debye Circuit Model ' Yy 2. Require high-quality data for parameter

optimization

Fractional-order

1. Broad applicability to describe complex
polarization dynamics and broadband impedance
properties following power-law behaviors

1. High computational complexity but excellent
for wide-frequency-range response modelling

Equlv;}[eor:jtelClrcult 2. Suitable for modelling complex insulation 2. Hard to directly link to microscopic material
systems over a wide frequency range structures
3. Appropriate for high-precision scenarios
E. Comparisons of Semi-Empirical Equations and ECMs
- Semi-empirical equations and ECMs have continuously de-
QDC D-H Diff G veloped for nearly one century in the traditional high-voltage

||

7

Initial Model fitnn

Fig. 20. DH equivalent circuit forms applied for the fitting of measured FDS
curves with varied physics mechanisms [80], [81], [82].

conditions like temperature, which need to construct different
DH impedance model topologies.

Notably, the DH circuit model is more applicable to character-
ize complex permittivity or complex susceptibility of insulation
materials, instead of impedance properties of insulation systems,
if without any prior knowledge of the specific geometry infor-
mation of measured insulation systems. Additionally, the rich
professional knowledge from researchers is a prerequisite for
the construction of the DH circuit model. It is noteworthy that
the DH model is not a circuit impedance model in the true sense.
Instead, more specifically, it is a circuit block representation
form.

engineering. Two classical frequency-domain modelling ap-
proaches for electrical insulation materials/systems have distinct
advantages and shortcomings, particularly tackling the chal-
lenges from the high-voltage power electronics applications. The
comparisons between semi-empirical equations and ECMs have
been summarized in Table I.

The semi-empirical equations are more suitable for insulation
materials with known geometry information, which can be used
to describe the underlying frequency-dependent polarization
dynamics behaviors under different conditions. Among these
semi-empirical equations, the fundamental Debye model is the
simplest, which is only applicable for the ideal insulation ma-
terials. Notably, the current insulation materials are generally
composites with complex intrinsic structures and multiple com-
ponents. The intrinsic frequency-related dielectric dynamics
for such insulation materials are extremely complex across a
wide frequency range. Thus, the derived CC, CD, HN, and
DH models are more suitable for describing the frequency-
dependent polarization dynamics phenomena inside insulation
materials with intricate molecule structures. Nevertheless, these
models exist some shortcomings. One of the main challenges
is to solve the unknown parameters in these models by fitting
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the measured dielectric spectroscopy curves. In this regard,
when the power electronics voltage waveforms have fast rising
time, the high-frequency polarization properties of insulation
materials are prominent. Thus, the extensions of these clas-
sical semi-empirical equations including multiple polarization
terms in (5)—(8) should be considered. However, the selec-
tion of optimization algorithms and the set of the initializa-
tion conditions are crucial to solve many unknown parame-
ters, like at least ten parameters. Additionally, the high-quality
and high-precision measurement dielectric spectroscopy data is
needed.

On the other hand, the equivalent circuit models are more
suitable for the characterization of the frequency-dependent
impedance dynamics characteristics of insulation systems in
high-voltage power electronics applications. One of main advan-
tages of ECMs is no need to obtain the geometry information of
the measured insulation systems. The applicability is for high-
voltage power electronics devices and assets. The EDCM and
FO-ECM mainly characterize the overall polarization dynam-
ics phenomena of electrical insulation by fitting the measured
impedance spectroscopy. The EDCM as a linear model can ap-
proximate the measured impedance spectroscopy of insulation
systems with no strong need to high accuracy. Different from the
EDCM, the nonlinear FO-ECM has the capabilities to character-
ize the nonlinear polarization dynamics behaviors through accu-
rately replicating the measured impedance spectroscopy curves.
Additionally, the D-EDCM as a white-box approach is more
suitable for the construction of system-level simulation model
for insulation systems during the design stage. The D-EDCM
can realize the effective connection between insulation systems
and other components, like magnetic system, by using circuit
simulator.

V. APPLICATIONS OF FREQUENCY-DOMAIN MODELS

Under the multifrequency power electronics applications
driven by power semiconductor devices, this section mainly
discusses how the semi-empirical equations and ECMs of
frequency-dependent polarization behaviors can be applied
to support the physics mechanisms understanding, system
design, and reliability analysis for electrical insulation in
high-voltage power electronics applications as summarized
in Fig. 21.

A. Analysis of Dielectric Dynamics Mechanisms for Electrical
Insulation

Current research works mainly integrate the classical semi-
semi-empirical equations and measured experimental data, aim-
ing to identify the physical parameters of semi-semi-empirical
equations through reconstructing the measured dielectric spec-
troscopy. These semi-empirical equations are the function of
complex permittivity or complex susceptibility of insulation
materials, which are the macroscopic representation of mi-
croscopic charge carriers and dipoles. The investigation of
frequency-dependent dielectric dynamics mechanisms of
insulation systems mainly relies on two approaches: qualitative
dielectric tools and quantitative empirical models.
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1) Qualitative Dielectric Tools: The dielectric analysis tools
include complex permittivity, conductivity o(w), dielectric loss
tangent (tand), and electric modulus M(w), aiming to com-
prehensively unravel frequency-dependent dielectric dynamics
mechanisms of insulation systems exposed to multifrequency
power electronics stresses. The transformation relationship of
four dielectric quantities is presented in (9) and (10) [83]. Fig. 22
provides an illustration diagram for the relationship of four
dielectric quantities from low temperature to high temperature.
The conductivity o(w) is generally used to characterize quasi-
DC conductivity and frequency-independent ac conductivity.
The dielectric loss tangent (tand) in (10) is composed of con-
ductance loss and polarization loss of insulation systems. It is
noting that the insulation systems exhibit huge low-frequency
permittivity under extreme operating scenarios, which will mask
polarization dynamics behaviors. Therefore, the electric modu-
lus was developed to eliminate the influence of huge permittivity,
then to highlight the polarization dynamics, as illustrated in
Fig. 22(e) [83]

oy 0w 1
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tans = &) (10)
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2) Quantitative Empirical Fitting Models: The quantitative
approaches are currently one mainstream direction to reveal
dielectric dynamics mechanisms of insulation systems. The re-
search steps are data processing, feature engineering, correlation
models, and mechanism analysis, respectively. Fig. 23 pro-
vides a schematic process to interpret the quantitative empirical
models by using the examples of the extended HN model with
n polarization processes and two conductance forms.

Generally, the semi-empirical equations and equivalent cir-
cuit models are used to fit the measured dielectric/impedance
spectroscopy of insulation systems under different health states.
The physical parameters of semi-empirical equations and equiv-
alent circuit models will be parameterized. Then, the correla-
tion relationship between extracted parameters and insulation
states is established to obtain the empirical models like linear
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anisms for insulation systems by using semi-empirical equations or ECMs.

fitting functions. Ultimately, the underlying dynamics mech-
anisms of insulation systems can be unveiled under different
insulation health conditions like thermal aging, humidity, and
temperature.

Several application cases are introduced to deeply understand
the dielectric dynamics mechanisms of insulation systems ex-
posed to variable-frequency voltages. Wolny et al. [84] delved
into the parameter estimations of the CC model, focusing on
a single relaxation process within oil-paper insulation systems
subjected to varied moisture contents and temperatures. The
findings in paper [84] revealed a decline in both exponent and
relaxation time constants as moisture content and temperature
increased. Additionally, [49], [85] employed the improved CC
model with double relaxation processes and hopping conduc-
tivity to evaluate the oil—paper insulation states under different

moisture contents. The investigation provided insights into the
noticeable effects of moisture on the frequency-dependent di-
electric dynamics behaviors of oil-paper insulation. [86] sug-
gested that the CC model, particularly with two relaxation
processes, offered a more comprehensive characterization of
complex polarization dynamics processes for oil-paper insu-
lation under different moisture and temperature conditions.

In [87], the impact of humidity on the dielectric dynamic
mechanisms of rotating machines with epoxy/mica insulation
is investigated based on the improved CC model with the dc-
conductance process and double polarization processes. The
results display the decrease in the interfacial relaxation time
constant extracted from the improved CC model as a function
of humidity. Furthermore, [88] applied the improved CC model
with two relaxation processes to electrothermal aging influence
on underlying dielectric dynamics behaviors of epoxy resin
insulation materials. The correlation between relaxation time
constant and aging degrees presents an exponential fitting func-
tion. The improved CC models with double relaxation processes,
dc-conductance, and hopping conductance behaviors have been
applied to unravel the aging mechanisms of oil-paper insulation
[89]. As a result, the predominant trend in existing research
mainly involves the improved semi-empirical equations to un-
veil dielectric dynamics mechanisms inside insulation systems
affected by complex external stresses.

A significant challenge in current research lies in the prevalent
application of the semi-empirical equations with fixed terms
to investigate the dielectric dynamics mechanisms of insula-
tion systems under various factors like humidity, aging, and
temperature effects. However, the intrinsic conductance and
relaxation processes vary with insulation states in the presence of
different aging conditions and environmental factors. While the
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same semi-empirical equations are utilized to elucidate physical
mechanisms, it may contradict the essence of these models. It is
concluded that it becomes imperative to identify the intrinsic
dielectric dynamics processes like how types of polarization
behaviors before using these semi-empirical equations. This
identification process serves as the most fundamental basis for
selecting appropriate semi-empirical equations that align with
the dielectric response characteristics of the measured insulation
systems.

The authors [80], [81], [82] applied DH models to unveil the
complex dynamics mechanisms of different types of insulation
materials. In contrast to the Debye-series models, DH models,
rooted in the basic dielectric mechanisms of real insulation
systems exhibit the flexibility to capture the unique physical
mechanisms of insulation systems by changing DH equation
terms [80], [81], [82]. This adaptability is evident in the inclusion
of multiple models corresponding to the polarization processes
inside the insulation system. For example, if the insulation
material exhibits two polarization processes, two corresponding
DH models would be incorporated. More importantly, the real
DH model would refrain from adding a conductivity term if
quasi-DC conductance phenomena were absent within the mea-
sured frequency regions. This can be found in papers [81], [82].

Two cases of uncoated and coated P(VDF-HFP) dielectric
materials are introduced to illustrate the DH models’ analysis
processes to clearly present the dielectric dynamics behaviors as
shown in Fig. 24 [81]. The distinctive conductance behaviors and
polarization processes have been separated by using different
DH models. The main differences of dielectric dynamics behav-
iors for uncoated and coated samples are the surface (the inter-
face between electrodes and material) and bulk (material itself)
properties. In comparison to the uncoated sample, the diffusion
process element PL occurring in the coated insulation material
has been added to replace the surface conductance element G,
of the uncoated material. The diffusion behaviors are dominated
by Van der Waals and electrostatic forces [81]. Furthermore,
regarding the bulk properties, the second quasi-DC (QDCs)
process occurring in the uncoated sample has been modified to dc
conductance process (G). Based on DH theory, it is further shown
that different insulation materials need distinct circuit blocks
that accurately decipher unique dielectric response mechanisms
presented from the measured dielectric spectroscopy curves. DH
models have also applied to other insulation materials spanning
from XLPE material, oil-paper insulation, to other polymers
[90], [91].

B. Influence Analysis of Polarization Dynamics Behaviors on
Electrical Field Profiles for Electrical Insulation

In contrast with power-frequency ac voltages, the design and
optimization of electrical insulation exposed to multifrequency
power electronics stresses must arouse enough attentions, as the
switching impulses are posing huge challenges to electrical insu-
lation materials particularly under stringent high-power density
conditions. As comprehensively discussed in above sections, the
multifrequency switching impulses stresses would stimulate the
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Fig. 24.  Fitting processes of relative permittivity of the uncoated and coated

insulation materials based on different DH models [81]. (a) Dielectric dynamics
processes analysis and circuit model for uncoated P(VDF-HFP) sample with
a thickness of 60 pm. (b) Dielectric dynamics processes analysis and circuit
model for coated P(VDF-HFP) sample with a thickness of 60 pm.
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Fig. 25.  Electric field distribution under switching voltage waveforms with

the rising time of 5 ps for the stacked insulation systems under three different
temperatures. The electric field was computed by the Debye polarization model
and the traditional single real permittivity [96].

frequency-dependent polarization dynamics properties inside
electrical insulation materials. This will cause two main con-
sequences: change electric field distributions and generate more
power loss inside insulation systems. Existing research shows
that the partial discharge inception, insulation degradation, life
reduction, and premature breakdown for electrical insulation
systems become more prominent under complex electrothermal
coupling stress [92], [93], [94]. The electric stress distributions
dominated by polarization dynamics behaviors inside electrical
insulation systems play a crucial role in guiding the rational
and reliable design of insulation systems in high-voltage power
electronics applications. Therefore, it is of great significance for
the reliable insulation design in high-voltage power electronics
applications to take frequency-dependent polarization dynamics
processes into account.

Case 1: In papers [95], [96], and [97], the electric field
distributions of polymeric insulation systems under switching
voltage waveforms with different rising times of 5 and 0.2
us are investigated by integrating the influence of polarization
dynamics mechanisms behaviors. The electric field distribution
results under switching transient voltages with different rising
times of 5 and 0.2 us as shown in Fig. 25 [96]. The temper-
ature effects on polarization dynamics behaviors of insulation
materials are considered as well. Furthermore, to provide key
polarization parameters for electrical field calculation, the po-
larization dynamics mechanisms are modelled by using the ideal
semi-empirical Debye equation.

It is shown from Fig. 25 that the electric field distribu-
tions calculated by considering polarization dynamics mecha-
nisms are obviously different from those calculated by using
a single real permittivity. The zoom figure under a transient
voltage of 0.2 us rising time is shown in Fig. 26, where the
electric field overshoot phenomena during the voltage tran-
sient can be highlighted owing to include the contributions of

15413

1700 | Rt S
1600 & B aat R s :
i
- -I ' < B . . ; - . - -
£ 1500 b st
= e
fai Deb '2ooc Ghaeh s
w 1400 ff = = 48 20°C fiit
\ =45
N:fisiatas Debye, 60 °C
1300 |} ¢ €, =45,60°C pritinauniy
Debye, 100 °C
1200 6 =45,100°C
50 60 70 80 90 100
t [us]
Fig. 26.  Electric field distribution under switching voltage waveforms with

the rising time of 0.2 s for the stacked insulation systems under three different
temperatures. The electric field was computed by the Debye polarization model
and the traditional single real permittivity. This is a view of the half cycle [96].

0 T

-10 7

AN

Electric field [kV/mm]
o)
(==}

40 A . . .
20 25 30 35 40 45
Position [mm]
— Clp —C2(p Cl(s) —— C20(s)
Fig. 27. Electric field profiles of insulation systems of two cables (C1 and

C2) at 2 h after the polarity inversion. The electric field was computed using the
polarization (p) model and the standard model (s) [98].

polarization dynamics mechanisms. The electric field magni-
tudes at the platform stage exhibit noticeable differences [95],
[96], [97].

Case 2: In [98], to enhance the conventional electric field
calculation accuracy for two HVDC cables (C1 and C2) ex-
posed to different transient voltages (like polarity inversion),
the improved calculation approach by integrating the intrinsic
polarization dynamics effects was proposed to calculate the
electric field distributions inside HVDC insulation systems. The
EDCM approach in [98] was used to model the polarization
dynamics mechanisms of insulation systems, aiming to provide
the key polarization parameters for electric field calculation. The
electrical field calculation results are displayed in Fig. 27.

Compared to the standard approach [C1(s) and C2(s)], the
calculation results of the electric field profiles inside HVDC
cables by considering polarization dynamics are different at 2
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Fig.28. Maximum electric fields in C1 cable and C2 cable during the different
voltage forms, energization, polarity inversion, and discharge. The electric field
was computed by the polarization (p) model and the standard model (s) [98].

h after the polarity inversion. It can be shown from Fig. 27 that
the electric field strengths of insulation systems calculated by
considering polarization dynamics behaviors decrease by about
7 times at positions between 40 and 45 mm, compared to the
traditional standard method.

The maximum electric fields for two cables (C1 and C2)
under different voltage transients are presented in Fig. 28 [98].
It can obtain valuable information that the maximum electric
field calculated by considering polarization dynamics behaviors
is lower than that computed by the traditional method during two
key stages, energization and polarity inversion. Nevertheless, the
maximum electric fields calculated by considering polarization
dynamics behaviors are much higher, when occurring during the
discharge stage.

In summary, hinted from the above two representative cases,
the ideal semi-empirical Debye equation and equivalent Debye
circuit model (EDCM) were preliminarily applied to model
polarization dynamics mechanisms for the electric field profiles
calculations under dc transient and switching voltage wave-
forms. These analysis results powerfully demonstrate that the
polarization dynamics mechanisms indeed play a key role in
the accurate electric field distribution of insulation systems,
particularly under switching voltage waveforms with different
rising times. Notably, the current research works only utilize the
ideal Debye equations/models to characterize the polarization
dynamics behaviors for the electric field profiles calculations
of insulation systems. As discussed in previous section, the
ideal Debye models can provide approximate modelling results
for electrical insulation systems. Therefore, the electric field
distribution calculations by integrating the accurate modelling
techniques of polarization dynamics mechanisms need more re-
search efforts to support the reliable design of insulation systems
in high-voltage power electronics applications. The accurate
characterization of polarization dynamics behaviors should be
further considered by combining nonlinear models as listed in
Table I.
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voltage waveforms [37].

C. Influence Analysis of Polarization Dynamics Behaviors on
Power Loss Properties for Electrical Insulation

The polarization dynamics mechanisms take a prominent lead
in the power loss properties inside insulation systems caused
by multifrequency switching voltage waveforms. Note that the
switching voltage waveforms with fast rising time would gener-
ate higher frequency components in frequency domain, which
can also contribute more power loss inside insulation systems
and then make dielectrics heating. [37] investigated the influ-
ences of square voltage waveforms with different rising times
of 50 us, 100 us, and 1 ms on power loss properties of epoxy resin
insulation systems as shown in Fig. 29. Results display that the
square voltage waveforms with fastest rising time of 50 us can
generate the largest power loss inside systems. In contrast, the
power loss of insulation system exposed to the sinusoidal voltage
waveform is minimum. The dielectrics heating (temperature
increasing) caused by power loss could make the polarization dy-
namics behaviors more active and then change the macroscopic
dielectric properties of insulation systems [41], [42]. Thus,
the dielectric spectroscopy measurement of insulation systems
under switching voltage waveforms is imperative, which can be
beneficial for the selection of the appropriate frequency-domain
modeling techniques for polarization dynamics behaviors. More
details will be further analyzed in next section.

Additionally, the research team from ETH Zurich in pa-
per [45] carried out the modeling and the computation of
frequency-dependent dielectric losses of epoxy resin insula-
tion systems in solid-state transformers under repetitive im-
pulse voltages. The circuit topology and prototype of medium-
voltage/medium-frequency (MV/MF) solid-state transformers
are shown in Fig. 30. The researchers in paper [99] also ap-
plied the same approach to conduct the power loss calculations,
then guide the insulation system design in power electronics
transformers.
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Fig. 31. Results of dielectric loss density inside insulation systems in power
electronics transformers using logarithmic and linear scales [45]. (a) Dielectric
loss result under the logarithmic scale. (b) Dielectric loss result under the linear
scale.

Papers [45], [100] provide the simulation cases of dielectric
loss density inside insulation systems as shown in Fig. 31.
Results show that epoxy resin insulation systems can cause a
significant increase of 17% in transformer losses at 25 kW rated
conditions. The reasons are that the power loss inside insula-
tion systems will increase due to the multifrequency switching
voltage waveforms. Compared to the traditional case without
considering multifrequency power loss, this will lead to an
increase in the hot spot temperature of about 10 °C in solid-state
transformers. [45], [100] also presented that an error of 9 W
(65%) would occur, if the dielectric losses of insulation systems
were simply calculated using fundamental frequency analysis.

Based on existing research results, it can be found that much
less research works emphasize the importance and influence of
the polarization dynamics behaviors on the stress distributions of
insulation system subjected to multifrequency switching voltage
waveforms. It is worth noting that the polarization dynamics
mechanisms play a more important role in the accurate calcula-
tion of transient electric field profiles and power loss for insu-
lation systems, which can provide key guidelines for the design
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tric spectroscopy measurement of insulation systems [37]. (a) Time-domain
switching impulse voltage waveform. (b) Frequency-domain spectrum decom-
posed from time-domain voltage waveform.

and optimization of high-voltage power electronics applications
under switching voltage waveforms with fast rising times.

D. Insulation Health Condition Assessment Methods Derived
From Polarization Dynamics Behaviors

1) Practical Considerations of Insulation Health Assess-
ment: The accurate acquisition of dielectric spectroscopy and
impedance spectroscopy data for insulation systems is a critical
prerequisite, which are the key basis to apply the frequency-
domain polarization models summarized in this article. A key
advantage of high-voltage power electronics applications lies in
the use of transient voltage waveforms with multifrequency fea-
tures. Compared to traditional high-voltage power equipment,
these features enable the potential for online condition mon-
itoring of electrical insulation systems, marking a significant
step forward in insulation diagnostic technology. For instance,
the switching voltage waveforms can be from power electronics
system itself as shown in Fig. 32 [37]. From the perspective
of frequency domain, these switching voltage waveforms have a
wide range of frequency content. Therefore, after applying these
transient voltage waveforms and acquiring transient response
currents, the complex impedance of insulation systems can be
calculated.

Recent studies have investigated dielectric spectroscopy mea-
surement techniques for insulation systems under multifre-
quency transient conditions, including lightning and switch-
ing voltage waveforms [37], [101], [102], [103]. For example,
Sonerud et al. [37] utilized semi-square voltage waveforms to
measure the broadband dielectric spectroscopy of insulation
systems. The measured capacitance was compared with results
obtained using the IDA200 Insulation Diagnostic Analyzer and
the Hewlett-Packard 4192 LF Impedance Analyzer, as illustrated
in Fig. 33 [37]. The comparative analysis demonstrated that
semi-square voltage waveform excitation is an effective method
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for characterizing the frequency-dependent dielectric properties
of insulation systems.

In addition, [101], [102] applied lightning impulse wave-
forms, typical in power systems, as voltage stimuli to measure
the dielectric spectroscopy of transformer bushing insulation.
The results successfully validated the feasibility of this ap-
proach. These findings provide a robust foundation for moni-
toring insulation condition and assessing the insulation health
of high-voltage power electronics systems.

However, further research is required to extend these method-
ologies to high-voltage power electronics applications. Future
efforts should focus on optimizing measurement techniques,
expanding the applicable frequency range, and improving the
accuracy of dielectric characterization for insulation systems
under real-world operating conditions.

2) Basic Procedure of Insulation Health Assessment: Grey-
box methods for health estimation and condition diagnostics
have become a prevailing research direction, offering valuable
physical insights into the reliability analysis of high-voltage
power electronics applications. Semi-empirical equations and
equivalent circuit models (ECMs), as key components of grey-
box approaches, have been extensively studied to derive po-
larization dynamics information, supporting insulation health
condition assessment.

This work provides a comprehensive introduction to the
fundamental procedure for insulation health state estimation
using grey-box frequency-domain modeling approaches, with a
focus on semi-empirical equations and ECMs. The methodology
comprises four main steps: parameterization (data fitting), fea-
ture extraction, regression analysis, and health state estimation,
respectively.

Step 1. Parameterization (data fitting): The first step involves
applying selected semi-empirical equations or ECMs to fit
the measured frequency dielectric/impedance spectroscopy
curves. The unknown parameters within these models are
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between polarization time constant and aging states. (b) Schematic figure of
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determined using optimization algorithms. This process pro-
vides the foundation for extracting meaningful physical in-
sights from the measured data.

Step 2. Feature extraction: To identify parameters most sensitive
to insulation conditions, the correlation analysis techniques
like Pearson’s correlation coefficient should be employed.
The parameters strongly correlated with insulation states are
extracted as key features, serving as health indicators. This
step ensures that only the most relevant information is utilized
for subsequent analysis.

Step 3. Regression analysis: The relationship between key fea-
tures and insulation states is established through regression
analysis techniques, which may involve linear or nonlinear
approaches, including Gaussian regression. Fig. 34 illustrates
examples of positive and negative regression models. Fur-
thermore, machine learning techniques play a pivotal role
in enhancing the accuracy and robustness of the health state
estimation process.

Step 4. Health state estimation: Finally, health state estimation
models are developed by integrating laboratory results with
small-sample field data. This step bridges the gap between
controlled experimental conditions and real-world applica-
tions, ensuring practical applicability and reliability of the
health state estimation models.

By following this systematic approach, the grey-box
frequency-domain modeling methodologies of polarization dy-
namics behaviors inside electrical insulation systems provide
a solid foundation for the construction of the robust health
estimation framework of electrical insulation systems, paving
the way for improved reliability and predictive maintenance in
high-voltage power electronics applications.

In addition, Fig. 35 illustrates a schematic representation of
the health condition diagnostics and lifetime prediction process
for insulation systems. The health indicators, which effectively
characterize insulation material performance, are derived from
the underlying polarization dynamics of electrical insulation
systems. Moreover, the evolution of these health indicators as
a function of operating time can be modeled for high-voltage
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power applications. Using historical data and incorporating
probability density functions, the end-of-lifetime (EOL) of in-
sulation systems can be accurately predicted. However, this
critical aspect of insulation diagnostics has not received suf-
ficient attention in the context of high-voltage power electronics
applications.

Notably, existing studies have primarily applied grey-box
methods, such as semi-empirical equations and equivalent cir-
cuit models, to traditional high-voltage equipment like power
transformers and power cables. These methods have proven ef-
fective in deriving physical insights for insulation health assess-
ment as presented in Section V-A. However, high-voltage power
electronics present unique challenges, including rapid switching
transients, compact insulation designs, and broader frequency
ranges. While the methodologies developed for traditional sys-
tems provide a solid foundation, their direct application to power
electronics requires adaptation and further investigation.

VI. FUTURE RESEARCH DIRECTIONS

The traditional applications of semi-empirical and equivalent
circuit models have primarily focused on underlying dielectric
dynamics mechanisms analysis, and then guiding reliability
analysis of insulation systems in power-frequency power equip-
ment. Nonetheless, strongly driven by multifrequency power
electronics applications, the role of frequency-dependent po-
larization dynamics behaviors in insulation systems becomes
even more critical, which have more advantages in accurately
calculating electrothermal fields under multifrequency voltage
waveforms and acquiring reliable insulation design schemes.
It is significant for the realization of high-power density and
miniaturization of high-voltage and high-frequency power as-
sets. Therefore, the intersection fields of electrical insulation and
high-voltage power electronics applications still exist a series of
new problems that need to be considered.

A. Suitability of Frequency-Dependent Polarization Models

The semi-empirical equations offer a more detailed polar-
ization dynamics understanding for material specimens. The
geometric information is required to derive the expressions
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of complex permittivity or complex susceptibility. Instead, the
equivalent circuit models provide a practical way to directly rep-
resent impedance dynamics without knowing geometric details
of measured systems. Notably, both models also have common
weaknesses and shortcomings that need to be solved.

1) How to choose a suitable model? For example, CC or HN
model, RC or RQ branch?

2) How to determine the structures of selected models? For
example, one polarization branch or two branches?

3) How can the parameters of these models be accurately
solved? For instance, least squares method or physics-
informed neural networks?

Additionally, the power electronics voltage waveforms with
fastrising time would obviously influence the suitability and fea-
sibility of these frequency-domain modelling techniques like CC
model. The switching voltage waveforms with fast rising time
can generate high-frequency components, the increase in the
high-frequency sinusoidal waveform magnitude, and increase
in dielectric heating. Thus, the voltage magnitude-frequency-
thermal coupling effects on polarization dynamics behaviors
of electrical insulation need to be emphasized under switching
voltage waveforms with fast rising time. The coupling stress
would amplify the frequency-dependent polarization dynamics
behaviors, further influencing macroscopic properties of insula-
tion systems. In this regard, the specific configuration of these
frequency-domain models needs to be further confirmed based
on the practical measured dielectric spectroscopy of insulation
systems.

B. Electrothermal Field Calculation Considering
Frequency-Dependent Polarization Mechanisms

To improve design robustness and ensure insulation relia-
bility in high-voltage power electronics applications, it is es-
sential to incorporate frequency-dependent polarization models
in the calculation of electric fields under switching voltage
waveforms. Accurate electrothermal field calculations require
a thorough understanding of how polarization dynamics vary
with factors such as electric stress, temperature, humidity, and
pressure. In addition to experimental dielectric spectroscopy
data, synthesized dielectric spectroscopy data based on the
frequency-domain modelling approaches can play a critical
role in enhancing the robustness of these electrothermal field
calculations. By generating virtual datasets through advanced
machine learning approaches, it becomes possible to simulate a
wide range of operating conditions that may be challenging to
replicate experimentally. This enables the development of more
reliable insulation designs in high-voltage power electronics
applications.

C. Partial Discharge Inception Prediction

Partial discharge behavior in insulation systems remains a
significant challenge in multifrequency power electronics ap-
plications. Despite advances in understanding, the integration
of frequency-dependent polarization dynamics with gas dis-
charge theory to accurately predict PDIV is still underdeveloped.
Current approaches primarily focus on maximum electric field
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estimation, but they lack comprehensive consideration of the
interplay between polarization dynamics and discharge mecha-
nisms, which is critical for improving prediction accuracy. A
promising direction is to establish a more robust theoretical
framework that combines the frequency-dependent behavior of
insulating materials with well-established gas discharge theo-
ries. Such integration would not only enhance PDIV prediction
but also provide deeper insights into the mechanisms underlying
partial discharge phenomena in complex power electronics envi-
ronments. For further reference, relevant theoretical foundations
can be found in paper [105].

D. Health Condition Monitoring and Evaluation for Electrical
Insulation

The condition-based health evaluation of insulation systems
as a fragile component in high-voltage multifrequency power
electronics applications is critical, which is more practical than
the traditional time-based maintenance strategy. The polariza-
tion dynamics behaviors are the most fundamental representa-
tion of insulation performance. Thus, the underlying polarization
dynamics processes derived from the broadband impedance
spectroscopy would provide a comprehensive insight into the
effective condition-based maintenance of high-voltage power
electronics applications.

E. Qualification Test Methods for High-Voltage Power
Electronics Applications

Electrical insulation challenges in high-voltage power elec-
tronics, particularly in power module packaging and inverter-fed
electrical machines, have attracted significant attention. Qualifi-
cation test methods and quality control standards for insulation
systems under power electronics voltage waveforms represent
critical development areas for advancing these applications
[106], [107]. Of particular importance are the design of PD-free
systems and the precise measurement of PDIV, which serve as
benchmarks for ensuring insulation reliability and operational
safety in power electronics systems. Future advancements in
these areas will not only improve system performance but also
provide a foundation for developing standardized test protocols
tailored to the unique characteristics of power electronics wave-
forms.

F. Investigations and Selection of New Insulating Materials
for High-Voltage Power Electronics Applications

Future high-voltage power electronics applications, including
electrified transportation, renewable energy systems, and HVDC
power transmission, will operate in extreme environments char-
acterized by high electric fields, elevated temperatures, and
high humidity. Addressing these challenges necessitates the
development of new high-performance insulating materials that
integrate multiple advantageous properties, such as high di-
electric breakdown strength, superior mechanical performance,
and enhanced thermal conductivity [106], [108], [109]. More-
over, sustainable development goals have driven research into
bio-based and recyclable insulating materials, such as bio-
derived epoxy resins. While these materials offer promising
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environmental benefits, achieving synergistic improvements in
multidimensional performance remains an intriguing and critical
research topic.

VII. CONCLUSION

The reliability of electrical insulation in high-voltage power
electronics applications is fundamental to the safe operation
of advanced technologies, including electrified transportation,
renewable energy systems, and HVDC transmission. This arti-
cle provides a comprehensive review of physical mechanisms,
frequency-domain modeling approaches, and practical applica-
tions of electrical insulation under multifrequency switching
voltage waveforms. It underscores the critical role of frequency-
dependent polarization dynamics in determining macroscopic
dielectric properties of insulation materials and shaping their
performance under real-world conditions. Key conclusions in-
clude the following.

1) The frequency-dependent polarization dynamics, influ-
enced by switching voltage waveforms with varying rise
times and frequencies, are critical for understanding insu-
lation behavior in high-voltage power electronics. These
dynamics, governed by interfacial, dipolar, atomic, and
electronic polarization mechanisms, significantly impact
dielectric properties such as permittivity and dielectric
loss. This underscores the importance of incorporating ac-
curate frequency-domain models, especially considering
the impact of fast-rising waveforms on model selection
and parameterization.

2) Semi-empirical equations (e.g., CC, HN) and equiva-
lent circuit models (e.g., fractional-order circuits) of-
fer robust tools for characterizing polarization dynam-
ics of electrical insulation subjected to switching volt-
age waveforms. While semi-empirical equations provide
deeper insights into material behavior, equivalent cir-
cuit models demonstrate superior adaptability for system-
level applications. This dual approach enables more pre-
cise modeling and supports the development of high-
reliability insulation systems tailored to multifrequency
power electronics voltages. Additionally, classical mod-
els, such as the CC model, assume single relaxation
processes and may not adequately capture the frequency
response under fast rise times, which are associated
with high-frequency transient dynamics. These extended
models with multiple polarization terms are more suit-
able for conditions with rapid high-frequency voltage
waveforms.

3) Polarization dynamics behaviors not only govern the
coupled electrothermal behavior of insulation systems
but also provide a foundation for advanced diagnostic
techniques, such as condition-based health monitoring
for high-voltage power electronics applications. By in-
tegrating these dynamics into modeling and experimental
workflows, the accuracy of performance predictions and
the robustness of system designs for electrical insulation
in high-voltage power electronics can be significantly
improved.

4) Despite the usefulness of current models, challenges in
model selection, parameter optimization, and integration
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with partial discharge prediction remain. Future research
should focus on improving model accuracy, developing
advanced qualification test methods, and investigating new
insulating materials that meet the growing demands of
high-power density and miniaturization in high-voltage
power electronics.

The insights from this review highlight gaps in existing
frequency-domain models of electrical insulation under switch-
ing voltage waveforms, providing a foundation for future re-
search and offering valuable guidance for optimizing insulation
design and ensuring reliability in high-voltage power electronics
applications.
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