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Abstract

Nonlinearity is one of the key factors that complicates problems and exists in
almost all physical phenomena. The nonlinear dielectric behavior of electrical
insulating media provides broader research space at the scientific level, while
offering new technical approaches to address bottleneck issues in electrical in-
sulation structure design and the development of higher voltage level power
equipment at the engineering and technological level. Nonlinear insulation ma-
terials with electric field regulation functions, known as “smart insulation mate-
rials,” have been widely applied in large motor end-winding insulation and cable
accessory anti-corona structures. With the advancement of high-voltage DC
insulation technology, research on the nonlinear dielectric properties and mech-
anisms of electrical insulation materials and structures has received increasingly
widespread attention. The characterization and testing techniques for the dielec-
tric properties of nonlinear insulating media are extremely challenging research
topics and unavoidable fundamental issues in both basic research and engineer-
ing application technology research. Under steady-state DC electric fields, the
nonlinear dielectric characteristics are characterized by volt-ampere characteris-
tics or the relationship between conductivity and electric field strength, and the
corresponding testing techniques are relatively simple. Under steady-state AC
electric fields, they are characterized by the equivalent (relative) permittivity
and the relationship between equivalent conductivity and electric field strength;
the key to testing techniques lies in how to accurately decompose resistive and
capacitive currents. Under transient electric fields, the characterization param-
eter system for nonlinear dielectric properties has not yet been established, the
testing techniques are the most complex, and related research urgently needs to
be conducted.
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Characterization and Measurement of Dielectric Properties of Non-
linear Insulating Dielectrics

Li Zhonghua
(Key Laboratory of Engineering Dielectrics and its Application Technology, Min-
istry of Education, Harbin University of Technology, Harbin 150080, China)

Abstract: Nonlinearity is one of the key factors that complicates problems
and exists in almost all physical phenomena. The nonlinear dielectric behavior
of electrical insulating media provides broader research space at the scientific
level, while offering new technical approaches to solve bottleneck problems in
electrical insulation structure design and the development of higher voltage class
power equipment at the engineering level. Nonlinear insulating materials with
electric field regulation functions, known as “smart insulating materials,” have
been widely applied in corona protection structures for large motor end-windings
and cable accessories. With advances in HVDC insulation technology, research
on the nonlinear dielectric properties and mechanisms of electrical insulating
materials and structures has attracted increasing attention.

The characterization and measurement of dielectric properties of nonlinear in-
sulating dielectrics represents an extremely challenging research topic, yet it is
an unavoidable fundamental issue for both basic and engineering application
studies. Under steady-state DC electric fields, the dielectric characteristics of
nonlinear insulation are characterized by volt-ampere characteristics or the rela-
tionship between conductivity and electric field strength, with relatively simple
corresponding test techniques. Under steady-state AC electric fields, they are
characterized by the relationships between equivalent (relative) dielectric con-
stant and equivalent conductivity with electric field strength, where the key tech-
nical challenge lies in accurately decomposing resistive and capacitive currents.
For transient electric fields, the parameter system for characterizing nonlinear
insulation dielectric properties has not yet been established, and the measure-
ment technology is the most complex, making related research urgently needed.

Keywords: Nonlinear insulating dielectrics, dielectric characteristics, charac-
terization parameters, transient dielectric characteristics, measurement technol-

ogy

1 Introduction

Nonlinear insulating media refers to insulating materials whose conductivity
and/or dielectric constant (more precisely, polarizability) vary with electric field
strength [?]. Insulating materials with field-enhanced nonlinear conductivity
and/or nonlinear dielectric constant can achieve adaptive matching between
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material performance parameters and spatial electric field magnitude, intelli-
gently improving electric field distribution uniformity in insulation structures
[?]. Therefore, such materials are called “smart insulating materials” [?], and
are also known as “electrical stress grading materials” (electrical stress grading
materials [?] or electrical stress controlling materials [?]) in engineering applica-
tions.

Nonlinear insulating materials can simplify insulation structure design and re-
duce insulation thickness, showing broad application prospects in high-voltage
complex insulation structure design and manufacturing. In fact, nonlinear insu-
lating media have already been widely applied in high-voltage insulation fields,
such as corona protection tapes in high-voltage motor stator bar end-windings
[?] and electric field stress control sheets (or tubes) for cable accessories [?].
They also hold potential for application in HVDC cable main insulation and ac-
cessory insulation structures [?], as well as in high-voltage composite insulators
[?]. HVDC transmission technology has attracted widespread attention globally
and will develop even faster during China’ s “13th Five-Year Plan” period [?].
The rapid development of HVDC transmission technology poses a tremendous
challenge to power equipment insulation technology, as DC insulation technol-
ogy is more complex than AC insulation technology, with nonlinearity being
one of the reasons.

In DC insulation systems, the conductivity of single polymer insulating media
clearly depends on electric field strength, while polymer-based composite insula-
tion shows even more pronounced electric field dependence, exhibiting changes
of several times or even dozens of times [?]. Meanwhile, the temperature depen-
dence of insulation material conductivity is an undeniable fact. Temperature
field distribution inevitably exists in insulation structures, making electric field
distribution in DC insulation structures unable to avoid nonlinear problems.
More importantly, nonlinear factors provide conditions for adaptive regulation
[?7, ?]. Consequently, related research on nonlinear insulating media has gained
attention from several domestic research institutions including Tsinghua Uni-
versity [?], Xi’ an Jiaotong University [?], Tianjin University [?], and Harbin
University of Technology.

Electric field distribution calculation in insulation structures forms the basis
for electrical insulation structure design and optimization. For insulation struc-
tures containing nonlinear insulating media, calculating steady-state electric
field distribution through theoretical analytical solutions is extremely difficult.
The effective solution is to employ computer numerical calculations, while tran-
sient electric field distribution can only be solved numerically [?]. Limited by
the development of nonlinear insulation testing technology, researchers have yet
to provide satisfactory basic dielectric parameters, especially transient dielec-
tric parameters for nonlinear insulating media. As Professor Steven Boggs, a
renowned expert in the electrical insulation field, pointed out in 2007: mea-
suring nonlinear dielectric characteristics is a major challenge; computational
technology leads measurement technology, and while people have been capable
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of performing transient nonlinear finite element analysis for over a decade, they
still cannot provide the dielectric characteristic measurement data required for
numerical analysis [?].

The engineering application of nonlinear insulating dielectrics urgently requires
theoretical and technical support, including transient dielectric mechanisms and
testing technologies. Constrained by the complexity of nonlinear problems, a
parameter system and corresponding testing technology for characterizing the
transient dielectric properties of nonlinear insulating media have not yet been
formed [?]. Meanwhile, limited by testing technology, research on the transient
dielectric mechanisms of nonlinear insulating media remains almost blank.

2 Research Progress

Dielectric theory is established on a phenomenological basis, where phenomeno-
logical theories form corresponding physical laws through generalization, sum-
marization, and refinement of experimental phenomena. This demonstrates that
testing technology research is necessarily the prerequisite for theoretical research.
Testing technology and characterization systems are twin brothers, and the de-
termination of characterization systems often represents a wise choice based on
the current state of testing technology development [?, ?]. Therefore, establish-
ing a characterization system must consider not only whether the parameter
system meets the needs of scientific research and engineering applications, but
also whether the testing technology can achieve its measurement. In this sense,
the characterization system will continuously improve with advances in testing
technology.

2.1 DC Steady-State Dielectric Characteristics of Nonlinear Insula-
tion

The DC steady-state dielectric characteristics of nonlinear insulating media are
characterized by the functional relationship between conductivity and electric
field strength (current density versus electric field strength curve or volt-ampere
characteristic curve) [?]. In principle, nonlinear DC steady-state performance
testing technology is relatively simple. From a technical perspective, nonlinear
insulation DC steady-state dielectric characteristics face three challenges: first,
how to eliminate temperature rise in samples caused by Joule heating during
high-field testing, for which researchers have designed special sample chambers
that inject cooled nitrogen to remove heat generated by Joule heating [?]; second,
interference issues when measuring weak current signals, which can be addressed
by selecting highly stable DC power supplies, providing good shielding, and em-
ploying time-domain digital signal interpolation filtering techniques; and third,
eliminating the influence of absorption current during the polarization process
in insulating media, as the polarization establishment process in some insulating
media is extremely slow, with test times reaching 1075 s still not achieving true
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steady-state. The specific method involves using the sum of polarization current
and depolarization current. However, using the sum operation of polarization
and depolarization currents to obtain steady-state conduction current still has
certain problems, as this technique is based on two fundamental assumptions:
that polarization is fully established and that polarization and depolarization
processes are symmetrical. In actual measurement processes, these two assump-
tions are not truly satisfied.

Since the characterization and testing technology for nonlinear DC steady-state
dielectric characteristics are relatively mature, related mechanism research has
also become well-developed. Theories such as space charge limited current
theory, thermally stimulated hopping conduction theory, Schottky effect, and
Poole-Frenkel effect have successfully established nonlinear functional relation-
ships between DC steady-state conductivity and temperature and electric field
strength [?]. Our research group has conducted extensive experimental studies
to determine the influencing factors and patterns of nonlinear steady-state con-
duction in LDPE/SiC composites. Combining the microstructure of nonlinear
composites with classical dielectric theory, we proposed a three-step transport
conduction model for composites. Based on this model, we theoretically de-
rived an approximate theory for the relationship between polymer-based nonlin-
ear composite steady-state DC conductivity and apparent average electric field
strength and temperature [?]:

o(E,T) = qn, v, cxp (qa(dp +diy + 2)\)E> exp ( b )
Eif

This theoretical formula includes microscopic information such as polymer ma-

trix properties, semi-conductive inorganic filler properties, interface thickness,

and interface barrier, and qualitatively explains the relationships between non-

linear conductivity of composite materials and electric field strength, tempera-

ture, filler particle size, and filler concentration.

2.2 AC Steady-State Dielectric Characteristics of Nonlinear Insula-
tion

Regarding the characterization of AC steady-state dielectric properties of nonlin-
ear insulating dielectrics, scholars engaged in engineering dielectric research both
domestically and internationally generally borrow approaches from linear insu-
lating media, using parallel equivalent circuit models to characterize insulation
media between plate electrodes, with the difference being the use of voltage-
controlled resistors and capacitors. The corresponding parameter system for
characterizing nonlinear insulation AC steady-state dielectric characteristics is
electric field-dependent conductivity and relative dielectric constant.

Nonlinear insulation AC steady-state dielectric characteristic testing can also
adopt methods used for linear insulation dielectric testing, but may face some
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technical issues. The high-voltage AC bridge method is typically used for mea-
suring dielectric constant and loss factor (or complex dielectric constant) of lin-
ear insulating media. When using high-voltage AC bridges to study nonlinear
insulation AC steady-state dielectric characteristics, the relationship between
dielectric constant and loss factor (or the real and imaginary parts of complex
dielectric constant) with electric field strength can be obtained through multi-
ple measurements at different AC voltage amplitudes. However, commonly used
high-voltage AC bridges are power-frequency bridges, reflecting only AC steady-
state characteristics under power frequency conditions, with significant limita-
tions in the obtained information. More importantly, the balance condition of
high-voltage AC bridges is frequency-dependent, and the response current of
nonlinear insulating dielectrics under standard sinusoidal AC voltage contains
higher harmonics, making bridge balance impossible to achieve.

Dielectric spectrometers are the most effective tools for studying dielectric prop-
erties of linear insulating media. However, since the excitation signal in com-
monly used dielectric spectrometers is a small-amplitude AC voltage, conven-
tional dielectric spectroscopy testing cannot be directly used for measuring non-
linear insulation frequency spectra. Dielectric spectrometers used for ferroelec-
tric material testing can be employed for measuring nonlinear insulation AC
steady-state characteristics. The power system uses a combined power sup-
ply system with an amplitude-adjustable high-voltage DC source and a small-
amplitude AC voltage source. By measuring dielectric spectra under different
DC voltage amplitudes, the relationship between nonlinear insulation equiva-
lent complex dielectric constant and electric field strength at different frequen-
cies can be obtained [?]. Since the measured equivalent dielectric parameters
are obtained under conditions of DC high voltage superimposed with small AC
signals, the resulting parameters belong to “differential equivalent dielectric
parameters” or “dynamic equivalent dielectric parameters” [?].

Since 2000, B.R. Varlow et al. from the University of Manchester have estab-
lished AC dielectric performance testing for thermosetting polymer/nonlinear
inorganic filler composite nonlinear insulation materials based on a signal gen-
erator + linear high-voltage amplifier power supply, achieving measurement of
50Hz AC steady-state characteristics [?]. The specific testing system principle
is shown in [Figure 1: see original paper].

[Figure 1: see original paper] Schematic diagram of testing system for the non-
linear insulation steady-state AC dielectric characteristics of B.R.Varlow labo-
ratory

B.R. Varlow et al. obtained the relationship between static and dynamic di-
electric constants and electric field strength by measuring voltage equivalent
capacitance under different power-frequency AC voltage amplitudes while ignor-
ing resistive current, thereby obtaining capacitance-voltage (dielectric constant-
electric field strength) curves.

Following B.R. Varlow, the National Institute of Standards and Technology
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(USA) in 2005 [?], the University of Waterloo (Canada) in 2009 [?], and San-
dia National Laboratories (USA) in 2013 [?] respectively established their own
AC steady-state testing systems, enabling measurement of nonlinear dielectric
AC steady-state characteristics under high-frequency, high-voltage conditions.
The common feature of these three testing systems is the measurement of time-
domain waveforms of excitation voltage and response current, using signal gen-
erators and high-power linear amplifiers to construct the power supply system.
The specific principle is shown in [Figure 2: see original paper].

[Figure 2: see original paper] The testing system for high frequency and high
voltage volt-ampere characteristics of nonlinear insulated dielectrics

The Sandia National Laboratories testing system has the strongest experimental
capability, with a maximum frequency of 1 GHz, maximum voltage of 20 kV, and
maximum current of 10 kA, enabling measurement of polarization-electric field
(P-E) hysteresis loops for nonlinear dielectric samples with capacitance values
in the 1-50 nF range, representing the highest level in hardware for nonlinear
insulation AC steady-state dielectric characteristic testing today.

Our research group has been conducting systematic research on dielectric per-
formance characterization, dielectric mechanisms, and application technologies
for nonlinear insulating media since 2007. We have built a testing platform for
AC steady-state dielectric characteristics of nonlinear insulating media based
on time-domain instantaneous signal digitization of excitation voltage and re-
sponse current [?]. To improve testing accuracy, we adopted both direct and
differential methods, as shown in [Figure 3: see original paper].

[Figure 3: see original paper] Schematic diagram of the measuring platform for
the AC dielectric properties of non-linear insulation developed by our team

[Figure 3a: see original paper| shows the direct method, suitable for low-
frequency testing; [Figure 3b: see original paper] shows the differential method,
suitable for high-frequency testing. The linear capacitive current component
in the nonlinear insulation sample is balanced by the standard capacitor CN
branch, thereby improving the sensitivity of the testing system.

Using the above testing system, we achieved time-domain measurement of ex-
citation voltage and response current. We proposed “addition-subtraction op-
eration method” and “time-domain least squares method” for response current
decomposition technology [?], enabling decomposition of resistive and capaci-
tive currents from the response current. Based on the obtained time-domain
waveforms of resistive current, capacitive current, and excitation voltage, we
obtained basic characteristic curves characterizing nonlinear insulating media
and insulation structures, from which corresponding static, dynamic, and equiv-
alent parameters and their characteristic curves could be derived. We proposed
a parameter system for characterizing AC steady-state dielectric properties of
nonlinear insulating materials and insulation structures, as shown in the table
below.
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of nonlinear insulating materials and insulation structures

Dynamic Equivalent

Basic Char- Static Parameter Parameter Parameter
acteristic Characteristic Characteristic Characteristic
Curves Curves Curves Curves
Resistive Gs and Gs-U Gd and Gd-U Geff and Geff-U
volt-ampere characteristic characteristic characteristic
(IR-U) char-  curves curves curves
acteristics
Charge- Cs and Cs-U Cd and Cd-U Ceff and Ceff-U
voltage characteristic characteristic characteristic
(Q-U) charac- curves curves curves
teristics
JR-E sand s-E d and d-E eff and eff-E
characteristic  characteristic characteristic characteristic
curves curves curves curves
D-E s and s-E d and d-E eff and eff-E
characteristic  characteristic characteristic characteristic
curves curves curves curves
P-E s and s-E d and d-E eff and eff-E
characteristic  characteristic characteristic characteristic
curves curves curves curves

s and s-E d and d-E eff and eff-E

characteristic characteristic characteristic

curves curves curves

Comprehensive domestic and international research shows that almost all re-
searchers follow the equivalent circuit of linear insulating media to establish
nonlinear parallel equivalent circuits for nonlinear insulation AC steady-state
characteristics, without separating relaxation polarization behavior from non-
relaxation polarization behavior. This leads to different test results at different
frequencies for the same sample [?]. Mixing relaxation and non-relaxation po-
larization behaviors together means the obtained characterization parameters
cannot reflect the physical essence of polarization behavior in nonlinear insu-
lation. Since the AC steady-state dielectric parameter characterization system
does not reflect the physical essence of polarization behavior in nonlinear insula-
tion, research on AC steady-state dielectric mechanisms of nonlinear insulation
inevitably has considerable limitations.

2.3 Transient Dielectric Characteristics of Nonlinear Insulation

Transient dielectric characteristics of nonlinear insulating media refer to the
macroscopic dielectric response characteristics exhibited by nonlinear insulating
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media under non-periodic transient electric fields such as pulses, steps, and DC
superimposed pulses.

To explore testing technology for transient dielectric characteristics of nonlinear
insulating dielectrics, in 1997, S.A. Boggs et al. established a transient dielec-
tric characteristic testing system for nonlinear insulation under impulse voltage
based on transient time-domain signal testing technology, as shown in [Figure
4: see original paper] [?].

[Figure 4: see original paper] The measurement system for transient dielectric
properties of nonlinear dielectrics under impulse voltage in Boggs laboratory

In analyzing test results, S.A. Boggs et al. continued using the nonlinear in-
sulation AC steady-state parallel equivalent circuit to characterize nonlinear
insulation transient dielectric performance, and based on this, proposed a re-
sponse current decomposition algorithm under impulse voltage to obtain curves
of nonlinear insulation conductivity and dielectric constant varying with electric
field strength [?]. Based on the established testing system and signal decom-
position algorithm, S.A. Boggs et al. conducted nonlinear dielectric mechanism
research on ZnO varistors and polymer-based nonlinear electric field grading
materials [?]. Some puzzling phenomena were discovered in the research, lead-
ing S.A. Boggs in 2001 to propose two modified equivalent circuit models for
nonlinear insulation dielectric relaxation behavior under impulse voltage [?, ?],
as shown in [Figure 5: see original paper].

[Figure 5: see original paper] Boggs transient equivalent circuit for nonlinear
insulation

In [Figure 5: see original paper], only resistor R1 is nonlinear, while other pa-
rameters (Cl, C2, and R2) are constants. Recently, the S.A. Boggs research
group still uses this equivalent circuit model to study the dielectric mechanisms
of field-enhanced dielectric constant type nonlinear insulating materials [?]. S.A.
Boggs collaborated with Japanese industry to study the application of nonlinear
stress control materials in inverter-fed motor insulation structures, with no sub-
stantial changes or developments in the characterization of nonlinear insulation
transient dielectric properties [?].

In 2012, B. Sonerud and S. Josefsson from Nexans Norway, along with L. Boyer
and P. Mirebeau from Nexans France [?], studied the transient dielectric charac-
teristics of nonlinear insulating media under pulse voltage and DC step voltage.
There was no innovation in model characterization, still employing nonlinear
RC parallel equivalent circuits without relaxation behavior. However, the au-
thors of [?] clearly pointed out in their discussion and conclusions that research
on characterization and testing technology for nonlinear insulation transient
dielectric characteristics needs to be conducted urgently.
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3 Thoughts on Characterization and Testing Technology for
Nonlinear Insulation Transient Dielectric Properties

3.1 Thoughts on Transient Dielectric Characteristics Characterization

To overcome the shortcomings of existing equivalent circuit models for non-
linear insulation transient dielectric characteristics in characterizing nonlinear
relaxation polarization behavior, we can adopt the equivalent circuit model for
nonlinear insulation transient dielectric characteristics shown in [Figure 6: see
original paper]|, referring to linear insulation transient characteristic equivalent
circuit models.

[Figure 6: see original paper| Equivalent circuit model for transient dielectric
characteristics of nonlinear insulation

In this equivalent circuit model, GDC(U) characterizes nonlinear DC
steady-state conduction characteristics; Coo(U) characterizes high-frequency
non-relaxation polarization nonlinear polarization characteristics; the series
branch of CS(U) and RS(U) characterizes nonlinear insulation relaxation polar-
ization characteristics, with nonlinear relaxation time characterized by (U) =
CS(U)RS(U), where CS(U) characterizes the increment of nonlinear insulation
relaxation polarization to DC static capacitance. The branch characterizing
relaxation polarization behavior can have multiple parallel branches, with
the number of branches depending on the number of relaxation polarization
mechanisms. In the model, except for RS(U), GDC(U), Coo(U), and CS(U) all
have clear physical meanings, but RS(U) and CS(U) jointly characterize the
relaxation characteristics of relaxation polarization. The transient excitation
voltage U is a function of time, so all the above parameters are functions of
time.

Under uniform electric field conditions in a plate capacitor, after eliminat-
ing sample geometry factors, the parameters characterizing nonlinear insula-
tion transient dielectric properties oco(E), s(E), DC(E), and (E) can be ob-
tained. Since relaxation polarization behavior in transient processes is dynamic
and time-varying, polarizability and (E) are used for characterization rather
than s(E) and (E). The functional forms of each parameter with electric field
strength can adopt polynomials, allowing definition of high-order conductivity
and polarizability similar to those in nonlinear optics.

The parameter system for nonlinear insulation transient dielectric characteris-
tics comprehensively reflects its dielectric properties and physical essence. In
other words, theoretical calculations using transient dielectric parameters can
obtain steady-state and transient dielectric response characteristics under any
excitation voltage form.
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3.2 Thoughts on Nonlinear Insulation Transient Dielectric Character-
istics Testing Technology

Characterization of nonlinear transient dielectric characteristics involves
functional relationships between multiple physical quantities and electric field
strength. Testing technology obtains these parameters and their functional
forms through experimental approaches. For testing technology, time-domain
waveforms of transient voltage (electric field) with different waveforms and
amplitudes and corresponding response current time-domain waveforms can be
measured.

The key to nonlinear insulation transient dielectric characteristics testing tech-
nology is how to obtain dielectric characteristic characterization parameters of
nonlinear insulating dielectrics based on measured excitation voltage and re-
sponse current time-domain signals as fundamental data. This process is funda-
mentally the same as nonlinear pattern recognition in automatic control fields—
the more nonlinear parameters there are, the higher the degrees of freedom, and
the greater the difficulty of pattern recognition, or the worse the robustness.

To overcome the problems of high degrees of freedom and poor robustness in
nonlinear pattern recognition, theoretically it is necessary to appropriately in-
crease constraint conditions. Each set of excitation voltage and response cur-
rent time-domain signal data measured under one test condition constitutes one
constraint condition, which requires combined testing with multiple excitation
voltage waveforms. Rational optimization of voltage waveform combinations
can effectively reduce test times and improve the accuracy and precision of non-
linear insulation dielectric parameter measurement. Achieving this goal requires
extensive basic theoretical research and experimental studies.

The foundation of nonlinear insulation transient dielectric characteristic param-
eter measurement is how to accurately measure excitation voltage and response
current time-domain signals. This requires the testing system to provide various
possible transient excitation voltages while simultaneously meeting the require-
ments for wide-band, wide-range accurate measurement of response current sig-
nals. It is often difficult to meet wide-band, wide-range accurate measurement
requirements through hardware circuit optimization alone, requiring software-
based testing system calibration and reconstruction of response current signal
time-domain waveforms.

3.3 Future Research Needed on Nonlinear Insulation Transient Di-
electric Characteristics Characterization and Testing Technology

The current state of research on characterization and testing technology for
nonlinear insulation transient dielectric characteristics is significantly lagging,
even approaching a blank state. Testing technology is the means to support re-
lated basic theoretical research and engineering application technology research.
Based on comprehensive analysis of nonlinear insulation transient dielectric be-
havior, we recommend conducting research in the following aspects:
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(1) Establishment of a characterization parameter system for nonlin-
ear insulation transient dielectric characteristics. We can draw on
approaches from nonlinear optics to establish parameter systems including
high-order conductivity, high-order polarizability, and polarization relax-
ation characteristic shape functions. In the characterization parameter sys-
tem, determining the shape function for nonlinear relaxation polarization
is the most difficult, requiring summarization of extensive experimental
patterns and theoretical analysis.

(2) Establishment of equivalent circuits for nonlinear insulation
transient dielectric characteristics. The role of equivalent circuits is
to bridge the dielectric parameter system of nonlinear insulating media
with excitation voltage and response current time-domain signals. First,
excitation voltage and response current signals serve as fundamental data
to obtain nonlinear device parameter functions in the nonlinear equiv-
alent circuit through appropriate algorithms, then eliminating sample
geometry factors yields the medium characterization parameters. The
form of equivalent circuits needs to be determined through comprehensive
theoretical and experimental research to ensure their effectiveness, which
should be evaluated through verification experiments.

(3) Determination of characterization functions and parameters for
nonlinear devices in nonlinear equivalent circuits. Using excitation
voltage and response current signals as fundamental data, determine the
parameter functions of nonlinear devices in nonlinear equivalent circuits
and obtain specific parameters in these functions through appropriate al-
gorithms. This process can be achieved by drawing on nonlinear pattern
recognition technology.

(4) Optimization of excitation voltage waveform combinations. Each
set of excitation voltage and response current time-domain test data is
considered one constraint condition. The question of how many sets of
test data are needed at minimum to ensure robustness of nonlinear pattern
recognition is worth in-depth study.

(5) Establishment of a testing platform for nonlinear insulation tran-
sient dielectric characteristics. Build the hardware system and de-
velop the software system for the testing platform. The hardware system
mainly consists of a power supply and excitation voltage and response
current measurement systems. The power supply system can be con-
structed using a programmable signal generator and high-precision linear
high-voltage amplifier combination. The excitation voltage and response
current measurement systems should meet the requirements for wide-band,
wide-range accurate measurement, which can be achieved through hard-
ware design and software correction.
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4 Conclusion

Nonlinear insulation transient dielectric behavior is extremely complex, encom-
passing DC steady-state, AC steady-state, and dynamic polarization relaxation
behavior. The parameter system for characterizing nonlinear insulation tran-
sient dielectric characteristics will be the most complete parameter system re-
flecting material dielectric properties. Conducting related basic theoretical re-
search and application technology research using the transient dielectric char-
acterization parameter system can achieve comprehensiveness, systematicity,
and thoroughness in the research process. However, due to the dual factors
of nonlinearity and transience, characterization and testing technology for non-
linear insulation transient dielectric characteristics face tremendous challenges.
Research on testing technology for nonlinear insulation transient dielectric char-
acteristics not only lays the foundation for theoretical research and engineering
application research on nonlinear insulating dielectrics, but also promotes re-
search on dielectric characteristics of nonlinear functional dielectrics including
ferroelectrics.
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