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Abstract: Oil-paper insulation is the critical insulation element in the modern power system. Under
a harsh operating environment, oil-paper insulation will deteriorate gradually, resulting in electrical
accidents. Thus, it is important to evaluate and monitor the insulation state of oil-paper insulation.
Firstly, this paper introduces the geometric structure and physical components of oil-paper insulation
and shows the main reasons and forms of oil-paper insulation’s degradation. Then, this paper
reviews the existing condition assessment techniques for oil-paper insulation, such as the dissolved
gas ratio analysis, aging kinetic model, cellulose-water adsorption isotherm, oil-paper moisture
balance curve, and dielectric response technique. Additionally, the advantages and limitations of
the above condition assessment techniques are discussed. In particular, this paper highlights the
dielectric response technique and introduces its evaluation principle in detail: (1) collecting the
dielectric response data, (2) extracting the feature parameters from the collected dielectric response
data, and (3) establishing the condition assessment models based on the extracted feature parameters
and the machine learning techniques. Finally, two full potential studies are proposed, which research
hotspots’ oil-paper insulation and the electrical-chemical joint evaluation technique. In summary,
this paper concludes the principles, advantages and limitation of the existing condition assessment
techniques for oil-paper insulation, and we put forward two potential research avenues.

Keywords: power system; oil-paper insulation; condition assessment; dielectric response technique;
machine learning technique

1. Introduction

As the most efficient and economical electric transmission method, ultra-high voltage
(UHV) transmission has the advantages of long-distance transmission, large capacity, and
low energy loss [1]. There are more than 40 types of power equipment operating on
the UHYV transmission lines to complete the power transmission and conversion tasks,
such as power transformers, reactors, UHV gas-insulated switches, and cables [2]. In the
practical electrical engineering site, the above power equipment generally operates under
extremely severe conditions, such as a high-voltage field, high-temperature field, and
strong mechanical stress [3]. Thus, for ensuring the safe and effective operation of the UHV
transmission line, it is necessary and significant to monitor the operation state of the above
power equipment [4].

The oil-paper insulation system takes the function of insulation, arc extinguishing,
geometric isolation, and cooling in various power equipment, such as power transformers,
bushings, and cables [5]. Specifically, oil-paper insulation is formed of insulating paper and
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insulating oil [6]. In the practical electrical engineering site, the oil-paper insulation system
always operates under severe conditions, such as high temperature, high load, and complex
electromagnetic fields [7]. Under the synergistic effect of the above factors, the oil-paper
insulation system undergoes thermal aging, moisture invasion, mechanical damage, and
chemical corrosion [8]. These situations cause a sharp decline in the insulation performance
and mechanical properties of the oil-paper insulation, resulting in the breakdown of the
power equipment and the collapse of the power system [9]. According to the existing
research [10], thermal aging and moisture intrusion are two main factors which cause the
degradation of oil-paper insulation. Therefore, it is important to research the aging degree
and moisture content of oil-paper insulation.

In order to effectively understand the research trends in the field of oil-paper insu-
lation state assessment in recent years, this paper adopted the bibliometric method to
systematically comb through the current research status, research hotspots, and future
development trends in the field of oil-paper insulation state assessment. At the same time,
based on “oil-paper insulation” and “condition assessment” as keywords, we searched for
relevant content references from 2010 to 2023 in the Web of Science database. We found a
total of 1962 articles in the Web of Science database, with a total citation count of 19,851
times, and the specific data are recorded in Table 1. Comparing the number of papers
and citation counts from 2010 to 2023, the number of publications in the related field has
significantly increased, indicating that more and more researchers and institutions are
beginning to focus on this field. At the same time, the substantial increase in citation
counts indicates that the literature in this field has had a significant impact on subsequent
research, receiving widespread attention and usage by researchers. Therefore, the analysis
of oil-paper insulation condition assessment technology is of significant importance.

Table 1. Equations between the content of furfural and DP of the insulating paper.

Number Research Indicator Detailed Information
1 Keywords Oil-paper insulation and condition assessment
2 Data source Web of science
3 Time span 2010-2023
4 Literature type Article
5 Literature quantity 1962
6 Total citation 19,851

This paper reviews the research progress and prospects of condition assessment
techniques for oil-paper insulation. In Section 2, this paper introduces the composition
and application of oil-paper insulation. Additionally, the reasoning and mechanisms for
oil-paper insulation deterioration are explained. In Section 3, the existing assessment
techniques for the aging degree of oil-paper insulation are reviewed. Further, their inade-
quacies and advantages are introduced and compared. In Section 4, the existing assessment
techniques for the moisture content of oil-paper insulation are reviewed and their inade-
quacies and advantages are introduced and compared. In Section 5, this paper introduces
the theories and advantages of the dielectric response technique, which can simultaneously
evaluate the aging degree and moisture content of oil-paper insulation. In Section 6, based
on the limitations of the existing research, this paper proposes two potential research topics
for future work, which focus on hotspots” oil-paper insulation and the electrical-chemical
joint assessment technique. In order to introduce and compare the existing oil-paper
insulation condition assessment technologies more intuitively, we have summarized the
assessment technologies within the research field and drawn a flowchart of the current state
of research on oil-paper insulation condition assessments, as shown in Figure 1. The figure
displays nine technologies in the field of oil-paper insulation condition assessments and
the corresponding technical defects. Meanwhile, it outlines the technical route of dielectric
response technology that can comprehensively assess aging degree and moisture content.
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Figure 1. Flowchart of the current status of oil-paper insulation state assessment research.

2. The Background of Condition Assessments for Oil-Paper Insulation
2.1. The Composition of Oil-Paper Insulation

Oil-paper insulation is composed of insulating paper and insulating oil. In the oper-
ation of power equipment, the insulating paper plays the role of isolation, support, and
insulation [11]. Meanwhile, the insulating oil plays the role of heat dissipation, arc sup-
pression, and insulation. The composite structure of the oil-paper insulation in a power
transformer is shown in Figure 2, as a typical example. The physical structure of the insu-
lating paper is fluffy, and there are lots of natural pores existing in the insulating paper [12].
This physical structure leads the insulating paper to absorb the moisture and impurities
in the power equipment, resulting in the distortion of the electric field and a reduction
in insulation performance. To address this issue, insulating oil has been adopted to fill
these pores and prevent the intrusion of moisture and impurities. Therefore, the physical
structure of the oil-paper insulation has been improved and the insulation property has
been greatly enhanced.

Low voltage winding Barrier

s

- Spacer

. | -Oil filled gap

The insulating oil = Oil filled gap

The insulating paper = Barrier + Spacer

Figure 2. The composite structure of the oil-paper insulation in a power transformer.
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2.1.1. Insulating Paper

The insulating paper is prepared by treating wood pulp with unbleached sulfate
pulp [13]. The insulating paper is commonly composed of three chain polymer composi-
tions: cellulose (about 90%), hemicellulose (6-7%), and lignin (3—4%). At the macroscopic
level, the cellulose chain is composed of 3-D-glucose monomers (C¢H;,0s5) connected
by 1,4-f glycosidic bonds. At the microscopic level, the cellulose chain contains multiple
asymmetric repeating units (cellulose disaccharides) arranged in series, and there are three
hydroxyl groups in the above-repeating unit [14]. Meanwhile, there are lots of hydrogen
bonds formed within and between the cellulose chains, which ensure the tight binding of
cellulose chains. Thus, insulating paper has the advantages of high mechanical strength,
stable chemical properties, and high breakdown strength. The macrostructure of insulating
paper and the microstructure of the cellulose chain are shown in Figure 3.
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Figure 3. Macrostructure of insulating paper and microstructure of the cellulose chain.

2.1.2. Insulating Oil

Due to the advantages of a low price, strong thermal conductivity, and good insulation
performance, mineral oil is widely used as insulating oil in various power equipment.
Mineral oil is a refined liquid hydrocarbon mixture, which is prepared by atmospheric
and decompression fractionation, solvent extraction, dewaxing, and hydro-refining of
crude oil [15]. Mineral oil is commonly odorless and tasteless at low temperatures. In
addition, mineral oil is mainly composed of hydrocarbon compounds, which make up more
than 95 percent of the 0il [16]. The hydrocarbons in mineral oil mainly include alkanes,
naphthenic hydrocarbon, and alkyl aromatic hydrocarbon. Insulating oil samples and the
molecular structure of their main compounds are shown in Figure 4.
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Figure 4. Insulating oil samples and molecular structure of their main compounds.
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2.2. The Degradation of Oil-Paper Insulation

Due to the satisfactory insulation performance of oil-paper insulation, it has been
widely used in various power equipment as an insulation material [5]. In a practical
electrical engineering site, the power equipment mostly operates in complex and severe
conditions, such as high voltage, high temperature, and severe dampness. Under these
severe operating conditions, the oil-paper insulation suffers various stresses, such as ther-
mal stress, mechanical stress, and electrical stress [8]. With the effect of these stresses, the
oil-paper insulation gradually deteriorates, and its insulation performance gradually de-
creases [9]. According to the existing research [10], the degradation of oil-paper insulation
can be divided into temporary deterioration and cumulative deterioration. Cumulative
deterioration mainly includes aging and dampness.

2.2.1. Temporary Deterioration

Temporary deterioration is usually caused by instantaneous high-impact current and
instantaneous high-impact force [17]. Under the effect of instantaneous high-impact cur-
rent, the free electrons in oil-paper insulation move extremely quickly, and there is a large
amount of kinetic energy accumulated in the oil-paper insulation. The above kinetic en-
ergy is enough to destroy the molecular structure of oil-paper insulation, and there are
conductive channels produced through the oil-paper insulation. Further, the insulation
performance decreases rapidly, resulting in an electric breakdown. Under the instanta-
neous high-impact force, the oil-paper insulation suffers tremendous mechanical stress,
and the physical structure of the insulating paper is destroyed. Further, the insulating
paper deforms and cracks, resulting in the failure of the oil-paper insulation [18]. However,
temporary deterioration is a phenomenon whereby the insulation’s performance decreases
dramatically, caused by irregular operation and transient overvoltage. In contrast, cumu-
lative deterioration is the phenomenon whereby the insulation’s performance decreases
gradually under the long-term influence of various natural stresses.

2.2.2. Cumulative Deterioration: Aging

Under complex and severe operating conditions, oil-paper insulation ages in multiple
forms, which include oxidation degradation, pyrolysis, hydrolysis, photochemical cracking,
and microbial catalytic degradation. Each aging form has a corresponding aging condition
and mechanism [19]. During the above aging processes, the hydrogen bonds within and
between the cellulose chains in the insulating paper are gradually broken. Meanwhile,
the chemical bonds in the hydrocarbon compounds in the insulating oil are also broken.
There are lots of small molecular byproducts generated in the oil-paper insulation during
the above aging processes, such as H,O, CO, CO,, methanol, ethanol, formic acid, acetic
acid, and furfural. Further, the small molecular byproducts that are generated can cause
more complex chemical reactions in the oil-paper insulation, such as water molecules that
can promote the hydrolysis of the cellulose chains. As a result, the above aging processes
reduce the insulation performances and mechanical properties of oil-paper insulation.

2.2.3. Cumulative Deterioration: Dampness

The dampness of oil-paper insulation has two main sources [20], which are moisture
invasion and aging reaction. Moisture invasion can be divided into three forms: (1) Some
moisture is inevitably retained during the production and installation of power equipment.
(2) External moisture enters the oil-paper insulation during the maintenance of power
equipment. (3) Due to the fact that power equipment cannot be completely sealed, the
moisture from other parts seeps into the oil-paper insulation. The moisture generated by
the aging reaction can be divided into two forms: (1) The breakage of the cellulose chain
in the insulating paper generates some moisture. (2) The oxidation of the hydrocarbon
compounds in the insulating oil generates some moisture. Due to the porous structure of
the insulating paper, 99% of the moisture exists in the insulating paper, and only 1% of the
moisture diffuses into the insulating oil.
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2.3. The Possibility of Electrical Accidents

Electricity is a danger that cannot be ignored in modern life. Although electricity-
related accidents do not represent a high proportion of the total number of occupational
accidents occurring annually worldwide, they account for a higher proportion of fatalities
than any other type of accident. According to the statistics of the Ministry of Labour of
Greece, electrical work accidents account for about 1% of total work accidents, and about
24% are fatal [21]. From the perspective of economic loss, electrical accidents not only pose a
serious threat to personnel safety but also lead to a series of economic consequences. These
accidents can cause damage to expensive equipment, necessitating high costs for repair
or replacement, and may also lead to the suspension of production activities, resulting
in even greater economic losses. For example, the major blackout in the United States
in 2003 affected about 50 million people for several days. It directly impacted multiple
industries such as industrial, food, and pharmaceuticals sectors, causing losses of about
USD 10 billion.

Therefore, oil-paper insulation as a key component of power systems directly affects
the incidence of power accidents. Under the synergistic action of dampness and thermal ef-
fects, the oil-paper insulation system undergoes significant aging, resulting in degradation
of its insulating properties and even explosions. In the event of a transformer failure or
accident, there is a high probability that it will bring life-threatening danger to personal
safety. And it will also cause huge maintenance requirements and equipment loss. Under
these circumstances, techniques for evaluating the aging state of oil-paper insulation are
crucial [22].

3. Techniques for Evaluating the Aging State of Oil-Paper Insulation
3.1. Degree of Polymerization (DP) and Tensile Strength (TS) Testing

According to the existing research [23], the average number of glucose monomers
contained in each cellulose chain has been defined as the degree of polymerization (DP) of
the insulating paper. Thus, the DP is an effective and intuitive indicator which can reflect
the microphysical structure of the cellulose chains in the insulating paper. During the aging
process of oil-paper insulation, the cellulose chains in the insulating paper are broken
constantly, and the glucose monomers contained in each cellulose chain decrease constantly.
Thus, the number of glucose monomers is inversely proportional to the aging time of the
insulating paper. Further, the degree of polymerization (DP) can reflect the aging degree of
the insulating paper. Specifically, the smaller the DP, the more serious the aging degree of
the insulating paper.

In the literature [24], Oomen et al. have proposed viscosity testing as an effective
method to obtain the DP of insulating paper. They have also obtained the quantitative
relationship between the DP of the insulating paper and its aging degree, in addition to
the classification standard of the insulating paper’s aging degree, established based on the
DP. In actual industrial production, the initial DP of the new insulating paper is generally
1000~1300. Then, the DP decreases to about 900 after drying and oiling. According to
the national standard [25], while the DP of the insulating paper is less than 500, the aging
degree of the oil-paper insulation reaches the middle level. While the DP of the insulating
paper is less than 250, the aging degree of the oil-paper insulation reaches a high level, and
the operating life of the oil-paper insulation reaches its end.

The tensile strength (TS) of the insulating paper has been defined as the maximum re-
sistance to uniform plastic deformation [26]. It is a characteristic indicator similar to the DP,
which can directly reflect the mechanical strength of the insulating paper. Montsinger et al.
have proved that tensile strength is an effective indicator to reflect the aging degree of
insulating paper, and they have researched the relationship between the TS of the insulating
paper and its aging degree [27]. Specifically, the smaller the TS, the more serious the aging
degree of the insulating paper. Meanwhile, they have proposed that the operating life of
oil-paper insulation has reached its end when the tensile strength of the insulating paper
has reduced to half of the unaged insulating paper.



Energies 2024, 17, 2089

7 of 35

The testing process of the tensile strength (TS) and degree of polymerization (DP) of
the insulating paper is shown in Figure 5. However, in a practical electrical engineering site,
DP and TS testing require one to obtain insulating paper samples from the operating power
equipment, which causes irreparable damage to its oil-paper insulation. In addition, the
sampling process requires the power equipment to be offline and the oil-paper insulation
to be exposed to the air, which can cause moisture in the environment to enter the oil-
paper insulation system. In summary, DP and TS testing are suitable for researching the
aging degree of oil-paper insulation, which has been proven under laboratory conditions.
Researchers have been unable to research the aging degree of oil-paper insulation in

in-service power equipment.
D=t==<]
===}
4+ -

| Tensile strength

TS testing device Degree of
polymerization

DP testing device

=)

Insulating
paper sample

Figure 5. A schematic diagram of DP testing and TS testing.

3.2. Dissolved Gas Ratio Analysis (DGA) in Insulating Oil

During the aging process of oil-paper insulation, the cellulose chains in the insulating
paper break down gradually. There are various gaseous compounds (such as hydrogen Hy,
methane CHy, ethane C2Hg, ethylene C,Hy, acetylene CoHy, carbon monoxide CO, and
carbon dioxide CO;) produced and dissolved in insulating oil [28]. According to the IEEE
Std C57.104-1991 [29] and IEC 60599-1999 [30] standards, the above gaseous compounds
can be separated from the insulating oil with the degassing technology. Then, the content
and ratio of the above gaseous compounds can be quantitatively analyzed based on gas
chromatography analysis technology.

Rogers et al. have researched the relationship between the aging degree of oil-paper
insulation and the content of various gaseous compounds dissolved in the insulating
oil [31]. They have proved that the ratio of gaseous compounds (CH4/H;, CoHg/CHy,
CyHy/CyHg,, and CoHy /CyHy) can be adopted to evaluate the aging degree of oil-paper
insulation. However, C;Hg/CHy is only effective in the limited temperature range. Thus,
after removing the CoHg/CHy, the three-ratio analysis method has been generally accepted
in recent years. In addition, with research on carbon and oxygen gaseous compounds, M.
Duval et al. have found the following rules [32]:

(1) CO,/CO > 7: Oil-paper insulation is in the normal operating state.
(2) CO,/CO < 6: Oil-paper insulation is in the stage of accelerated aging.
(3) CO,/CO < 2: Oil-paper insulation is at a serious aging degree.

Tamura et al. have proposed a quantitative relationship between the total content
of CO and CO, dissolved in insulating oil and the residual rate of the insulating paper’s
DP [33]:

(1) CO +CO; = 1mL/g: The residual rate of DP is about 50%, and the insulating paper
is in the middle aging degree.

(2) CO+CO; =3 mL/g: The residual rate of DP is about 30%, and the insulating paper
is in the serious aging degree.
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The production mechanisms of the above gaseous compounds are relatively clear,
and the sources of the relevant data are relatively extensive. Thus, dissolved gas ratio
analysis (DGA) technology has been widely applied in the condition assessment for oil—-
paper insulation. In addition, DGA technology can realize the online assessment without
interrupting the operation of power equipment. A schematic diagram of the dissolved gas
ratio analysis is shown in Figure 6.
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Figure 6. A schematic diagram of dissolved characteristic gas analysis.

However, there are still some limitations existing with DGA technology for the condi-
tion assessment for oil-paper insulation [34]:

(1) Some of the gaseous compounds are lost during the operation of pressure oil filtration
and high vacuum oil filtration, which causes a deviation in the evaluation results.

(2) The oxidative cracking of insulating oil and the aging of insulating paper produce the
same gaseous compounds. Thus, DGA technology cannot independently evaluate the
aging state of the insulating paper or the insulating oil.

(3) DGA technology is effective to evaluate the average aging state of the whole insu-
lating paper. However, it is unable to reveal the aging state of insulating paper in
specific regions.

3.3. Chemical Indicator Testing

During the aging process of oil-paper insulation, there are complex chemical reactions
existing in oil-paper insulation. Thus, there are various small molecule compounds (such
as furfural, methanol, ethanol, formic acid, and acetic acid) produced with the above
chemical reactions and dissolved in the insulating oil. In the literature [35], the quantitative
relationship between the above chemical indicators and the insulating paper’s DP has been
proposed. Thus, the aging degree of the insulating paper can be researched by detecting the
concentration of the above chemical indicators in the insulating oil. A schematic diagram
of the dissolved chemical indicators analysis is shown in Figure 7.
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Figure 7. A schematic diagram of dissolved chemical indicators analysis.
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3.3.1. Furfural

Furan compounds (such as furfural) are only produced with insulating paper’s aging.
The oxidative cracking of the insulating oil does not produce furan compounds [36]. There-
fore, furan compounds are the ideal chemical indicator for researching the aging state of
insulating paper. Furfural has strong thermal stability, of which pyrolysis is not easy under
high temperatures. Thus, the content of furfural dissolved in the insulating oil is higher
than other furan compounds, which means that furfural is a better chemical indicator than
other furan compounds for researching the aging state of the insulating paper. The existing
research proves that there is a semi-logarithmic linear relationship between the content
of furfural and the DP of the insulating paper, as shown in Table 2 (Chengdong equation,
Burton equation, and Vuarchex equation) [37-39].

Table 2. Equations for the content of furfural and DP of the insulating paper.

Number Equation Name The Expression of Equation
1 Chengdong 1g(Cfyr) = 1.5 —0.0035 DP
2 Burton 1g(Cfyr) = 2.5 —0.005 + DP
3 Vuarchex 1g(Cfyr) = 2.6 — 0.0049 « DP

Where Cp,, is the content of furfural dissolved in the insulating oil. According to
<DL/T596-1996 Preventive Test for Electric Power Equipment> [40], while the furfural
content exceeds 4 mg/L, the oil-paper insulation is at a serious degree of aging and its
operating life is near the end.

However, there are still some failings with the above evaluation method: (1) some
of the furfural is lost during the operation of pressure oil filtration and high vacuum oil
filtration, which causes a deviation in the evaluation results, (2) the generation rate of
furfural in the early aging stage is extremely low [41]; thus, the furfural content is not
reliable as a chemical indicator to evaluate the aging state of insulating paper in the early
aging stage, and (3) the furfural content cannot reveal the aging state of the insulating
paper in specific regions.

3.3.2. Methanol and Ethanol

During the aging process of insulating paper, there are alcohol compounds produced
and dissolved in the insulating oil, such as methanol and ethanol. The detection techniques
for the methanol and ethanol content dissolved in the insulating oil mainly include gas chro-
matography and Raman spectroscopy. J. Jalbert et al. [42] and Wang Dongdong et al. [43]
have proved that methanol and ethanol have two main advantages compared to other chem-
ical indicators: strong stability and high content. According to the existing research [44],
there is a linear quantitative relationship between the methanol content and the number
of 1,4-f3 glycosidic bonds broken in the cellulose chains during the insulating paper’s
aging process. Therefore, the methanol content can be an effective chemical indicator for
evaluating the aging degree of the insulating paper. Peng Lei has adopted spectroscopic
techniques to detect the methanol content dissolved in the insulating oil, and a quantitative
relationship between the methanol content and the degree of polymerization (DP) of the
insulating paper has been proposed [25], as shown in Equation (1).

DP =781.56 — 1.60 * Cyet (1)

where C,t represents the methanol content dissolved in the insulating oil. In addition,
Schaut et al. [45] have proved that the methanol content is exponentially correlated with the
furfural content dissolved in the insulating oil. Laurichesse et al. [46] have proposed that
methanol is mainly produced in the early aging stage of insulating paper (DP > 900). Thus,
methanol is a better chemical indicator for researching the early aging stage of insulating
paper compared with furfural. Zhang et al. have researched the relationship between the
ethanol content dissolved in the insulating oil and the DP of the insulating paper. Further,
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a lifespan model has been proposed based on the above relationship [47]. In reference [48],
the chemical reactions between the ethanol and acid compounds have been researched,
and the reduction mechanism of the ethanol content caused by the acid compounds has
been analyzed. However, due to the operation of pressure oil filtration and high vacuum
oil filtration, some of the methanol and ethanol dissolved in the insulating oil is lost, which
causes a deviation in the evaluation results [49]. Meanwhile, the methanol and ethanol
contents dissolved in the insulating oil are only effective for evaluating the average aging
degree of the insulating paper and are unable to uncover the aging state of the insulating
paper in specific regions.

3.3.3. Formic Acid and Acetic Acid

L. Lundgaard et al. have proved that there are small molecular organic acids (such
as formic acid and acetic acid) produced during the aging process of insulating paper
and dissolved in the insulating oil [50]. Meanwhile, there are big molecular organic
acids (such as stearic acid and naphthenic acid) produced during the aging process of
insulating oil. Yang et al. have proved that formic acid and acetic acid can significantly
accelerate the aging of insulating paper, which means that small molecular organic acids
have a strong correlation with the aging of insulating paper [51]. Li Qingmin et al. have
developed a standard detection method for the organic acid content dissolved in insulating
oil, which provides technical support for establishing the quantitative relationship between
small molecular organic acids content dissolved in the insulating oil and the degree of
polymerization (DP) of the insulating paper [52]. In summary, small molecular organic
acids (such as formic acid and acetic acid) are potential chemical indicators for evaluating
the aging state of insulating paper.

However, Wang Dongdong et al. have proved that there are esterification reactions
between small molecular alcohols and organic acids that happen during the middle and
late aging stages of oil-paper insulation, resulting in the organic acid content dissolved in
the insulating oil decreasing [53]. The types of organic acids which dominate the above
esterification reactions are not clear. Considering that the loss of organic acids can cause the
evaluation results of the insulating paper’s aging degree to be unreliable, it is necessary and
important to clarify the mechanism of the above esterification reactions and improve the
evaluation theory for the insulating paper’s aging state based on formic acid and acetic acid.

3.4. The Aging Kinetic Model

The evaluation methods for the insulating paper’s aging degree introduced in
Sections 3.1-3.3 are based on experimental testing. In contrast, the aging kinetic model is
an evaluation method based on theoretical calculation and law analysis. Aging kinetic
models are adopted to describe the decline process of the insulating paper’s DP. Further, a
quantitative analysis of the aging degree of insulation paper is carried out based on aging
kinetic models. According to the existing research [54-56], common aging kinetic models
mainly include the first-order aging kinetic model, the second-order aging kinetic model,
and the cumulative loss of the degree of polymerization kinetic model. The development
process of the above aging kinetic models is shown in Figure 8.

The cellulose chain in insulating paper is a linear polymer, which is composed of
glucose monomers linked with each other. Based on the linear polymer degradation
kinetics model and the first-order random chain scission hypothesis, Ekenstam established
the quantitative relationship between the reciprocal of the insulating paper’s DP and the
aging time (i.e., the first-order aging kinetic model, as shown in Equation (2) [54].

1 1
DB, DBy kot )
where k is the aging rate constant of insulating paper, ¢ is the aging time, DPy is the initial
DP of the unaged insulating paper, and DP; is the DP of the insulating paper after aging
time £.
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Figure 8. The development process of these aging kinetic models.

However, Heywood has proposed that while the insulating paper’s DP drops to a
certain value, the quantitative relationship between the DP and the aging time of the
insulating paper gradually deviates from the first-order kinetic model [57]. In this case, the
aging rate k is no longer constant, which is defined as the LODP phenomenon (leveling-off
degree of polymerization). In other words, the k shown in Equation (2) should change with
the aging time, as shown in Equation (3).

. mg —koxt
k(t) =1 =k 2
(t) A%glON*At 1*e

®)

where ki and k; are constants related to the initial moisture content of the insulating paper.
Then, based on a series of theoretical calculations, the quantitative relationship between
the aging time ¢, the aging rate k(t), and the insulating paper’s DP is shown in Equation (4)
(i.e., the second-order aging kinetic model, as shown in Equation (4) [55].

It has been widely recognized that the second-order aging kinetic model can accurately
reflect the change law of DP during the insulating paper’s aging process. However, there is
no practical physical meaning for the aging constants k; and k, in Equation (3). Based on
the theoretical analysis of the cellulose chain’s break, Ding et al. have established the “DP
loss percentage” aging kinetic model [58], as shown in Equation (5).

P (1 — e*kDPt)

where wpp is the amplitude of the attenuation function. kpp is the break rate of the cellulose
chain, which is related to the concentration of the aging by-products in the insulating paper.
w(t) represents the “DP loss” capacity. w(t) can be adapted to reflect the deterioration
degree of the insulating paper, as shown in Equation (6).

DP; 1 ot
[ s dDP =~y e *ldt =
ppy DP;

4)

DP;

w(t) =1- 2 —wp ©)
0

0 : Polymer material has not fully degrated
w(t) ={* % et ©)

1: Polymer material has not degrated

However, the above equation is only effective for researching the insulating paper’s
aging under the reference temperature, which cannot be directly applied to the insulating
paper’s aging under the dynamic temperature field. Based on the time-temperature
superposition theory [59], the increase in aging temperature and the extension of aging time
have the same effect on the aging process of the insulating paper. This time-temperature
property can be expressed as Equation (7).

tref * Trep =t T @)
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where T, is the reference aging temperature, and t,, is the required aging time to reach the
given aging degree at T',. Based on the Arrhenius theory [60], the aging rate k; at different
aging temperatures can be expressed as Equation (8).

E,

ki= Axe BT (8)

where A is the pre-exponential factor related to the moisture content of the insulating paper.
R is the gas constant (8.314 ] /mol K). E; is the activation energy (103 kJ/mol). The ratio
(oer) of the aging rate at reference temperature T, to the aging rate at practical temperature
T is shown in Equation (9).

T _ kD

ar = = = of 9
! Tre f kre f ®)

Based on the above discussion, the aging kinetic model shown in Equation (5) can
be improved in Equation (10) (i.e., the cumulative loss of the degree of polymerization
kinetic model), which can reflect the insulating paper’s aging process at different aging
temperatures [56].

tref = t % exp[Eq(1/Trep —1/T)/R
1 —_ ﬁ = wDP * (1 — E_kDP*tref)S.t. kDp 09 F(mC%) (10)
0 Wpp X G(I’i’lCo/o>

In summary, while the aging temperature, the aging time, and the moisture content
have been defined, the aging kinetic models can be adopted to predict the change law of the
insulating paper’s DP. The aging kinetic models have the advantages of low dependence on
model parameters and a simple calculation process. Thus, they have been widely adopted
for evaluating the insulating paper’s aging degree under laboratory conditions.

However, there are some limitations to the aging kinetic models. The aging kinetic
models are suitable for researching the aging process of a single polymer material and
a certain chemical reaction. However, there are lots of polymer materials existing in the
insulation system, and various chemical reactions are carried out simultaneously. Therefore,
the aging process in oil-paper insulation is too complex for the aging kinetic models. In
addition, during the operation of the power equipment, the moisture content and aging
temperature in the oil-paper insulation are dynamic. Therefore, it is not reasonable to adopt
a constant to define the moisture content and aging temperature in the aging kinetic models.
In conclusion, the aging kinetic models are only effective for evaluating the insulating
paper’s aging degree under ideal laboratory conditions.

3.5. The Optical Diffraction Spectra and Imaging Technique

During the aging process of oil-paper insulation, the morphology and properties of
the oil-paper insulation change constantly. Thus, the interaction between the oil-paper
insulation and light changes constantly during the aging process, which means that optical
technology has full potential for evaluating the aging degree of oil-paper insulation. To
research the change laws of the oil-paper insulation’s microstructure during the aging
process and obtain the microscopic characteristics of various molecules, lots of optical
imaging methods based on X-ray photoelectron spectroscopic (XPS) and optical coherence
tomography (OCT) have been reported [61,62]. A schematic diagram of the X-ray diffraction
spectrum technique is shown in Figure 9 as an example.
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Figure 9. A schematic diagram of the X-ray diffraction spectrum technique.

X-ray diffraction spectrum

The microstructure of insulating paper mainly includes the superposition of molecular
chains, amorphous structure, and crystalline structure. Due to the wavelength of X-rays
(0.05~0.25 nm) and the distance between the cellulose molecules being roughly the same,
the XPS technique has been adopted to research the change laws of the insulating paper’s
microstructure during the aging process. Liao et al. proposed the change laws of the
aging by-products under different aging temperatures and different oil-paper ratios and
qualitatively analyzed the change laws of the insulating paper’s microstructure during
the aging process [63]. Based on the XPS technique, Yang et al. have researched the
influence mechanism of the aging effect on the insulating paper’s microstructure and
further analyzed the decreasing process of the insulating paper’s DP based on the change
laws of the insulating paper’s microstructure [61].

Although the XPS technique can effectively analyze the microscopic mechanism in
aging oil-paper insulation, it is unable to evaluate the aging degree of the oil-paper
insulation. In contrast, optical coherence imaging based on fiber imaging technology
(OCT) can achieve this goal [62]. In reference [64], the aging characteristic information
has been extracted from the sub-surface structure images of insulating paper based on
microscopic imaging technology. Then, supervised learning has been adopted to complete
the condition assessment. However, this technique is unable to research the microscopic
reaction mechanism during the aging process, so optical coherence imaging (OCT) based
on fiber imaging technology has been proposed. Further, the statistical algorithm has been
adopted to evaluate the service life of oil-paper insulation.

In summary, XPS and OCT technologies based on optical imaging techniques are
effective for analyzing the microscopic mechanism of various molecules during oil-paper
insulation’s aging process. However, there are some limitations with the two techniques,
such as the fact that the sampling and imaging of insulating paper are both difficult. The
condition assessment process based on the OCT technique can be achieved by (1) using
handheld OCT systems to obtain OCT images of oil-paper insulation’s different regions
during normal maintenance, and (2) using different optical fiber OCT probes connected to
a single OCT system [65]. Therefore, for collecting the OCT data, the power equipment is
required to be under a maintenance hood or pre-installed with optical fiber probes, which
are difficult conditions to meet for most in-service power equipment.

4. Techniques for Evaluating the Moisture Content of Oil-Paper Insulation
4.1. Karl Fischer Titration Technique

The Karl Fischer titration technique is an electrochemical analysis technique for testing
the moisture content of the oil-paper insulation samples, which is proposed by Karl
Fischer [66]. The Karl Fischer titration technique can be divided into the Karl Fischer
volumetric technique and the Karl Fischer coulomb technique. As for the Karl Fischer
volumetric technique, the volume of the added reagent can be measured, and further, the
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moisture content of the oil-paper insulation system can be calculated by a stoichiometric
equation. However, the sensitivity of volumetric titration is limited to about 10 ug [67].
Considering that the moisture content of the oil-paper insulation is very low, the Karl
Fischer volumetric technique is hardly applicable for evaluating the moisture content of
oil-paper insulation. In contrast, the sensitivity of the coulomb technique can reach down
to 1 ppm (0.0001%). Thus, the Karl Fischer coulomb technique can be adopted to evaluate
the moisture content of oil-paper insulation in the power equipment.

The principle of the Karl Fischer coulomb technique is as follows: While the Karl
Fischer reagent in the electrolytic cell reaches equilibrium, the researcher adds the testing
samples (the insulating paper or insulating oil) into the electrolytic cell. Then, the water
molecule in the testing samples can participate in the redox reaction between iodine and
sulfur dioxide. During the above redox reaction, the iodine on the cathode undergoes the
oxidation reaction, and the iodine on the anode undergoes the reduction reaction. Thus,
the iodine consumed on the cathode can be regenerated on the anode of the electrolytic
cell. The iodine generated on the anode can consume the water molecules existing in the
testing samples, continuously. The equations for the above chemical reactions are shown in
Equations (11) and (12) [68].

H,O+ 1, + SO, + 3CsHsN — 2CsHsN-HI + CsHsN-SO3 (11)

CsHsN-SO3 + CH3OH — CsH5N-HSO4CHj3 (12)

According to the above chemical reaction equations, 1 mole of the water molecule
is required for the oxidation reaction between 1 mole of the iodine and 1 mole of the
sulfur dioxide. Therefore, during the testing process, the total electricity for electrolyzing
all iodine is equivalent to the total electricity for electrolyzing all water molecules in the
testing samples. Further, the moisture content of the testing samples can be calculated by
Equation (13), where Q is the consumed total electricity (mC) during the testing process,
and W is the moisture content (1g) of the testing samples.

W = 0.0933-Q (13)

In summary, the Karl Fischer titration technique can directly and accurately obtain
the moisture content of the insulating paper and insulating oil. However, there are some
limitations to the Karl Fischer titration technique applied in field testing: (1) It belongs
to the offline testing technique, and this technique requires researchers to take the oil-
paper insulation samples from power equipment. Thus, the sampling operation can cause
destructive damage to the oil-paper insulation of in-service power equipment. (2) During
the sampling process, the power equipment needs to be powered off and its insulating
paper needs to be taken out. This operation can cause its oil-paper insulation system to
be exposed to the field environment, and the impurities (such as water molecules and
oxygen) in the air can invade the oil-paper insulation. Further, the evaluation result of the
oil-paper insulation’s moisture content is not accurate and reliable. Meanwhile, the above
impurities can accelerate the degradation rate of the oil-paper insulation. According to
the above discussion, the Karl Fischer titration technique is not suitable for evaluating the
moisture content of oil-paper insulation in in-service power equipment. It can be adopted
to evaluate the moisture content of the oil-paper insulation under laboratory conditions.

4.2. Cellulose—Water Adsorption Isotherm

In operating power equipment, the water molecules in the insulating paper diffuses
into the insulating oil under the influence of oil flowing and temperature field. The
above diffusion process can cause the moisture content of the insulating paper to decrease.
Meanwhile, due to the strong adsorption capacity of the insulating paper to the water
molecules, some water molecules dissolved in the insulating o0il can accumulate in the
insulating paper. The above accumulation process can cause the insulating paper’s moisture
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content to increase. While the accumulation rate of the water molecules in the insulating
paper is equivalent to the diffusion rate of that, the process of the water molecules moving
between the insulating paper and the insulating oil reaches the dynamic equilibrium, which
is defined as the cellulose-water adsorption isotherm [69].

Langmuir et al. first proposed the concept of cellulose-water adsorption isotherms in
1916 and pointed out that the moisture content of the insulating paper can be evaluated by
the moisture content of the insulating oil and the water vapor pressure on the insulating
paper’s surface [70]. However, the Langmuir cellulose-water adsorption isotherm is
only suitable for evaluating insulating paper with low moisture content, which is not
effective for evaluating severely damp oil-paper insulation. Meanwhile, the above cellulose—
water adsorption isotherm model does not take into account the interaction between
water molecules. Therefore, based on the moisture content of the insulating oil and the
water vapor pressure on the insulating paper’s surface, Fessler and Rouse proposed the
Freundlich adsorption isotherm model to evaluate the moisture content of the insulating
paper at a specific temperature, as shown in Equation (14) [71].

4725.6

WCP = 2.173 % 1077 % PY-6685 x 07527 (14)

where T is the operating temperature of the oil-paper insulation. WCP is the moisture content
of the insulating paper. P, is the water vapor pressure on the insulating paper’s surface.

In addition, Mateusz and Piotr have studied the cellulose-water adsorption isotherm
model of oil-paper insulations, which are composed of different types of insulating oil
(mineral oil, natural ester, and synthetic ester) and cellulose insulating paper [72]. Mean-
while, the reliability of the above cellulose-water adsorption isotherm model has been
verified based on a comparison of 12 types of oil-paper insulations, whose insulating paper
has different aging degrees and moisture contents under laboratory conditions.

However, Equation (14) is based on the equilibrium between the operating temperature
and the water vapor pressure. With the operating temperature changing dynamically, the
water molecules will enter or leave the insulating paper until the new moisture distribution
equilibrium is established. Thus, Guidi et al. have researched the time constant of the
water molecules moving between the insulating paper and the insulating oil based on the
insulation geometry and diffusion coefficient, as shown in Equation (15) [73].

442
T= =3
kxWCP+Eq (4 —+ (
D, = Dye"" TEalr 1)

where 7 is the time constant. 4 is the thickness of the insulating paper. T is the Kelvin
temperature constant. Dy, is a constant. Dy is the diffusion coefficient under the temperature
Ty (298K). E, is the activation energy of the moisture diffusion.

The Freundlich isotherm is based on the assumption of thermodynamic equilibrium.
However, the temperature field in power equipment always cycles for 24 h, and the
diffusion time constant is always much longer than 24 h. Therefore, in operating power
equipment, the moisture distribution between the insulating paper and the insulating oil
cannot reach the actual equilibrium. As a result, due to the water molecule diffuses lagging
behind the temperature field changes, the calculation of WCP is very complicated with
Equation (14).

4.3. Oil-Paper Moisture Balance Curve Technique

Due to the hydrophilicity of insulating paper and the hydrophobicity of insulating
0il, 99% of the water molecules in the oil-paper insulation system are distributed in the
insulating paper. Under the influence of the oil flowing and the temperature field, the water
molecules move between the insulating paper and the insulating oil. Finally, the above
moisture diffusion process maintains a dynamic equilibrium. In summary, the moisture
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content of the insulating paper can be calculated by the moisture content of the insulating
oil, as shown in Figure 10 [74].
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Figure 10. A schematic diagram of the oil-paper moisture balance curve technique.

As shown in Equation (14), the water vapor pressure on the insulating paper’s surface
Pv is the core parameter for calculating the moisture content of the insulating paper. Thus,
Equation (16) has been proposed for calculating the P, based on the moisture activity in
the insulating oil [75].

o _P(T) _ WO
7 P(T)  S(T)

where T is the operating temperature of the oil-paper insulation. S(T) is the solubility of
water molecules dissolved in the insulating oil at T. WCO is the moisture content of the
insulating oil. Py(T) is the pure water vapor pressure at T, which can be calculated by
Equation (17).

(16)

17.502%T
Py(T) = 0.00603 * e 2009t (17)

Considering that the water vapor pressure above the dilute solution changes linearly
with the concentration of the dilute solution, P,(T) can also be calculated by the solubility
of water molecules dissolved in the insulating oil S(T) and the moisture content of the
insulating oil, as shown in Equation (18).

S(T) = 104~ 77 (18)

where A and B are the coefficients of solubility. Based on Equation (18), Oommen et al. have
researched the curves of moisture content of the insulating oil and insulating paper with
experiments. Then, the oil-paper moisture balance curve has been obtained by studying
the change laws of the above curves [76]. Zhou Lijun et al. have researched the influence of
the operating temperature on the water diffusion process and constructed a quantitative
relationship between the temperature, the moisture content of the insulating oil, and the
moisture content of the insulating paper. Further, the oil-paper moisture balance curve
at each temperature has been obtained [77]. In summary, the moisture content of the
insulating oil and oil-paper moisture balance curve can be adopted to analyze the moisture
content of the insulating paper. The only required sample is the insulating oil, which
means there is no destructive damage to the insulating paper. However, there are excessive
idealized assumptions existing in the oil-paper moisture balance curve, and the calculation
error of the moisture content of the insulating paper can even reach 200%.

4.4. Measurement with Moisture Sensors

Compared with moisture active probes, optical fiber-based moisture sensors have
better geometry structures and electrical characteristics, which can accurately detect the
moisture content of power equipment’s oil-paper insulation without being affected by
the electromagnetic field in the high-voltage conditions and temperature fields in high-



Energies 2024, 17, 2089

17 of 35

temperature conditions [78]. The principle for monitoring oil-paper insulation’s moisture
content by optical fiber-based moisture sensors is shown in Figure 11. Based on the minia-
ture and flexible structure, optical fiber-based moisture sensors can be easily embedded
in the winding structure. Thus, optical fiber-based moisture sensors are considered the
ideal sensors for almost any location in power equipment. Further, optical fiber-based
moisture sensors can be multiplexed along the path of a single fiber optic cable, which can
be adopted to evaluate the moisture gradient across the entire power equipment.

2. Data collection unit

3. Data processing unit

Power
equipment 1. Moisture fiber 4. Moisture diagnosis result
optic sensor

Figure 11. A schematic diagram of measurements by optical fiber-based moisture sensors.

In reference [79], optical fiber-based moisture sensors have been adopted to achieve
the online monitoring of oil-paper insulation’s moisture content under the step cycle heat
load. The research results show that optical fiber-based moisture sensors have excellent
performance under different working conditions and harsh electromagnetic environments.
Their miniature size and multiplexing characteristic can be adopted to analyze the moisture
distribution in power equipment. During continuous online monitoring, optical fiber-based
moisture sensors can provide early warnings for power equipment’s abnormal phenomena.

Compared with the cellulose-water adsorption isotherm technique, the optical fiber-
based moisture sensors can realize the online monitoring of the insulating paper’s moisture
content without measuring the insulating oil’s moisture content. This characteristic can
effectively reduce the error of the evaluation results, which is caused by the loss of the
insulating oil’s moisture content during the oil filtering and oil changing. In addition,
compared with the traditional moisture analysis technique, the optical fiber-based moisture
sensors are more flexible, which can monitor in real-time the moisture content of the
insulating paper at the power equipment’s different regions. However, the sensors can
affect the electric field distribution in the oil-paper insulation system. Meanwhile, the
impurities dissolved in the insulating oil can accumulate near the installation position of the
sensors, resulting in the reduction of the breakdown voltage and electrical performance of
the oil-paper insulation. Moreover, the sensors are subjected to the synergistic influence of
high temperature, discharge, vibration, and other factors in the operating power equipment.
The synergistic influence can damage the sensors and decrease their monitoring accuracy.
Therefore, lots of money is required for the repair and maintenance of optical fiber-based
moisture sensors.
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5. A Comprehensive Evaluation Technique: Dielectric Response Technique
5.1. Introduction of the Dielectric Response Technique

According to the introduction in Sections 3 and 4, the traditional evaluation techniques
can only evaluate the single insulation state (aging degree or moisture content) of oil-paper
insulation and cannot simultaneously evaluate the aging degree and moisture content
alone. In contrast [80], dielectric response techniques can be adopted to evaluate oil-paper
insulation’s aging degree and moisture content simultaneously, which have been proposed
based on the dielectric physics theory. Specifically, the dielectric response data can reflect
various dielectric response behaviors of various polar molecules existing in the oil-paper
insulation system under various electric field excitations. The aging degree and moisture
content of the oil-paper insulation can change the number and concentration of the above
polar molecules and further change the dielectric response data of oil-paper insulation.
Thus, there is rich feature information about oil-paper insulation’s aging degree and
moisture content existing in its dielectric response data. In summary, the dielectric response
techniques can be adapted to not only research the microscopic dielectric response behavior
of the polar molecules existing in oil-paper insulation but also evaluate the aging degree
and moisture content of oil-paper insulation.

Based on the different types of electric field excitations applied to oil-paper insulation,
the dielectric response techniques can be divided into the time-domain dielectric response
technique and the frequency-domain dielectric response technique. The time-domain di-
electric response technique can be divided into the recovery voltage method (RVM) and the
polarization and depolarization current method (PDC). Meanwhile, the frequency domain
dielectric response technique is only the frequency domain spectrum (FDS). The technical
details and research results of the above dielectric response techniques are as follows:

5.1.1. Recovery Voltage Method (RVM)

The recovery voltage method (RVM) is a non-destructive testing technique for evalu-
ating oil-paper insulation’s aging degree and moisture content by researching the recovery
voltage curve after the polarization and depolarization process of the oil-paper insulation.
The testing principle and typical testing curves of RVM are shown in Figure 12 [81]. In
Figure 12, while switch S; is turned off, the DC voltage source Uj charges the oil-paper
insulation. With the continuous charging by U, the voltage on the oil-paper insulation
gradually increases. While the voltage reaches the maximum value, switch S; is opened,
and switch S; is closed. Further, the oil-paper insulation loses the excitation of the DC
voltage source Uy and enters the discharge process. The voltage on the oil-paper insu-
lation gradually decays to 0, and then the measurement of the recovery voltage curve
is completed.
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Figure 12. The testing principle and typical testing curves of the recovery voltage method.

The existing research has shown that there is a strong correlation between the aging degree
and moisture content of the oil-paper insulation and the maximum value of the recovery voltage
curve, the central time constant, and the initial slope of the RVM curve [82-84]. Based on the
RVM curve of the oil-paper insulation with different aging degrees, Zhou Lijun et al. [20]
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have obtained the following conclusions: (1) The maximum value of the recovery voltage
curve increases with the increase in the charging voltage and is significantly affected by the
charging time. (2) The central time constant is not easily changed by the external testing
conditions (3) The initial slope of the RVM curve is positively correlated with the ratio
between the charging time and discharging time, and it is less affected by the charging
voltage. However, the above feature parameters are extracted based on the shape of the
RVM curve, which has no practical physical meaning. In contrast, the feature parameters in
the dielectric response models have a clear physical meaning, which can reflect the dielectric
response characteristic of polar molecules. In reference [85], it has been proved that the
extended Debye model is effective for reflecting the time-domain dielectric response of
the oil-paper insulation. Yang et al. have proposed that the branch resistance, branch
capacitance, and branch time constant in the extended Debye model can reflect the aging
degree of the oil-paper insulation system [86]. Then, based on the feature parameters,
Sarkar et al. established a standard dielectric response eigenvector group to reflect the
oil-paper insulation’s aging degree. Meanwhile, the multivariate features expert system
has been adapted to evaluate the aging degree of the insulating paper [87]. The above
research studies have proved the effectiveness of RVM in evaluating the aging degree and
moisture content of oil-paper insulation.

5.1.2. Polarization and Depolarization Current (PDC) Technique

The PDC technique is a non-destructive testing technique for evaluating the aging
degree and moisture content of oil-paper insulation based on researching the polariza-
tion and depolarization currents through the oil-paper insulation system. One research
study [88] has proved that the PDC technique can distinguish the insulation information
of the insulating paper and insulating oil. The testing principle and typical testing curves
of the PDC technique are shown in Figure 13. Similar to the measurement process of
RVM, the PDC measurement is also carried out under the excitation of the DC voltage
source. The whole process can also be divided into the charging stage and discharging
stage. When switch S is turned to the left, the charging circuit is connected. The DC voltage
source Uy charges the oil-paper insulation to generate the polarization current i, and the
polarization current curve follows the law of exponential decay. If the charging time is
long enough, the attenuation of the polarization current will gradually tend to be stable
(not 0). While the charging time reaches the preset value t,, the switch S is closed and
the discharging circuit is connected. The oil-paper insulation is reversely discharged to
generate the depolarization current i;, which has a similar decay law to the polarization
current. However, compared to the polarization current, the depolarization current will
gradually decay to 0 as the discharging time increases.
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Figure 13. The testing principle and typical testing curves of the PDC technique.
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Saha et al. have researched the main factors which can affect the PDC testing curve,
such as the excitation voltage, insulation geometry, testing time, and testing tempera-
ture [89]. In reference [90], the polarization electric quantity has been calculated based on
the integral operation and the testing polarization current, and the correlation between its
slope and the oil-paper insulation’s moisture content has been proved. In reference [91], the
feature parameters have been extracted based on the terminal two-point analysis method
and the PDC data, which can reflect the insulation state of the oil-paper insulation. Consid-
ering that the extended Debye model is effective for researching the time-domain dielectric
response information of oil-paper insulation, Saha et al. have identified the resistor and
capacitor in the extended Debye model and extracted the feature parameters (the amplitude
and corresponding sub-relaxation time constant in each branch) from PDC data. Then, the
correlation between the insulation state of the oil-paper insulation and the above model
parameters has been established [92]. Further, Saha et al. have pointed out that the branch
model parameters corresponding to the largest time constant mainly reflect the insulating
paper’s insulation state, and the branch model parameters corresponding to the small time
constant mainly reflect the insulating oil’s insulation state [93]. In addition, the choice of the
largest time constant branch in the extended Debye model is often determined based on the
fitting analysis, which lacks clear criteria. Given this issue, Cai et al. proposed the extended
Debye model parameters identification technique based on the depolarization current
differential line [94]. In reference [95], various feature parameters have been extracted from
PDC data and the aging degree and moisture content of oil-paper insulation have been
evaluated based on the above feature parameters and an expert system.

5.1.3. Frequency Domain Spectrum (FDS)

The frequency domain spectrum (FDS) of the oil-paper insulation system represents
its frequency dielectric response information under the alternating electric field [96]. The
oil-paper insulation’s FDS data include the complex relative permittivity e*(w), complex
capacitance C*(w), dielectric loss factor tan 6, and complex polarizability x*(w). The
correlation between the above FDS data is shown in Equation (19).

L) = e (w) = x* (@) + £eo o
S,,/ (@) _ tané (19)

¢ (w)

where Cj is the geometric capacitance of the oil-paper insulation system. e« is the optical
frequency dielectric constant. In addition, the FDS data (except tan J) are in the form of
complex numbers. Specifically, the real part of the FDS data can reflect the energy storage
part of the oil-paper insulation, which can be simulated by the capacitance in the equivalent
circuit model. The real part data mainly represent the polarization strength characteristics
of the oil-paper insulation. The imaginary part of the FDS data can reflect the energy loss
part of the oil-paper insulation, which can be simulated by the resistance in the equivalent
circuit model. The imaginary part data mainly represent the polarization loss characteristics
of the oil-paper insulation. The dielectric loss factor tan ¢ is the ratio between the imaginary
part to the real part of the complex relative permittivity e*(w).

The FDS data can be obtained by applying the AC excitation on the oil-paper insu-
lation, and the FDS data are tested point-by-point from high frequency to low frequency.
The core elements in the measurement circuit include the sinusoidal alternating voltage
source, voltmeter, and ammeter. The testing principle and typical testing curves of the FDS
technique are shown in Figure 14.
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Figure 14. The testing principle and typical testing curves of the FDS technique.

For the frequency domain dielectric response of oil-paper insulation, the polarization
processes of different polar molecules have been established at different frequencies. With
the frequency of the excitation field increasing, more and more polarization processes
cannot be established in the high frequency. This phenomenon causes the oil-paper
insulation’s polarization intensity to decrease and the FDS curve to decrease in high
frequency. It is defined as the ‘frequency dependence’. In reference [97], it has been proved
that the insulating paper’s aging information is contained in the FDS data at the low-
frequency region, and the dominant factor of the FDS data at the low-frequency region is
the conductance effect. Therefore, Fan et al. have extracted the feature parameters from
the FDS data at the low-frequency region and established the quantitative relationship
between these feature parameters and the insulating paper’s aging degree [98]. It has been
proved that the FDS data at the high-frequency region are dominated by the oil-paper
insulation’s moisture content. Further, Fan et al. have obtained the feature parameters
from the FDS data at the high-frequency region, which can reflect the oil-paper insulation’s
moisture content [99], as shown in Equation (20). In summary, the FDS data are effective
for evaluating the oil-paper insulation’s aging degree and moisture content.

mc% = 7.028 — 8.885-EXP(—1V /33.791)
mc% = 12.906 + 1.862- In(tan dpin ) (20)
mc% = 3.869 — 3.316:EXP(— fmin/870.115)

In the above equations, IV represents the integral value of measured dispersion loss
for the sample. tand,;, and f,,;, represent the minimum value of the dispersion loss of
the sample and its corresponding frequency, respectively. It can be found from the above
equations that the dispersion loss value increases regularly with the moisture content in
the sample.

The researchers have explored the main factors which can cause a deviation in the
oil-paper insulation’s FDS data, such as the testing temperature, the geometry structure
of power equipment, and the noise in the testing environment. In reference [100], based
on the Arrhenius theory, the main curve technology has been adopted to eliminate the
influence of the testing temperature on FDS data. In reference [101], the XY model has been
used to correct the effect of geometry structure on the FDS testing results and obtain the
pure oil-paper insulation’s FDS data. To reduce the influence of noise and enhance the
anti-interference ability of the FDS testing, the higher-level voltage is usually selected as
the AC excitation voltage in field testing.

5.2. Extraction of the Dielectric Response Feature Parameters

According to the existing research, there is rich oil-paper insulation information exist-
ing in the FDS curve. Thus, it is critical and significant to extract the feature parameters
from the FDS curve, which are related to the insulating state (aging degree and moisture
content) of oil-paper insulation. Currently, there are three common methods to extract
the feature parameters from the FDS curve: (1) extracting the shape characteristics and
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geometric parameters of the FDS curve, (2) processing the FDS curve based on the mathe-
matical methods, and (3) fitting the FDS curve based on the frequency dielectric equivalent
circuit models.

5.2.1. Extracting the Shape Characteristics and Geometric Parameters of the FDS Curve

Considering that the FDS curve has an obvious frequency dependence, while the
oil-paper insulation has a serious aging state or high moisture content, there is an obvious
loss peak existing in the FDS curve of oil-paper insulation. Meanwhile, the amplitude
value of this loss peak and the corresponding frequency can be adopted as the feature
parameters to reflect the aging degree and moisture content of the oil-paper insulation. In
reference [102], the quantitative relationship between the minimum value of the dielectric
loss factor and the oil-paper insulation’s moisture content have been established. Fan et al.
have obtained the dielectric loss factor curves of the oil-paper insulation with various
aging degrees and moisture contents, and the integral values of the dielectric loss factor
curve at different frequency intervals (such as 10731072, 1072101, 102-10%) have been
calculated as feature parameters [103]. Then, the insulation state evaluation model has been
established to evaluate the oil-paper insulation’s aging degrees and moisture contents, and
the accuracy of this model has been verified by field testing.

The above methods can extract the feature parameters which can reflect the aging
degree and moisture content of the oil-paper insulation rapidly and easily. However,
the insulation information of these feature parameters is insufficient, and it is difficult
to obtain universal conclusions based on these feature parameters. Meanwhile, these
feature parameters are seriously affected by the FDS testing conditions, such as the testing
temperature and the electromagnetic noise. Thus, this method cannot be adopted widely
in field testing.

5.2.2. Processing the FDS Curve Based on the Mathematical Methods

While the researchers extract the shape characteristics of the FDS curve, the specific
frequencies are chosen based on the personal experience of the researchers. This method
has been limited by subjective factors without a clear dielectric response theory. Thus, the
extracted feature parameters are not reliable for studying the practical dielectric response
processes in oil-paper insulation. To address this issue, mathematical and physical theories
are introduced to process the FDS data and change the shape of the FDS curve. Then,
FDS data with more obvious features and more clear meanings are obtained. The above
mathematical and physical theories mainly include the FDS curve integral method [104],
dielectric modulus method [105], and logarithmic derivative spectral method [106], shown
in Table 3.

Fan et al. have extracted the feature parameters based on the FDS curve integral
method and established the quantitative relationships between the extracted feature param-
eters and the oil-paper insulation’s aging degree [104]. The dielectric modulus has been
defined as the inverse of *(w) [105]. The dielectric modulus method can not only uncover
the oil-paper insulation’s dielectric response processes but also highlight the polarization
information at the low-frequency regions of the FDS curve. In reference [107], the feature pa-
rameters have been extracted based on the dielectric modulus method. Then, the moisture
content of the oil-paper insulation has been evaluated based on the above feature parame-
ters and machine learning technology. However, the dielectric modulus method can only
reduce or restrain the influence of the conductance effect on the polarization information,
rather than eliminate its effect. To obtain the pure polarization information, the logarithmic
derivative spectral method has been proposed. In reference [106], the polarization infor-
mation has been extracted based on the logarithmic derivative spectral method, and the
correlation between the extracted polarization information and the oil-paper insulation’s
aging degree has been proved.
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Table 3. Illustration of data processing methods and corresponding equations.
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5.2.3. Fitting the FDS Curve Based on the Frequency Dielectric Equivalent Circuit Models

Considering that the feature parameters extracted in Sections 5.2.1 and 5.2.2 have
no practical physical meaning, these feature parameters are not reliable for researching
the microphysical mechanism of the complex dielectric responses during the oil-paper
insulation’s aging and dampness. To address this issue, many equivalent circuit models
have been proposed to simulate the FDS data of the oil-paper insulation system, which
includes the Debye model [108], Cole-Cole model [109], Davidson—Cole model [110], and
Havriliak-Negami model [111] in Table 4.

In the Debye model, the dielectric response has been simulated by the combination
of a capacitor and a resistor [108]. However, the Debye model considers there is only a
single dielectric response process in oil-paper insulation, which is not practical. Thus,
the Cole—Cole model has been proposed to simulate more complex dielectric response
processes by multiple combinations of capacitors and resistors. In reference [109], the
feature parameters in the Cole-Cole model have been extracted from the FDS data, and the
oil-paper insulation’s aging state has been evaluated based on these feature parameters.
However, the multiple combinations of capacitors and resistors can only reflect the ideal
dielectric response processes, which correspond to the half-circuit in the complex plane.
Thus, the distribution parameters (i.e., « and p) in the Davidson—Cole model and the
Havriliak-Negami model have been adopted to correct the Cole-Cole model. Then, it
has been proved that the circuit components in these models contain the polarization
information and conduction information of the dielectric response processes in the oil-
paper insulation. In reference [112], the correlation between the feature parameters in
the above equivalent circuit models and the oil-paper insulation’s insulating state has
been proved and analyzed. Further, the aging state and moisture content of the oil-paper



Energies 2024, 17, 2089

24 of 35

insulation can be evaluated accurately based on the above feature parameters and machine
learning technology.

Table 4. Equivalent circuit models and corresponding complex plane.

Model Math Expression Complex Plane
Debye s—f
Model & (w) = oo + 1€¥j-§vr
* () — e IR

Cole—Cole e (w) = e + FERp—— - e
Model O<a<l) S
. * _ €s—€x

Davidson—Cole e (w) = o + Wjwe?
Model 0<p<1)
Havriliak-Negami £ (w) = eco + W

Model O<a<1,0<p<1)

5.3. Assessment of the Aging Degree and Moisture Content

Reviewing the existing research [113], there are multiple methods that have been
adopted to obtain feature parameters (such as the content of chemical indicators, infrared
spectral properties, and dielectric response parameters), which are related to the aging de-
gree and moisture content of the oil-paper insulation. Thus, based on the extracted feature
parameters, the next work will focus on proposing reliable techniques for evaluating the
aging degree and moisture content of oil-paper insulation. One such assessment approach
involves initially, preparing the oil-paper insulation samples with various aging degrees
and moisture contents in a laboratory and then obtaining the feature parameters for each
insulation state. Finally, with curve or surface fitting techniques, one must establish the
quantitative relationships between the insulation states and extracted feature parameters,
thereby facilitating the insulation states evaluation. An alternative assessment method
consists of first constructing the feature parameters/insulation states database with interpo-
lation methods, data augmentation techniques, or generative adversarial networks based
on the above insulation states and their corresponding feature parameters and secondly,
proposing an insulation state classification model based on machine learning algorithms.
Finally, one must train and optimize the classification model using the constructed database
to achieve the accurate insulation states evaluation.

5.3.1. Insulation States Evaluation Using Curve and Surface Fitting Techniques

After acquiring the feature parameters related to aging state and moisture content from
dielectric response data, researchers analyze the changing trends of these parameters in
relation to DP and moisture content to ascertain any correlations. For the feature parameters
which exhibit a strong correlation with the insulation state, curve and surface fitting
techniques are employed to derive quantitative equations between them and DP/mc%,
thereby evaluating the insulation state of the oil-paper system. In reference [114], by
comparing the PDC properties of natural ester—paper insulation samples and mineral
oil-paper insulation samples during the aging process, an exponential relation between the
stable depolarization charge quantity and the insulating paper’s DP has been proposed.
By analyzing the FDS data of oil-paper insulations under various moisture contents,
a new frequency dielectric feature parameter for evaluating the oil-paper insulation’s
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moisture content has been proposed [115]. Further, the improved Cole—Cole model is
adopted to extract the feature parameters (o relaxation components, dc, and hopping
conductivity components) from FDS data [116]. Then, the quantitative equations between
the above parameters and the oil-paper insulation’s DP are obtained. In reference [117], the
feature parameters (distribution parameter (3 and relaxation time T) are proposed from the
Davidson—Cole model, and the quantitative relationships between the feature parameters
and DP, as shown in Equation (21), are adopted to evaluate the oil-paper insulation’s
aging state.

B = —1.122 x exp(—DP/3.120) 4 0.921

Ae = 185.208 x exp(—DP/474.770) — 18.157 (21)

T = —27851.426 x exp(—DP/377.400) + 6178.100

In the above equations, B is the distribution parameter in the Davidson—Cole model,
and Ace is the difference between the static dielectric constant &; and the optical frequency
dielectric constant €., of the sample(es — e»). T represents the relaxation time of the
dielectric medium.

5.3.2. Insulation States Evaluation Using Machine Learning Techniques

The above methods demand a high level of technical expertise and detailed under-
standing of the technique. Furthermore, similar evaluations require repetitive calculations
to analyze different subjects, making the process not only inefficient and time-consuming
but also complex and cumbersome, thereby limiting its applicability and widespread adop-
tion. Machine learning algorithms can derive insights from existing data and uncover
patterns hidden within. By continuously learning from a feature parameters/insulation
states database, machine learning accumulates experience and ultimately applies this
knowledge for accurate assessments of the oil-paper insulation’s aging state and moisture
content, as shown in Figure 15. In reference [118], the Raman spectra of the insulating oil
have been collected in the range from 400 cm ™! to 3000 cm ™!, and the Voigt function has
been adopted to obtain the feature parameters from the measured Raman spectra. Then,
the support vector machine has been adopted to evaluate the aging state of oil-paper insu-
lation. Further [119], the Raman spectra and support vector machine have been adopted to
evaluate the aging state of the oil-paper insulation with different oil-paper ratios. Atefeh
et al. have adopted the ratio of gaseous compounds dissolved in the insulating oil as the
feature parameters, and the fuzzy support vector machine has been adopted to evaluate the
synthesized health condition of the oil-paper insulation [120]. Fan et al. have adopted the
dielectric modulus method to extract the feature parameters from the oil-paper insulation’s
FDS data. Then, the oil-paper insulation’s moisture content has been evaluated by the
genetic algorithm /improved support vector machine [121].

Yi Cui et al. have collected various insulating oil characteristic datasets from different
utility companies and adopted the KNN to evaluate the oil-paper insulation’s aging
state [122]. In reference [123], the KNN has been adopted to identify the insulation state
of insulating paper and the accuracy of the recognition results is satisfactory. Fan et al.
have extracted the dielectric feature parameters with the logarithmic derivative spectral
method, and the evaluation model of the oil-paper insulation’s moisture content has been
established based on the KNN algorithm [124]. In reference [125], the fingerprint database
has been established based on the dielectric feature parameters, and the aging degree
and moisture content of the oil-paper insulation have been evaluated with the weighted
k-nearest neighbor regression. In reference [126], the moisture content in the insulating oil
has been evaluated based on the BPNN, whose weights and biases have been improved
by the genetic algorithm (GA). Zhuang et al. have established the fingerprint database
based on the feature parameters, which are the resistivity of oil-paper insulation’s different
regions and the dielectric loss factor. Then, the aging degree of the oil-paper insulation has
been evaluated accurately based on the above fingerprint database and the BPNN [127].
Ding et al. have extracted the feature parameters from oil-paper insulation’s FDS data
by the logarithmic derivative spectral method, which are related to the aging degree and
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moisture content of the oil-paper insulation. Then, the condition assessment model has
been established based on the back propagation neural network, which has been modified
by the adaptive boosting algorithm [128].
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Figure 15. A schematic diagram of oil-paper insulation states evaluation with machine learning
technology.

6. Prospects for the Future Research
6.1. Research on Hotspots” Oil-Paper Insulation System
6.1.1. The Engineering Significance of the Hotspot Research

The existing research focuses on studying the aging degree and moisture content of
oil-paper insulation, which ages under a uniform temperature field. However, due to the
geometrical structure of the power equipment and the circulation flow of insulating oil, the
temperature distribution in the power equipment is non-uniform [129]. Specifically, the
above temperature distribution follows the principles of being proportional to insulation
height and inversely proportional to insulation distance. The temperature distribution of
transformer oil-paper insulation is shown in Figure 16 as an example. Thus, the oil-paper
insulation in different regions ages under different temperatures. In summary, the aging
degree and moisture content of each region’s oil-paper insulation is different.
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Figure 16. A schematic diagram of temperature distribution of transformer oil-paper insulation.

Reviewing the existing research [130], the oil-paper insulation at the highest tempera-
ture region (i.e., hotspot) has the most serious aging degree. Thus, the oil-paper insulation
at the hotspot will gradually develop to be the weakest point of the whole oil-paper insula-
tion system. Considering the ‘shortboard effect’, the insulation performance and service
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life of the in-service oil-paper insulation are determined by the insulation level of the
hotspot’s oil-paper insulation. Thus, it is necessary and significant to obtain the feature
parameters related to the insulation state of the hotspot’s oil-paper insulation and research
the quantitative relationship between the above feature parameters and the insulation state
of the hotspot’s oil-paper insulation. Based on the above quantitative relationship, the
feature parameters database can be established and a state assessment can be proposed to
evaluate the aging degree and moisture content of the oil-paper insulation at the power
equipment’s hotspot.

6.1.2. Existing Results of Hotspot Research

Reviewing the existing research, researchers have made numerous valuable attempts at
non-uniform aging of oil-paper insulation, as a study on chemical indicators and electrical
parameters. In reference [131], it has been proved that there is a correlation between the
methanol content in insulating oil and the aging degree of the hotspot’s oil-paper insulation.
Further, Zhang et al. have analyzed the correlation between the methanol content and the
hotspot’s temperature and proven that the distribution of methanol in the axial direction is
non-uniform [132]. In reference [133], an equation between the aging degree of the hotspot’s
oil-paper insulation and the concentration of the 2-FAL dissolved in the insulating oil has
been established, as shown in Equation (22). The effectiveness and reliability of the above
equation have been verified based on the non-uniform thermal aging experiment.

E Ea

171 1 1 P
. — _ . R .e RTmax+273] ~ R-[T(I)+273]
Coir (1) /0 ( BP DPO> o Woi[T(h), H(h), DP(h)]-e dh (22)

In the above equations, C,;(t) represents the concentration of 2-FAL dissolved in oil,
and DPpy, represents the aging degree of insulation paper during testing. DP( represents
the initial DP value of the insulating paper. k is a constant that depends on the initial state
of the insulating paper and V,; represents the volume of insulating oil. T(h), H(h), and
DP(h) are the temperature distribution function of the windings, the moisture distribution
function of the paper insulation of the windings, and the DP value distribution function
of the transformer as the height changes, respectively. E; is the activation energy of the
insulating paper and its value is 11,000 J/mol. R is the gas constant with a value of
8.314 J/(mol-k). Trmax represents the maximum value of the winding temperature.

As for the study on electrical parameters, in reference [134], the influence of the
non-uniform aging situation and the non-uniform moisture distribution on the oil-paper
insulation’s FDS data has been researched. Meanwhile, the microscopic mechanism of
dielectric response processes during the non-uniform aging process has been discussed.
Reference [135] has revealed that the peak, steady-state values and integral of the polar-
ization current are negatively correlated with the location of the wettest insulation layer
and positively correlated with the moisture content of the wettest layer. The position of the
wettest layer in radially non-uniform damp bushings can be determined by the difference
in polarization current integrals under positive and negative PDC connections. Sun et al.
have proposed a modified simulation model based on the finite element method and the
improved XY model, which is adopted to simulate the dielectric response data of the non-
uniform aging oil-paper insulation. Meanwhile, the effectiveness of the proposed model
has been verified [136]. Further [137], Wang et al. have adopted the artificial intelligence
optimization algorithm to search for the optimal parameters in the above simulation model,
which can accurately simulate the FDS data of the non-uniform aging oil-paper insulation.
Then, the quantitative relationship between the obtained parameters and the DP of the
hotspot’s insulating paper has been proposed.

Considering that the traditional equivalent circuit models are only effective for re-
searching the dielectric response data of the uniform aging of oil-paper insulation, in
reference [138], the modified Debye model has been proposed to simulate the polarization
and depolarization currents (PDC data) of the non-uniform aging of oil-paper insulation.
It has been proved that the feature parameters (such as pole value and zero value of the
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modified Debye model’s transfer function) are effective for researching the non-uniform
aging of oil-paper insulation. Fan et al. have proposed the modified XY model as shown in
Equation (23) to decouple the hotspot’s FDS data from the whole oil-paper insulation’s
FDS data, and the non-dominated sorting genetic algorithm (NSGA) has been adopted to
search for the optimal feature parameters in the modified XY model [139].

eot(w) = (W) | 4 ) + x  </” (23)
igl s;‘pi(w) €ro(w) o (igl s’r‘pi(w)>

In the above equations, ¢ is the response parameter. X and Y are the geometric
parameters of the insulation system. In this model, it is necessary to assume that the FDS
data for the hotspot area are known and then invert the FDS data for the overall insulation
system. In such a case, the NGSA can be used to accurately search for the best feature
parameters in the improved XY model.

6.1.3. Potential Issues with Hotspot Research

Reviewing the existing research, the correlation between the concentration of the
chemical indicators dissolved in the insulating oil and the aging state of the hotspot’s
oil-paper insulation has been proved. However, the quantitative relationship between the
concentration of the above chemical indicators and the insulation state (aging degree and
moisture content) of the hotspot’s oil-paper insulation has not been found. Meanwhile, the
extraction method of dielectric feature parameters is based on simulating the whole oil-
paper insulation’s FDS data with intelligent algorithms. This method can only satisfy the
accuracy in the mathematical sense, and the extracted feature parameters do not have prac-
tical physical significance. Thus, it is necessary to search for the feature parameters based
on the comprehensive consideration of mathematical accuracy and dielectric significance.

The existing research focuses on obtaining the chemical and dielectric feature param-
eters, which are related to the insulation state of the hotspot’s oil-paper insulation. In
future work, it is necessary and meaningful to prepare more non-uniform aging oil-paper
insulation samples and establish the feature parameters fingerprint database. The machine
learning techniques have full potential for establishing the condition assessment model
and achieving the accurate evaluation of the hotspot’s insulation state (aging degree and
moisture content).

6.2. Research on the Joint Evaluation Technique of Electrical-Chemical Feature Parameters
6.2.1. The Engineering Significance of the Joint Evaluation Technique

According to the existing research [140], the chemical indicators and electrical pa-
rameters can both be adopted to research the aging degree and moisture content of the
oil-paper insulation. However, there are some limitations to the application of the two
methods. The chemical indicators dissolved in the insulating oil can be lost during the
operation of oil flowing and oil filtrating, causing an error in evaluating the aging state
of the oil-paper insulation. The electrical parameters have similar change laws, with the
oil-paper insulation’s aging degree and moisture content increasing. Due to the comple-
mentary effect of the aging degree and moisture content, it is difficult to accurately evaluate
the aging degree and moisture content of the oil-paper insulation samples while they are
both unknown. Thus, based on the great sensitivity of the chemical indicators to the aging
degree and the overall advantage of the electrical parameters to the entire insulation state,
the joint evaluation technique of electrical-chemical feature parameters has been proposed
to evaluate the aging degree and moisture content of the oil-paper insulation.

6.2.2. Existing Results on the Joint Evaluation Technique

In reference [141], the change laws of the chemical indicators during the oil-paper
insulation’s aging process have been revealed in detail. Specifically, with the oil-paper in-
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sulation’s aging degree increasing, the contents of the small molecule compounds (furfural,
alcohols, and acids) dissolved in the insulating oil increase gradually. In reference [142],
the dielectric response performances of the oil-paper insulation system with various aging
degrees and moisture contents have been researched. With the oil-paper insulation’s aging
degree and moisture content increasing, the dielectric loss factor and DC conductivity
increase gradually, and the electrical breakdown strength decreases. Teymouri et al. have
proposed a mathematical empirical equation for calculating the activation energy of the
aging reaction. Then, based on the calculated activation energy, a novel life management
model for the oil-paper insulation system has been proposed, which consists of the chemical
aging model and the electrical-thermal aging model [143].

6.2.3. Potential Issues of the Joint Evaluation Technique

Considering that the chemical and electrical feature parameters are inputted in the joint
evaluation technique simultaneously, which can cause an obvious increase in the complexity
and dimension of the input data, it is critical for the joint evaluation technique to improve
the ability to process the complex input data and uncover the effective feature information.
Reviewing the existing research [144], deep learning techniques are effective methods to
reduce the dimension of input data and extract low-dimensional feature information, such
as a convolutional neural network (CNN), recursive neural network (RNN), and generative
adversarial network (GAN). Thus, deep learning has full potential for establishing a joint
evaluation model for researching the aging degree and moisture content of the oil-paper
insulation system.

7. Conclusions

In this work, various techniques for evaluating the aging degree and moisture content
of the oil-paper insulation system have been introduced and discussed. The core principle
of the condition assessment techniques is obtaining the feature parameters, which are
related to the aging degree and moisture content of the oil-paper insulation system. Then,
the insulation state evaluation models can be established based on the obtained feature
parameters and machine learning techniques. This work has the following conclusions.

L The oil-paper insulation system in the power equipment is made up of insulating
paper and insulating oil, and the geometry structure of the oil-paper insulation has
been shown in Section 2. Also, the preparation process and microscopic structure
of the insulating paper and insulating oil have been introduced. Meanwhile, the
internal reason for the great insulation performance of the oil-paper insulation has
been revealed. Finally, the main reasons for and forms of the oil—paper insulation’s
degradation process have been discussed.

IL The techniques for evaluating the oil-paper insulation’s aging degree and moisture
content have been reported in Sections 3 and 4, respectively. These techniques
can be divided into destructive techniques (such as DP and TS testing) and non-
destructive techniques (such as chemical indicators testing). Meanwhile, they can
be divided into direct measurement techniques (such as the Karl Fischer titration
technique) and indirect calculation techniques (such as the cellulose-water adsorp-
tion isotherm technique). The technical principles of these techniques have been
introduced, and the development process and research results of these techniques
have been reported in detail. Finally, the main advantages and limitations of these
techniques have been discussed and analyzed.

IIL The techniques introduced in Sections 3 and 4 are only effective for evaluating a
single insulation state (aging degree and moisture content) of oil-paper insula-
tion. However, the dielectric response technique introduced in Section 5 can be
adopted to evaluate the aging degree and moisture content of oil-paper insulation
simultaneously. The whole evaluation process based on the dielectric response
technique can be divided into three parts: (1) collecting the dielectric response data
of oil-paper insulation (RVM, PDC, and FDS), (2) extracting the feature parameters
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from the collected dielectric response data, which are related to the aging degree
and moisture content of the oil-paper insulation, and (3) establishing insulation
state evaluation models based on the curve/surface fitting techniques and machine
learning techniques.

Iv. Two full potential topics have been introduced in Section 6, which are research
on hotspots’ oil-paper insulation systems and research on the joint evaluation
technique of electrical-chemical feature parameters. The existing research on the
hotspot focuses on the extraction of feature parameters, which can reflect the aging
degree and moisture content of the hotspot’s oil-paper insulation. In future work,
it is important to reveal the practical physical meaning of the extracted feature
parameters and establish an insulation state evaluation model for the hotspot’s
oil-paper insulation. As for the electrical-chemical joint evaluation technique, it is
critical to improve its ability to process complex input data and uncover effective
feature information, so a deep learning technique is an ideal choice.
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