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Abstract: The FDS (Frequency-domain Dielectric Spectroscopy) of oil-immersed insulation paper,
and semi-conductive paper with different moisture content, has been measured. The data measured
are fitted as a function of frequency and moisture content using the amendatory Cole—Cole model
utilizing the least square technique. Then, the broadband MTL model of the insulation system of IOCT
(Inverted-type Oil-immersed Current Transformer) is established considering the capacitive electrodes
thin layer, and the distribution parameters consider the moisture and frequency dependence. A new
method for VFTO (Very Fast Transient Overvoltage) distribution calculation of insulation systems
is proposed.

Keywords: inverted-type oil-immersed current transformer; insulation system; very fast transient
overvoltage; multiconductor transmission line; frequency-domain dielectric spectroscopy

1. Introduction

The operational reliability of current transformers is directly related to the security
and stability of the power system. In particular, the safe operation of oil-immersed inverted
current transformers, for high-speed rail traction networks, is a necessary condition to
ensure the safe operation of high-speed rails [1]. Current transformers used in traction
networks have a special working environment. During the operation of the transformer, the
oil-paper insulation will age under the influence of factors, such as electricity and heat, for
a long time. During the aging process, the moisture, decomposed by the insulation or the
intrusion of moist air, will change the oil-paper. The water content of the insulation affects
the conductivity and polarization of the oil-paper insulation and changes the dielectric
properties of the oil-paper insulation [2,3].

On the other hand, whether it is a lightning shock or a VFTO generated by a switching
operation, there are components from DC to tens of MHz, or even higher frequencies, and
its energy is mainly concentrated between 1 kHz-10 MHz [4], and the dielectric properties
of the insulating material will also change with the change of frequency [5,6]. Such a wide
frequency range of voltage excitation intrudes into the transformer insulation, which not
only produces uneven voltage distribution, but it also causes the insulation to withstand
excessive voltage drops, resulting in aging and damage to the insulation, and may even
cause overvoltage breakdown of the insulation. Therefore, wide-band modeling of the
main insulation of the transformer, and the use of numerical calculation methods to study
the distribution of extremely fast transient overvoltage under different humidity, will help
to propose appropriate measures to improve the electric field distribution of the main
insulation and implement effective methods for the insulation structure. Optimal design
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has important theoretical and engineering significance for ensuring the reliable and safe
operation of current transformers.

Establishing an equivalent model of the current transformer insulation system is the
basis for calculating the VFTO distribution. Whether the calculation of the equivalent
network parameters is correct or not has a great influence on the calculation accuracy
of the electric field. To analyze the overvoltage transient of transformer insulation, in
the frequency range of 10 MHz, it is necessary to consider the frequency and humidity-
dependent characteristics of the parameters, especially the influence of relative permittivity
and conductivity, with frequency and humidity on VFTO [7]. The significance of water
content is paramount: a humidity of 4% can shorten a transformer’s operational lifetime by
a factor of 40 (i.e., by 97.5%), while oxygen only reduces it to one-half [8]. The dielectric
response of transformer oil-paper insulation can be represented by the Cole-Cole model [9].
In Ref. [10], a transformer winding high-frequency circuit model, based on frequency
response, is proposed for VFTO research. In Refs. [11,12], a winding distribution parameter
model, based on the Multiconductor Transmission Line (MTL) theory, was established,
and the frequency domain method was used to calculate the winding voltage distribution
under various conditions. In Ref. [13], a parameterization method of an oil-paper insulation
dielectric response model measured by FDS was proposed. In Ref. [14], grey relational
analysis of power transformer insulation status evaluation, based on conventional dielectric
response measurement, is proposed.

Regarding the calculation of insulation withstand transient voltage, the previous
literature mostly focused on the analysis of the transient response of power transformers
and motor windings, under impulse voltage before steep slopes, and did not consider the
influence of the dielectric parameters, of the insulating material on the voltage distribution,
with the change of humidity and frequency. There is a lack of detailed research on the
impulse voltage distribution of the main insulation of the current transformer.

This paper takes a 330 kV current transformer, for a high-speed railway traction
network, as an example. The change of the dielectric parameters of the transformer’s
main insulation with frequency under different humidity is measured, and the modified
Cole—-Cole model is used to fit the measurement results to obtain the functional relation-
ship between insulation parameters, humidity, and frequency. Then, considering the
semi-conductive capacitive screen, this paper establishes a broadband MTL model of the
insulation system. FFT is used to decompose the excitation pulse into a superposition of
sinusoids and convert the time-domain MTL equation into a frequency domain solution.
Considering the particularity of the boundary conditions, the first-end voltage of each
insulation layer, through matrix transformation, is directly solved and brings the result
into the MTL model of each structural part of the transformer insulation system to obtain
the VFTO distribution of each part. The result is superimposed to obtain each Part of the
time-domain electric field distribution under different humidity. The result shows that this
method is feasible for calculating the current transformer insulation system, before steep
slope and under high-frequency impulse voltage, and the VFTO distribution of each part
under different humidity.

2. FDS Measurement and Fitting of Insulating Materials

The response of the dielectric constant to the frequency of the electric field, that is,
the frequency dependence of the electric field, is called the dielectric spectrum, and it is
also called the dielectric relaxation spectrum [15]. FDS measures the voltage at both ends
of the medium, under different frequency electric fields, and the current flowing through
the medium, and it calculates the change of its complex permittivity, complex capacitance,
dielectric loss factor, and other dielectric parameters, with frequency according to the size
of the dielectric.
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2.1. Model Description

The IOCT insulation system is composed of an oil-impregnated insulating paper layer
and a semi-conductive paper inserted into the electric screen (collectively referred to as the
insulating layer below), where the outermost layer is a high potential, and the innermost
layer is ground potential. The cross-sectional view of the ring structure is shown in Figure 1
shows:

il tank
Oil-impregnated semm-
conductive paper [
Oil-impregnated semi-
conductive paper I
Primary conductor |
Insulating oil |
Oil-impregnated semi-
conductive paper
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Figure 1. The sectional view of IOCT ring structure.

It can be seen, from the above figure, that the main insulation circuit of IOCT can be
approximately equivalent to a set of series capacitors. Taking the size of a 330 kV ultra-high
voltage IOCT as an example, the geometric capacitance Kg and geometric resistance Rg of
each insulating layer (defined as the resistance value when the resistivity is 1) are calculated,
as shown in Table 1:

Table 1. Geometric capacitance and resistance of insulating layers.

Insulation Layer Capacitance Resistance
Oil impregnated insulating paper layer I 609 0.0145
Semi-conductive paper layer I 33,108 0.0003
Oil impregnated insulating paper layer II 621 0.0143
Semi-conductive paper layer II 31,811 0.0003
Oil impregnated insulating paper layer III 591 0.0150

2.2. Applied Technologies

The experimental operation process of the thesis strictly follows the ASTM D150-98
standard. The test process is the same material tested five times, the maximum value is
removed, the minimum value is removed, and the other three data are averaged. The
experiment uses Alpha-A broadband dielectric impedance spectrometer (manufactured
by The German novocontrol technologies company, Montabaur, Germany)to measure the
relative permittivity FDS of Minsk oil-impregnated insulating paper and German semi-
conductive paper under different humidity conditions. The measurement temperature is
20 °C, and the measurement frequency is 1 kHz-10 MHz. To facilitate the measurement,
the experimental samples are cut into 20 mm diameter discs: (a) Minsk oil-impregnated
insulating paper has nine layers per millimeter thickness, and each layer has a mass of
39.7 mg; (b) German semi-conductive paper has eight layers per millimeter thickness. The
mass of each layer is 42.9 mg. The measuring device is shown in Figure 2 below:
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Figure 2. FDS measuring device.
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The measurement is carried out according to the following steps:

Place the sample in a vacuum drying oven, set the temperature to 23 °C (two days),
and then adjust the temperature to 100 °C (two days). Under laboratory conditions,
expose the vacuum-dried samples to the air for 5, 10, 15, 20, and 25 min to absorb
moisture naturally;

The processed sample is immersed in a glass bottle containing transformer insulating
oil, sealed, and placed in a 40 °C constant temperature box (two days) to make the
moisture in the sample evenly distributed.

Quickly transfer the sample to the Metrohm 860 KF moisture extraction furnace, and
then use the supporting Karl Fischer moisture analyzer to accurately measure the
moisture of the sample.

Take out other samples of the same batch that are processed in the same way as
the samples for moisture determination, wipe off the excess insulating oil on their
surfaces, and then place them in the FDS measurement equipment for measurement.

The water content of the final oil-impregnated insulating paper is 0.05%, 0.23%, 0.38%,

0.52%, and 0.72%, and the water content of the semi-conductive paper is 0.37%, 0.40%,
0.63%, 0.77%, and 0.88%, respectively. The above insulating materials, with different mois-
ture content, are respectively tested for FDS. To ensure the repeatability of the experiment,
the samples in the same state are sampled five times for measurement. If the repeatability
of the five measurements is not satisfactory, continue to sample and repeat the test. Se-
lect the data with good repeatability for analysis. The experimental results are shown in

Figure 3 below:
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Figure 3. Complex permittivity FDS of oil-immersed insulating and semi-conductive paper:
(a) oil-immersed insulation paper real part; (b) imaginary part of oil-impregnated insulating pa-
per; (c) semi-conductive paper real part; (d) semi-conductive paper imaginary part.

As can be seen from the above figure, the real and imaginary FDS of relative permittiv-
ity, of oil-impregnated insulating paper and semi-conductive paper, both increase with the
increase in water content, and the changes are obvious. This is because water molecules
are polar molecules and will participate during the polarization process; the greater the
moisture content in the insulating material, the more polar molecules involved in the polar-
ization and the stronger the polarization. In addition, the increase in the moisture content
of the insulating material not only increases the interface loss between oil and paper but
also the conductivity of the insulating material. The rate also increases with the increase in
moisture content, and its conductivity loss also increases. In addition, the complex relative
permittivity of insulating materials varies significantly with frequency. It can be seen that
the influence of water content and frequency on the distribution parameters of IOCT main
insulation cannot be ignored.

2.3. Financial and Technical Assumptions

The Cole-Cole model can explain the dielectric relaxation process of the polymer
system well [16,17]. The oil-impregnated insulating paper and semi-conductive paper are
mainly composed of cellulose macromolecules, so the modified Cole—Cole model can be
used to account for the direct current conductance. The dielectric constant FDS is fitted.
The model function is as follows:

Agq Agey O4c

* = [ee] . 7 1
(W) =eot 1+ (jwr)™ + 1+ (jwt)™ + jeow M

where,

¢* (w)—omplex permittivity;

£co—the material electric permittivity for frequency f— oo;

gp—the vacuum dielectric constant;

w—the angular frequency;

Ty, Thm—the relaxation time, 71 > T;

«1, xp—parameters related to the shape of the response;

Agq, Aey—the static dielectric polarizability;

o4c—the DC conductivity.

In an alternating electric field, considering the relationship between the conductivity
o(w) and the imaginary part of the relative permittivity £*(w), o(w) = wepe*(w), and by
changing the real part of Equation (1), separate from the imaginary part, the relative
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permittivity e(w) (the real part of the complex relative permittivity) and the electrical
conductivity o(w) can be expressed as follows:

Ag; cos(Z;)
e(w) =t + L : 172
=12 (X?+Y?) /

U(w) = we [% + Z AS,'Sin(Z,') ] ’ (2)
= 0 gow =12 (Xi2+yi2)1/2
X; =1+ (wT;)" cos(a;/2)

Y; = (wt;)" sin(a;7/2) , ®)

Z; = arctan(Y;/X;) (i=1,2)
The modified double relaxation Cole-Cole model was used to fit the relative permittiv-
ity and conductivity FDS of oil-impregnated insulating paper and semi-conductive paper
with different water content. The equation parameters €, Aey, Agp, a1, ap, T1, T, and o4¢

are obtained by the least-squares fitting method, and the results are shown in the following
Tables 2 and 3:

Table 2. Fitting parameters of oil-immersed insulating paper.

Moisture (%) Eo0o Agq Agy o %3 T1(8) To(s) 04c (ps/m)
0.05 1.5 11 0.3 0.9 0.4 4000 0 71.3
0.23 1.6 11 0.2 0.9 04 4000 0 77.1
0.38 1.8 11 0.3 0.9 0.4 4000 0 83.9
0.52 1.9 11 0.4 0.9 0.4 4000 0 93.8
0.72 2.6 11 0.5 0.9 04 4000 0 221.3

Table 3. Fitting parameters of semi-conductive paper.

Moisture (%) Eco Aegq Aegy &1 % T1(8) To(s) 0 4c (ps/m)
0.37 6.4 1.5 0.7 0.8 1 3000 0 268.5
0.40 6.6 15 1.2 0.8 1 3000 0 290.4
0.63 6.8 1.5 1.2 0.8 1 3000 0 364.7
0.77 7.1 1.5 1.3 0.8 1 3000 0 440.8
0.88 7.6 15 1.1 0.8 1 3000 0 510.5

It can be seen, from the fitting results, that the parameters e, Agy, and o4, change
most obviously with water content and have strong regularity, while other parameters are
constant. Therefore, these three parameters can be selected as characteristic parameters, for
characterization of the moisture content of the insulating material is m%. The functional
relationship between the characteristic parameters of oil-impregnated insulating paper,
semi-conductive paper, and water content is obtained by the least-squares method, as
shown in the following Equations (4) and (5):

oo = 0.0801¢36905m 1 1 4381
Aey = —4.1984m3 + 5.53m? — 1.6344m + 0.3476 4)
04 = 0.1323¢77361m 4 74 6383

oo = 3.6235m? — 2.4981m + 6.9263

Aey = —103.1676m3 + 227.8184m? — 168.1672m
—288.1034¢~104714m 142 9488 ’

Oge = 73.2869¢1-8802m 127 5512

©)

Combining Formulas (2)—(4) and Tables 2 and 3, the relative permittivity e and electrical
conductivity ¢ can be expressed as a function of water content m% and frequency w.
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Taking into account the calculated geometric capacitance and geometric resistance of each
insulating layer of the IOCT main insulation, the distributed capacitance K and resistance
R of each insulating layer can be expressed as a function of water content and frequency,
that is, K(m,w) = gge(w, m)Kg, R(m,w) = o(w,m)Rg.

3. Establishment of MTL Model of Insulation Layer
First, make the following assumptions in the IOCT main insulation:

(1) The distance between the main insulation of IOCT and the ground is much larger
than the radial size of the head insulation layer, and the radial size of the head
is much larger than the thickness of the insulation layer and the local size of the
main insulation;

(2) Each insulating layer is a homogeneous material, that is, for each insulating layer, the
dielectric parameters along the thickness direction are equal;

(3) The moisture distribution does not depend on the thickness and depth, that is, the
moisture content at any position of the main insulation at the same time is equal.

According to the structure of the IOCT insulation system, the equivalent circuit dia-
gram of a single insulation layer is derived as shown in Figure 4:

~
~
+
~

—x>|< dx
Figure 4. JOCT single-layer insulation equivalent circuit diagram.

In Figure 4, u and i represent the voltage and current at the insulating layer x, and
u + du and i + di represent the voltage, and current at x + dx. Ky, Ry, and Cy are the
distributed capacitance per unit thickness of the single-layer insulation, the resistance, and
the capacitance to ground, respectively. K, R, and C are the total distributed capacitance,
resistance, and ground capacitance of single-layer insulation, respectively. In fact, the
conductance G of the insulating layer to the ground is very small, the conductance has little
effect on the result, and in order to simplify the calculation, the conductance of the main
insulating layer to the ground is ignored. Assuming that 4 is the thickness of the insulating
layer, the relationship between them is shown in the following Equation (6):

K=Ky/d
R=Rod , (6)
C=Cod

The total distributed capacitance K and resistance R are obtained by the method
mentioned in the previous section, and they are both functions of water content m% and
frequency w. The ground capacitance C is obtained by the mirror image method, and
the single-layer insulation voltage equation can be established, as shown in the following
Equation (7):

o Ro(w,m)dx _-
du = 1+jwKo(w,m)Ro(w,m) !

. / @)
—0i = jwCodx - u
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For the VFTO distribution calculation, of power transformer or motor winding, and
current transformer insulation system, although the models and model parameters of
this type of problem are different, the essence of the calculation is the same, that is, the
propagation process of electromagnetic waves in complex structures. Simplifying the
problem appropriately, the establishment of its mathematical model can be attributed to
the following two types: lumped parameter network and multi-conductor transmission
line. When the impulse voltage wavefront is steep and the repetition frequency is high,
the lumped network is not accurate enough, and the lumped parameter model does not
consider the wave propagation in the single-layer main insulation. Therefore, the MTL
model of the IOCT insulation system is established to calculate the VFTO distribution of its
main insulation with different water content. The single-layer insulation voltage equation
is extended to the entire insulation system, and the equation transformation is performed
to obtain the MTL model equation of the entire main insulation, as shown below:

[U(x)] = [Un(x), Ua(x), ..., Un(x)]"

()] = [1(x), I(x), -, I (x)]

Z [Ro(w,m)] ! ®)
[

I = EFF 7K )] Ko7
] =

jw[Col

{ EUD] — (Z][Y][U(x)] = [P][U(x)]

PU] — 1) (z)[1(x)] = ([P) [1(x)]

[Z] and [Y] are the impedance matrix and admittance matrix of the insulating
layer, respectively.

Through model analysis, the general form of the solution of Equation (9) can be
expressed as the following Equation (10):

{ [U(x)] = exp(—[P]x)[Ua] + exp([P]x)[Up]
[1(x)] = [Yol{exp(—[P]x)[Ua] — exp([P]x)[Up]}

Y

)

, (10)

Among them, [Yo] = [Z]7![P], [U.], and [Uy] are the incident voltage column vector
and the reflected voltage column vector of each insulating layer, respectively, and [Yy] is
the characteristic admittance matrix.

Substituting [U(0)] and the insulating layer thickness matrix [d] into Equation (10), it
can be expressed as follows:

{ [Us] = [U(0)] = [Ua] + [Uy)] , (11)

[U(d)] = exp(—[P][d])[Ua] + exp([P][d]) [Up]

[1(0)] = [Yo]([Ua] — [Us])
[1(d)] = [Yo[{exp([P][d])[Us] , (12)
— exp(—[P][d])[Ua]}

[Us] and [UR] are the first and end voltage column vectors of the insulating layer,
respectively; [Is] and [IR] are the current column vectors at the head and end of the
insulating layer, respectively.

According to the two-port network, Equations (11) and (12) can be expressed as follows:

Is | _ | Yn Y Ug
{IR]_{YM YZZHUR}' (13)

c
z
[

Tt
= &
ol
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Y =Yy =Yn
= [Yol{exp(2[P][d]) — [E]} ' {exp(2[P][d]) + [E]} (14)
Y =Y =Yy '

= —2[Yo]{exp(2[P][d]) — [E]} " exp([P][d])

According to the IOCT insulation system structure, the insulation layer is equivalent to
a set of series capacitors, so the boundary conditions shown in the following Equation (12)
are obtained, where E(w) is the excitation pulse in the frequency domain, and the voltage
and current, at the end of the i th insulating layer, are equal to the voltage and current at
the head of the (i+1) th insulating layer, respectively. The first end of the first insulating
layer is connected to a voltage source, and the end of the last insulating layer is grounded.

Iri = —Is(it1)
Ug; = Ug;

Ri S(i+1) , (15)
Us; = E(w)

Ugy =0 i=12,...,n—1

Substituting boundary Condition (15) into Equation (13) and then sorting and simpli-
fying the matrix, the relationship between the input voltage of each insulating layer and
the input current of the first layer is obtained as follows:

E(w) Isy
Usy 0
=[G]| ... [, (16)
uS(n—l) 0
Us, 0

Among them, [G] is the coefficient matrix related to [Kp], [Ro], and [Cy]. From the
above formula, the head-end voltage of each insulating layer can be obtained and then
combined with Equations (10)-(15), so the distribution of the electric field strength of each
insulating layer along the thickness direction can be obtained.

4. Calculation and Discussion

The pulse voltage is a standard lightning impulse cut wave 1.2/50 us, the full-wave is
cut off at 2.5 ps, the cutoff steepness is 1 ps, and the zero-crossing coefficient is 0.3. The
positive peak value of the pulse is 330 kV, and the expression is as follows:

[ Aay(ehrt — et 0 <t<25us

E() = { Aayels(t=t) cos[r(t — tg)] 2.5us < t < 50us 17
where, a1 = 1.037243, a; = 0.9977558, by = —0.0146589, by = —2.4690878, b3 = —1.201726,
to=2.5,A=330kV

Taking into account the dependence of the distribution parameters on water con-
tent and frequency, the excitation pulse is decomposed into a series of simple harmonics
with a single frequency by FFT. By solving the MTL equation in vector form, the electric
field distribution of each insulating layer along the thickness direction, under sinusoidal
excitation at various frequencies, can be obtained, and then, the results can be superim-
posed to obtain the total electric field time-domain distribution of each insulating layer
under different humidity conditions. Figure 5 shows the excitation pulse waveform in the
frequency domain.
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Figure 5. Excitation pulse waveform in the frequency domain.

Peak value in frequency domain [pu]

It can be seen, from the preliminary calculation results, that the electric field is relatively
concentrated in the 0-2.5 ps time period. Therefore, the electric field distribution, in
this time period, is mainly studied. According to d2[U(x)]/dx? = [P]*{exp(—[P]x)[UJ]+
exp([P]x)[Uy]., the maximum electric field strength of the insulating layer, at any time, is
located at the end of each insulating layer. Therefore, the electric field strength at the end
of the insulating layer is taken for analysis. The electric field intensity distribution at the
end of each insulating layer, within 0-2.5 pus under different humidity conditions, is shown
in Figure 6 below:

It can be seen from Figure 6 that, when the water content of the IOCT insulation system
is less than 2.6%, the electric field strength is mainly concentrated in the oil-immersed
insulating paper, and the maximum value appears in the oil-immersed insulating paper
III at 0.5 ps, which is 2476.49 V/mm; on the contrary, when the water content of the
IOCT insulation system is higher than 2.9%, the maximum electric field strength appears
in the semi-conductive paper II at 0.6 us, which is 18.9 x 104 V/mm; when the water
content of the main insulation is between 2.6% and 2.9%, the electric field strength of the
insulating layer is evenly distributed between the oil-impregnated insulating paper and
the semi-conductive paper. It can be seen that the moisture content of 2.6% is the inflection
point that affects the electric field distribution of the IOCT insulation system. With the
change of moisture content, the most violent change in electric field strength appears in
oil-impregnated insulating paper I. At 2.5 us, the electric field strength of oil-impregnated
insulating paper I, with a water content of 4%, is at a water content of 0.1%. It can be
seen, 2.3 x 107 times, that the influence of moisture content on the electric field intensity
distribution is very significant. The results show that the proposed calculation method
is effective and has engineering guiding significance for the optimization of IOCT main
insulation design.
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Figure 6. Changes of electric field intensity, at the end of each layer of the insulation system, with
time under different humidity conditions: (a) oil-impregnated insulating paper I; (b) semi-conductive

paper I; (c) oil-impregnated insulating paper II; (d) semi-conductive paper II; (e) oil-impregnated

insulating paper IIIL.

5. Conclusions

Based on the FDS measurement and analysis of the dielectric parameters of IOCT
insulation materials under different water content conditions, the paper establishes the
MTL model of IOCT main insulation and studies the VFTO distribution under different

water content conditions, drawing the following conclusions:
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(1) Experimental measurement shows that water content and frequency have a great
influence on the complex relative permittivity of the IOCT insulation system materi-
als (oil-impregnated insulating paper and semi-conductive paper), so the influence
of water content and frequency needs to be considered in the calculation of IOCT
electric field.

(2) The complex relative permittivity FDS of oil-impregnated insulating paper and semi-
conductive paper can be described by the modified double relaxation Cole-Cole model.
Then the IOCT insulation layer distribution parameters (longitudinal capacitance K,
resistance R and capacitance to ground C) can be expressed as a function of water
content m% and frequency w.

(3) The equivalent circuit diagram of the IOCT single-layer insulation is overturned.
Based on this, the MTL model of the insulation system is established, and the VFTO
distribution under different water content conditions is calculated.

(4) The moisture content has a significant influence on the electric field distribution of
the IOCT insulation system, and the moisture content of 2.6% is its inflection point.
The results prove that the proposed calculation method is feasible for studying the
VFTO distribution of IOCT main insulation under the conditions of considering the
water content and frequency dependence of the dielectric parameters of the material.
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