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Mixed Three-Parameter Weibull )
Breakdown Distribution Model greckie
and Breakdown Mechanism of Metalized

Films

Jing Lan, Hua Li, Guohao Zhang, Fuchang Lin, and Gang Liu

Abstract The breakdown characteristics of the metallized film significantly affect
the reliability of self-healing capacitors. Traditional two-parameter Weibull distri-
bution can be well described breakdown distribution of metallized film, but it is
difficult to describe its early failure intuitively. Metallized film breakdown under
low field strength has important influence on the reliability of the capacitor. In this
paper, a mixed three-parameter Weibull distribution model is established to describe
the breakdown characteristics and to analyze the mechanisms of metallized film.
Metallized polypropylene films with different electrode thicknesses are chosen as
the object to study the breakdown characteristics and mechanisms. The paper has
shown there are three apparent breakdown peaks in the breakdown field strength
of 400-500, 500-600 and 600-700 V/uwm, which correspond early failure break-
down, low-field defects breakdown, near-intrinsic breakdown. The metallized film
with electrode thickness d; has been used as an example to state that three-parameter
‘Weibull model can well describe different breakdown mechanisms. Moreover, the
paper has shown that near-intrinsic breakdown is the main breakdown mechanism
for metallized films.
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1 Introduction

Owing to the self-healing characteristics, the insulation can be recovered after the
local breakdown in the metallized film capacitors, which make them can work under
high field with high reliability [1, 2]. Metallized film capacitors have been widely
used as DC-link capacitors in VSC-HVDC and other fields [3, 4].

Metallized film capacitors are generally made by the polypropylene films with
evaporated metal electrode winding around a mandrel [5]. Impurities or defects are
introduced in the metallized films during the production process, which lead to the
electrical weak points. Breakdown event will occur first at the weakest point and a
discharge channel will form under an external electrical field. Then the metal elec-
trode will be evaporated and ionized to form an arc as a result of Joule heat of the
breakdown current. As the electrode evaporation area increases, the input electrical
energy will be not enough to maintain the arc burning so that the shrinkage and
extinguishment happens. After that the insulation recovers. The whole process is
called “self-healing” [6-9]. The self-healing performance is affected by the break-
down performance directly, which affects the reliability of the capacitor. Therefore,
it is necessary to study the breakdown distribution characteristics and mechanisms
of the metallized films.

The breakdown strength of the metallized film is generally described by the
two-parameter Weibull distribution [10-14]. The two-parameter Weibull distribu-
tion is a simplified form in fact when the position parameter of the three-parameter
Weibull distribution is set as zero [11]. Although the parameter estimation for the
two-parameter Weibull distribution is simplified, it cannot describe the minimum
breakdown strength of the metallized film. The three-parameter Weibull distribution
can also describe data better. Additionally, some studies have shown that the data in
the region of low breakdown probability deviates from a single distribution. It indi-
cates that there are several breakdown mechanisms for metallized films [10, 13, 14].
The mixed Weibull distribution can describe the breakdown data better and provide
a method for analyzing the breakdown characteristics and influencing factors caused
by different breakdown mechanisms [13, 14]. Therefore, it is necessary to establish
a mixed three-parameter Weibull breakdown distribution model for metallized films.

In this paper, a mixed three-parameter Weibull breakdown distribution model
for metallized films has been established. And the metallized polypropylene film
with different electrode thickness has been taken as the object for the breakdown
experiments. Then the breakdown mechanisms of the metallized films and the effects
of the electrode thickness have been studied.
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2 Mixed Three-Parameter Weibull Distribution Model

The breakdown events of metallized films occur at the weakest points, which satisfy
the extreme value distribution physically. The distribution also has the characteristics
of large dispersion and wide distribution so that described by Weibull distribution
generally. The cumulative distribution function (CDF) and probability density func-
tion (PDF) of the three-parameter Weibull breakdown distribution are expressed as

[15]
|: Eb - Emin P
F(Eb) =1- €xXp —<T) (l)

E, — Emin p=1 E, — Emin P
f(Ep) = é(—b ) exp[—(—” ) } @)
(0% (07 o

where E}, is the breakdown field strength; E,,;;, is the position parameter, known as the
characteristic breakdown field strength, which represents the minimum breakdown
strength of the metallized film; « is the scale parameter; 8 is the shape parameter,
which represents the breakdown field strength of dispersion. The maximum likeli-
hood estimation (MLE) method can be used to estimate the parameters of the three-
parameter Weibull distribution, which is more difficult than the two-parameter form
[15, 16]. The position parameter E,,; sometimes needs to be estimated in advance
[17]. Some studies about metallized films breakdown have shown that the estimated
position parameter E,,;, is close to the lowest experimental breakdown strength [11].
Therefore, E,;, is determined as the lowest experimental breakdown strength in this
paper.

The parameters E, and E,, are defined to describe the breakdown field strength
of the metallized film. E, represents the breakdown strength when the cumulative
probability is 63.2%, defined as

Ea = Emin + o (3)

E,, represents the breakdown strength corresponding to the peak value of the proba-
bility density curve, which represents the breakdown strength corresponding to the
maximum probability. The derivative of the probability density function is expressed
as

sy —ar)
P == T

.\ B —Epi
(B B oy @

o

Let Eq. (4) be equal to zero and then the expression of E,, can be obtained as
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As mentioned above, there may be multiple breakdown mechanisms for the metal-
lized films. Assuming that the ith breakdown mechanism has its corresponding
distribution F;(E) and F;(Ep) which are independent of each other. If there are
n breakdown mechanisms totally for the metallized film, then the CDF of mixed
three-parameter Weibull distribution can be expressed as [18]

miFi(Ep)  Enin1 < Ep < Enin2
2
Z sz(Eb) EminZ = Eh < Emin3
F(Ep) = { =t (6)

n
Z mlFl(Eb) Eminn < Eb

i=1

F o |: <Eb_Emini>ﬂ[j|
i(Ep) =1 —exp|— Y (7

where m; represents the proportion of each sub-distribution to the total distribution
and also represents the impact of the breakdown caused by the ith breakdown mech-
anism; «;, B; and E,;,,; respectively represents the scale parameter, shape parameter
and position parameter of each sub-distribution. In addition, each F;(E}) has its E,;
and E,,;. According to the changing laws of m;, E,;, and E,,;, the influencing factors
for different breakdown mechanisms can be analyzed.

For the estimation of Weibull distribution parameters, maximum likelihood esti-
mation (MLE) method was used in this paper. Statistical analysis was performed in
MATLAB and ORIGIN software.

3 Experiment Setup

In this paper, metallized polypropylene films were used as the object and an experi-
mental platform was established for studying the breakdown under DC voltage. The
experimental circuit is shown in Fig. 1. The DC voltage was supplied by a DC source.
A high-voltage probe was used to measure the voltage waveform during break-
down processes. The experimental sample were single-sided metallized polypropy-
lene films. The electrode thickness of the metallized polypropylene film was d;, d»
and d3 from high to low. The film thickness is 6 wm and the capacitance of samples
was controlled as a constant. The experimental temperature and external pressure on
films were also controlled as the constants by the platform. In the experiment, a DC
voltage of 100 V/s has been applied on samples until the breakdown events occurred.
Then the breakdown voltages were recorded.
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Fig. 2 Typical breakdown voltage waveforms

The typical breakdown voltage waveforms for metallized films are shown in
Fig. 2. In the experiment, single breakdown events and continuous breakdown events
occurred. Continuous breakdown events usually occurred at the same breakdown
points a few microseconds after the first breakdown event. The single breakdown
events dominated the experimental breakdown events. In the following analysis,
the breakdown voltages of continuous breakdown events were taken as the first
breakdown voltages Uyp;.

4 Results and Discussion

Firstly, the breakdown strength distribution of metallized film with electrode thick-
nesses d;, d, and ds were estimated in the form of Eq. (1), in which the position
parameter Emin was taken 400 V/pwm according to the lowest experimental break-
down strength. The breakdown PDF curves are shown in Fig. 3 and the parameters
are shown in Table 1.

As shown in the graphs, the breakdown strength of the metallized film increases
as the electrode thickness decreases. When the electrode thickness decreases from
dy to ds, E, and E,, increases by 4.9 and 5.2%. The numbers of breakdown data
above 600 V/pm for films with electrode thicknesses of d;, d; and d3 are 40, 45 and
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Fig. 3 Three-parameter Weibull distribution for metallized films with different electrode thickness

Table 1 Three-parameter Weibull distribution parameters

Electrode thickness Epin (V/ium) o (V/pm) B Ey (V/pm) E,, (V/pum)
di 400 209.2 35 609.2 590.0
d> 400 222.0 2.9 622.0 591.9
ds 400 239.2 3.8 639.2 620.7

55 groups. It indicates that the probability of breakdown in high fields increases for
films with low electrode thicknesses. The breakdown probability density distribution
curve generally shifts toward high field strengths. It indicates that the defects in the
film are less when the electrode is thinner so that the overall breakdown strength is
higher. It can be concluded that the electrode vaporization process is closely related to
the number of defects. The lower electrode thickness means the shorter vaporization
time, which leads to the less damage for films.
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Moreover, the breakdown strength data of metallized polypropylene films show
three apparent breakdown peaks in each of the three intervals 400-500 V/pm, 500-
600 V/pm and 600-700 V/um. It indicates that there are three breakdown mech-
anisms for metallized polypropylene films. The three breakdown mechanisms are
defined as early failure breakdown, low-field defects breakdown and near-intrinsic
breakdown according to the breakdown strength from low to high. The break-
down strength distribution is fitted with a mixed three-parameter Weibull distri-
bution containing three sub-distributions to further analyze the different breakdown
mechanisms, with the cumulative distribution expressed as

1
> m;iF;(Ep) Emin1 < Ep < Emin2

i=1

2
F(Ep) = Z m;Fi(Ep) Emina < Ep < Enqin3 (®)

i=1

3
ZlmiFi(Eb) Eninz < Ep

where F;(Ej), F;(Ep) and F;(E}) are the cumulative probability distribution func-
tions of early failure breakdown, low-field defects breakdown, and near-intrinsic
breakdown respectively. The sub-distributions of the three failure types are linearly
summed to form the total distribution of cumulative breakdown probability. A typical
mixed three-parameter Weibull breakdown PDF curve is shown in Fig. 4.

As shown in Fig. 4, there are overlapping regions between the sub-distributions
of different breakdown mechanisms, which is as expected. If there is no overlap
region, there will be a breakdown strength point with probability density of zero.
The position parameters E,n1, Epinz and E ;3 for early failure breakdown, low-
field defects breakdown and near-intrinsic breakdown are 400 V/pum, 483 V/ium and
562 V/pm respectively. And the breakdown strength E 1, E,» and E ;3 are 452.4 V/
pm, 573.5 V/pum and 640.2 V/um respectively, which fit the positions of breakdown
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peaks. It indicates that the mixed three-parameter Weibull distribution model of
metallized films can describe the different breakdown mechanisms efficiently.

Furthermore, the proportions of sub-distribution to total distribution for early
failure breakdown m;, low-field defect breakdown m, and near-intrinsic break-
down mj3 increases in order. It indicates that the breakdown is mainly caused by
near-intrinsic breakdown, followed by low-field defect breakdown and early failure
breakdown has the least effect. Although early failure is not the main breakdown
mechanism, it characterizes the lowest breakdown strength of the metallized film
and is closely related to the reliability of the metallized film capacitors. Therefore,
it is necessary to further analyze the characteristics and influencing factors of each
mechanism in the subsequent studies.

5 Conclusion

In this paper, a mixed three-parameter Weibull distribution model for metallized films
was established and the influence of electrode thickness on breakdown distribution
was investigated. The breakdown mechanisms of metallized polypropylene films
were analyzed and the following conclusions were obtained:

(1) The breakdown strength of metallized film increases with decreasing electrode
thickness. The number of defects in films is lower for lower electrode thickness
metallized film. These defects are closely related to vaporization. The lower
electrode thickness means the shorter vaporization time, which leads to the less
damage for films.

(2) There are three different breakdown mechanisms in metallized films, which
are early failure breakdown, low-field defects breakdown and near-intrinsic
breakdown. Near-intrinsic breakdown is the main breakdown mechanism. The
mixed three-parameter Weibull distribution model for metallized films can well
describe the different breakdown mechanisms of metallized films and can be
used to analyze the influencing factors of different breakdown mechanisms
efficiently.
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References

1. Sandstrom GO, Tingstrom J (2008) Management of radical innovation and environmental
challenges: development of the dry Q capacitor at ABB. Eur J Innov Manag 11(2):182-198

2. Zhao Z, Davari P, Lu W, Wang H et al (2021) An overview of condition monitoring techniques
for capacitors in DC-Link applications. IEEE Trans Power Electron 36(4):3692-3716



Mixed Three-Parameter Weibull Breakdown Distribution Model ... 9

11.

12.

13.

14.

15.

16.

17.

18.

. Tang Y, Chen M, Ran L (2016) A Compact MMC submodule structure with reduced capac-

itor size using the stacked switched capacitor architecture. IEEE Trans Power Electron
31(10):6920-6936

. Qin S, Ma S, Boggs SA (2012) The mechanism of clearing in metallized film capacitors. In:

Proceedings of the IEEE international symposium on electrical insulation, pp 592-595

. Belko VO, Emelyanov OA (2016) Selfhealing in segmented metallized film capacitors:

experimental and theoretical investigations for engineering design. J Appl Phys 119(2):024509

. Kammermaier J, Rittmayer G, Birkle S (1989) Modeling of plasma-induced self-healing in

organic dielectrics. J Appl Phys 66(4):1594-1609

. Belko VO, Emelyanov OA, Ivanov 10 (2021) Self-healing processes of metallized film

capacitors in overload modes-part 1: experimental observations. IEEE Trans Plasma Sci
49(5):1580-1587

. Belko VO, Emelyanov OA, Ivanov IO et al (2020) The diagnostics of metallized film capac-

itors under soft training test. In: 2020 international conference on diagnostics in electrical
engineering, ppl-4

. Kerwien CM, Malandro DL, Broomall JR (2016) Large area DC dielectric breakdown voltage

measurement of BOPP and PTFE thin films. In: 2016 IEEE conference on electrical insulation
and dielectric phenomena (CEIDP), pp 486489

. Laihonen SJ, Gifvert U, Scjiutte T et al (2004) Influence of electrode area on dielectric break-

down strength of thin poly(ethyleneterephthalate) films. In: The 17th annual meeting of the
IEEE lasers and electro-optics society, pp 563-567

Laihonen SJ, Gifvert U (2007) DC breakdown strength of polypropylene films: area
dependence and statistical behavior. IEEE Trans Dielectr Electr Insul 14(2):275-285
Rytoluoto I, Lahti K (2015) Large-area dielectric breakdown performance of polymer films—
part I: measurement method evaluation and statistical considerations on area-dependence. IEEE
Trans Dielectr Electr Insul 22(2):689-700

Rytoluoto I, Lahti K (2011) Effect of film thickness and electrode area on the dielectric
breakdown characteristics of metallized capacitor films. In: Nordic insulation symposium,
pp 33-38

Bain LJ (1978) Statistical analysis of reliability and life-testing models: theory and methods, I'st.
Marcel Dekker, New York

Denis C (2009) Fitting the three-parameter weibull distribution: review and evaluation of
existing and new methods. IEEE Trans Dielectr Electr Insul 16(1):281-288

Li X (2012) Research on estimation for the three-parameter Weibull distribution. Beijing
Jiaotong University, Beijing (in Chinese)

Hauschild W, Mosch W (1992) Statistical techniques for high-voltage engineering, 2nd edn.
Institution of Engineering and Technology, Philadephia

Liu F (2018) Three-parameter Weibull distribution FMM and its application. Stat Decis 15:14—
17 (in Chinese)



Risk Assessment of DC Bias in Multi DC m
Projects Under Different Operating L
Conditions

Renbin Su, Jianming Zou, Wei Wang, Bochao Yang, Hailiang Lu,
Zhihui Zheng, and Xishan Wen

Abstract With the continuous expansion of the power grid, large-scale AC/DC
hybrid transmission systems are currently facing greater pressure on DC exceeding
the standard. By collecting historical operating data of various DC grounding elec-
trodes in Central China, this paper determines the possible operating conditions of
multiple DC grounding electrodes, proposes equivalent models for substations and
transmission lines, and establishes a DC current model for Central China power
grid. Based on the developed DC bias simulation software, the ground potential,
grounding current, and DC bias current of substations near the grounding electrode
under different operating conditions are calculated. The study found that the impact
of the combined action of multiple DC projects on DC bias in substations can be
equivalent to the vector superposition of the respective effects of a single DC ground
electrode. When multiple DC ground electrodes with the same polarity operate in a
relatively close monopolar earth loop, it may further exacerbate the DC bias risk in
nearby substations. The research conclusions can provide a reference for DC bias
risk assessment and management in areas where multiple DC projects are located.

Keywords Multi DC engineering * Different working conditions + DC bias -+ Risk
assessment

1 Introduction

Facing the opportunities and challenges of the rapid development of new energy
under the “double carbon” target, the power grid will promote the clean and low-
carbon efficient use of energy through supply-side structural adjustment and demand-
side response [1, 2]. However, the population distribution and energy distribution in
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China are highly uncoordinated, and the vigorous development of clean energy will
put a higher demand on energy transmission in China, and large capacity and long
distance energy transmission is indispensable. DC transmission has the advantages of
large transmission capacity, easy and fast control of power magnitude and direction,
and saving line corridors, which are widely used in long-distance electric energy
transmission [3-5].

The DC grounding electrode is an important component of the DC transmission
system, and the operating current flows back through the earth via the grounding elec-
trode during the operation of the DC transmission system with a single earth return
[6-8]. The DC current flowing through the earth will cause the earth potential around
the grounding pole to be unequal and produce a DC potential difference between two
substations that are far apart. Since the DC resistance of the transmission line between
the two substations is much smaller than the earth resistance, the DC current will
flow back through the transformer winding directly grounded at the neutral point
with the transmission line, thus producing a serious DC bias effect, which makes the
transformer core severely saturated and the excitation current increases to distortion,
generating a large number of harmonics in the system [9—11].

With the continuous expansion of power grid scale, large hybrid AC-DC trans-
mission systems are now facing higher pressure of DC overruns, and the increased
number of DC transmission projects will lead to more serious risk of DC bias of power
grid. Luo et al. proposed a critical site identification method for biased DC under
the joint action of multiple grounding poles, and established criticality indexes that
have an important influencing role on biased DC distribution considering uncertainty
of influencing factors to provide useful references for improving the early warning
capability of DC bias of grid transformers [12]. Sun et al. studied the DC bias problem
of £ 1100 kV Changji converter station and 4+ 800 kV Tianshan converter station
acting together, and found that when two double grounding poles are injected into
DC simultaneously, the plant station which originally has no risk of DC bias is also
at risk; finally, the preventive methods and strategies for DC bias management were
proposed [13]. Yang et al. simulated and compared various suppression measures
such as capacitor isolation method and resistance-capacity combination method for
the DC bias impact on the receiving power grid after the access of the Junto-Wannan
EHYV DC transmission project, and proposed a comprehensive management strategy
for DC bias [14]. Duan et al. found that the current on one line does not flow back
through the other lines when multiple DC lines operate unipolarly, and the DC current
in the EHV substation is equal to the algebraic sum of the single line when multiple
lines operate unipolarly at the same time [15].

Scholars at both China and abroad have conducted a lot of research on the risk
of DC bias under multiple DC systems, and fruitful research results have also been
achieved. However, when single-pole earth return operation occurs, the operation
mode of grounding poles also has an impact on DC bias [16-18]. In this paper,
we consider the risk of DC bias under different operation modes of multiple DC
grounding poles in Central China, and propose the corresponding solution measures
in a targeted manner.
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There are nine DC grounding poles in central China, and the DC bias risk problem
is very representative. In this paper, we obtain soil resistivity data of a large area
in Central China through field survey, investigate the historical operation data of
each DC grounding pole, calculate the probability of simultaneous operation of
multiple DC grounding poles with a single earth return, build a simulation model
of DC biomagnetism in Central China power grid, and propose a cross-region DC
biomagnetism risk assessment and management method for Central China power
grid, which can not only fundamentally solve the DC biomagnetism hazard in Central
China power grid, but also provide a solution for other regions. The proposed method
can not only solve the DC bias hazards in Central China Power Grid, but also provide
reference for the DC bias management in other regions.

2 DC Bias Simulation Model

2.1 General Overview of Central China Power Grid

DC transmission is an important technical means for large-scale energy transmis-
sion. The geographical distribution of DC transmission grounding poles in different
regions of China is shown in Fig. 1, which is the largest DC transmission power in
the world in terms of total installed capacity, accounting for about 80% of the total
installed DC transmission capacity worldwide. For the Central China Power Grid,
four provinces including Henan, Hubei, Jiangxi and Hunan have the most dense DC
transmission delivery points in China. Hubei grid currently has 5 DC transmission
project grounding poles, Henan grid has 2, Jiangxi grid and Hunan grid has 1 each.
There are 9 DC grounding poles in the whole Central China Power Grid, and the
information about each DC grounding pole is shown in Table 1.

In order to further evaluate the DC bias risk of the Central China Power Grid,
it is necessary to build a DC bias simulation model to evaluate the DC bias risk.
In this paper, DC bias simulation software is designed and developed for modeling,
and the DC bias results calculated by the simulation software are compared with the
actual measurement results to verify the reliability of the software. The modeling
using the software mainly consists of two aspects: firstly, the geographic information
modeling, i.e., the establishment of the topological map of the central China power
grid; secondly, the DC current modeling, i.e., the establishment of the equivalent
circuit diagram based on the distribution of each component in the AC power grid.
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Fig. 1 Geographical distribution map of DC transmission grounding electrode

Table 1 Overview of DC grounding electrode in central China power grid

DC grounding pole Grounding current Operation time | Number of monopole
during monopole earth geodesic runs since
operation (A) operation

Qingtai grounding pole 3000-300 2002 33

Yidu converter station old | 3000-300 2006 28

town grounding pole

Cao Bu lake grounding 3000-300 2004 44

pole

Songjia dam grounding 1200-120 1989 173 times since 2005

pole

Wugang grounding pole | 3000-500 2021 22

Chenjia grounding pole 2875 2014 1

Yaosai grounding pole 6000 2020 3

Shangweizi grounding 5000-3000 2017 20

pole

Lian lake grounding pole | 3000 2021 5

2.2 Geographic Information Modeling

The geographic information topology of the AC power grid in Central China was
created with transmission lines connected in single-loop operation, double-loop oper-
ation, and in some areas, triple- or quadruple-loop connections. The modeling of all
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1000 kV, 500 kV and 220 kV grids corresponding to the main wiring diagram of the
Central China Power Grid network requires consideration of three factors:

(1) Substation information, which includes the station’s geographical location,
grounding resistance, station transformer parameters, busbar and neutral point
information;

(2) Line information, including information on line type, number and length of
return lines;

(3) Earth model considering resistivity distribution.

According to the planning of the operation mode of Central China Power Grid,
its geographic information model is established. The total number of substations is
2385, among which 1516 are 110 kV substations, 737 are 220 kV substations, 127
are 500 kV substations and 6 are 1000 kV substations.

2.3 DC Current Modeling

Among the DC network models, the substation model is the most complex and can
be subdivided into above-ground part and underground part. The electrical wiring
diagram of a 500 kV substation with dual autotransformer medium voltage side bus
segment operation is shown in Fig. 2a, and the equivalent DC model of the substation
is shown in Fig. 2b.

The model of the above-ground part of the substation belongs to the pure circuit
problem, and the model mainly includes the substation node, transformer model,
and neutral series equipment model. The transformer model includes transformer
winding type, winding DC resistance, and transformer busbar. In the DC current
distribution calculation, it is only necessary to distinguish whether the transformer
is an autotransformer or not.

500KV Bus node

500KV line 15
500kV winding line
< 500KV Bus 220KV Bus node line
. “ e
; | | ,
Transformer #1 | b Transformer #2 ine 220KV winding
220KV Bus 220KV Bus
*  Neutral Points *  Neutral Points
L —{ | '
: . — Neutral point Neutral point
220KV line A 220KV line tandem device tandem device
: = Transformer nods
Transformer #1 Transformer #2 « Transformer node
X . Ground
| L Neutral point tandem device Ground

Ground resistance

Transformer Grounding network Inductive

1 resistance

(a) 500kV substation with double autotransformer
medium voltage side bus section operation

Fig. 2 DC model of AC power grid

(b) Equivalent DC model of the
substation
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3 Risk Analysis of DC Bias Under Different Operating
Conditions

As shown in Table 1, the number of times of single earth return operation of each
DC grounding pole in Central China since its commissioning was obtained through
research in the early stage, and it is known through calculation that the probability
of single earth return operation of a single DC grounding pole is about 1%, then the
probability of single earth return operation of two DC grounding poles at the same
time will drop to about 1/10000, so in the actual engineering context In this paper,
we do not consider the case of three DC projects with single earth return operation
at the same time.

According to the distribution of the nine DC grounding poles in Central China, the
four DC grounding poles of Songjiaba, Yidu, Caofuhu and Qingtai are close to each
other, which together constitute a grounding pole group and have the greatest impact
on the DC bias of the surrounding substations when a single earth return occurs
at the same time. Therefore, this paper takes Songjiaba and Yidu grounding poles
as examples to analyze the DC bias magnetization risk under different operating
conditions.

3.1 Risk Analysis of DC Bias Magnetization Under
the Action of a Single DC Project

Songjiaba DC Grounding Pole Single Pole Operation

The DC grounding electrode of Songjiaba occurs in single-pole earth return operation
with a rated incoming current of 1200 A. By building a simulation model, the DC
current distribution in the central China power grid is calculated as shown in Fig. 3.
From the calculation, it can be seen that there are 8 substations with DC bias current
over 0.2 A, among which the DC bias current of Chaoyang 500 kV substation reaches
1.35 A.

The current principles for selecting the DC bias current limit of transformers are as
follows: @ for 1000 kV transformers, the DC bias current limit is 2 A; @ for 500 kV
transformers, the DC bias current limitis 5 A; @ for 220 kV transformers, the DC bias
current limit is 7 A; @ for 110 kV transformers, no requirement for the time being.
220 kV transformer, the DC bias current limit is 7 A; @ for 110 kV transformer, no
requirement for the time being. By comparing with the DC bias current limit value of
transformer, it is considered that the DC bias current of the nearby substation meets
the safety limit value when the DC grounding pole of Songjiaba is operated in single
pole earth return mode.
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Fig. 3 DC bias current in L6
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Yidu DC Grounding Electrode Single Pole Operation

The Yidu DC grounding pole occurs with a single earth return operation with a rated
incoming current of 3000 A. The DC current distribution of the central China power
grid is calculated by building a simulation model as shown in Fig. 4. According to
the calculation, there are 13 substations with DC bias current over 0.2 A. Among
them, the DC bias current of Zhijiang 220 kV, Gujiadian 220 kV, Li Zhou 500 kV
and Chaoyang 500 kV substations exceeds 0.5 A. According to the requirement of
transformer DC bias current limit, the DC bias current of substations near grounding
electrodes also meets the safety limit. It means that the risk of DC bias magnetization
in substations is small when a single DC grounding electrode occurs in the earth return
operation.

3.2 Risk Analysis of DC Bias Under the Action of Multiple
DC Projects

The operation mode of DC grounding electrode is mainly divided into two types
when single earth return operation occurs: anode and cathode. From the previous
analysis, it can be seen that three DC grounding poles occur simultaneously in the
case of single-pole earth return operation mode can be disregarded in the actual
project, so this paper analyzes the risk of DC bias magnetization under the same
polarity of two DC grounding poles as well as the different polarity.
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Fig. 4 DC bias current in 10
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Songjiaba, Yidu Grounding Electrode with Anode Operation

When the single-pole earth return is in operation, the rated grounding current of
Songjiaba DC grounding pole is 1200 A, and the rated grounding current of Yidu
DC grounding pole is 3000 A. From the calculation as shown in Fig. 5, it can be
seen that there are 7 substations with DC bias current over 0.5 A, among which the
DC bias current of Chaoyang 500 kV substation reaches 1.87 A. According to the
requirement of transformer DC bias current limit, the DC bias current of Chaoyang
500 kV substation meets the safety limit.

Different Polarity Operation

In single-pole earth return operation, Songjiaba DC grounding pole is rated at 1200 A
with anode operation; Yidu DC grounding pole is rated at 3000 A with cathode
operation. From the calculation as shown in Fig. 6, it can be seen that there are 9
substations with DC bias currents exceeding 0.2 A, among which the DC bias current
of 220 kV substation in Zhijiang reaches 0.89 A. By further calculation, the DC bias
currents of the remaining substations also meet the safety limit.
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4 Risk Analysis of DC Bias Magnetization Under Different
Operation Modes

4.1 DC Bias Current

The DC bias current of the substation is further analyzed based on the ground poten-
tial and the total incoming current of the DC grounding electrode under different
operation modes. The DC bias currents of DC grounding electrodes under different
operation modes are shown in Fig. 7.

From Fig. 7, it can be seen that when the DC grounding poles operate in the same
polarity, the current fields in the ground will superimpose on each other, leading
to a further increase in the risk of DC bias in the substation; while when the DC
grounding poles operate in different polarity, the current fields formed in the ground
by the incoming low currents in the ground will cancel each other out, which will
instead reduce the risk of DC bias.

4.2 DC Bias Risk Theory for Superimposed Multiple DC
Projects

In fact, there is a certain operating probability of DC bias operation after considering
the superposition of multiple DC projects. Generally, the probability of unipolar
earth return operation in DC projects will be around 1%, and if two DC transmission
projects occur at the same time, the probability of unipolar earth return operation will
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drop to around 1/10000, so generally in the actual engineering background, three DC
projects will not be considered to occur at the same time, the unipolar earth return
operation.

The risk of DC bias under the action of two DC projects can be equated to the
vector superposition of ground potential and incoming current after the action of two
DC grounding poles alone, and the risk of DC bias of transformer can be evaluated
by the superposition value of DC current at neutral point. In this case, the neutral
DC currents of the transformer can be linearly superimposed as follows:

p
Ipc = ZIDC(Pi) (D

i=1

in which p is the number of DC transmission projects, P; is the specific DC
transmission project, and Ipc is the transformer neutral DC current due to P;.

5 Conclusion

This paper takes the central China power grid as the research object, and evaluates the
DC bias risk in central China through field research, field test, simulation calculation
and theoretical analysis, and proposes the DC bias risk analysis method under the
action of multiple DCs, the main conclusions are as follows:

(1) Through the operation data of nine DC grounding poles put into operation in
central China, the probability of single earth return operation of general DC
grounding poles is obtained to be about 1%, and it is clear that the situation of
single earth return operation of three DC grounding poles at the same time will
not occur in actual projects basically;

(2) When multiple DC grounding electrodes occur simultaneously in single earth
return operation, the ground potential, neutral point ground current and trans-
former DC biomagnetic current can be equated to the vector superposition of a
single DC grounding electrode acting alone;

(3) Multiple DC grounding electrodes in close proximity to each other in the
same area can be adjusted to achieve effective reduction of DC bias risk in
DC grounding electrode attached substations by adjusting the operation of DC
grounding electrode single earth return.
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Abstract The gas mixture of C4F;N/CO; is considered as a leading choice and envi-
ronmentally conscious solution for gas insulation. To maintain the stability of gas
insulating equipment and ensure the safety of operation and maintenance personnel,
it is crucial to choose suitable materials for treating C4F;N mixture and its decom-
position products. One potential material for adsorption is ZnBDC, which belongs
to the metal organic frameworks. Therefore, studying the interaction mechanism
between ZnBDC and C4F;N mixture and its decomposition products can provide
a theoretical basis for selecting suitable adsorbents for C4F;N/CO, gas insulating
equipment. In this study, we utilized GCMC simulation to investigate the adsorp-
tion process of C4F;N/CO, gas mixture and its nine decomposition products in
ZnBDC. By conducting a simulation of competitive adsorption with equal propor-
tions, we derived the distribution of adsorption density, adsorption isotherm, and
isosteric heats. Furthermore, a schematic diagram of CO molecules adsorbed inside
the ZnBDC cage was demonstrated. The results suggest that ZnBDC has good adsorp-
tion performance for decomposition products with little effect on C4F;N. Therefore,
it is a potential candidate for an adsorbent in C4F;N/CO, gas insulating equipment.

Keywords C4F;N/CO, + Decomposition products + ZnBDC - Molecular
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1 Introduction

Sulfur hexafluoride (SF¢) is a synthetic gas that has been widely used in high-voltage
electrical equipment due to its excellent insulation and arc extinguishing properties
[1]. The power industry accounts for more than 80% of approximately 10,000 tons
of SF¢ produced worldwide each year [2]. Despite its effectiveness, SFg is known to
be the greenhouse gas with the highest global warming potential to date. The long
atmospheric lifetime of SFg and its strong ability to absorb 10.5 pm infrared radiation
means that each kilogram of SFs emitted has a greenhouse effect equivalent to 23.9
tons of CO,. The lack of effective measures to treat and recover SFg gas released
into the atmosphere leads to a gradual accumulation of its global warming effect,
which poses a permanent threat to the atmospheric environment. As the SF¢ industry
grows rapidly, the pressure on environmental protection is increasing. As a result,
finding new insulating gases that can replace SF¢ has become a critical topic in the
interdisciplinary fields of electrical and chemical science.

Perfluoroisobutyronitrile (C4F7N) is a gas insulation material renowned for its
remarkable insulation capabilities and low impact on global warming. Despite its
high liquefaction temperature of 4.7 °C, C4F;N can be combined with CO, or other
compatible buffer gases. This combination allows for its efficient application in gas
insulation devices [3—5]. However, prolonged operation of gas-insulated switchgear
can lead to decomposition of the insulating medium as a consequence of local over-
heating and discharge phenomena. When C4F;N mixtures are involved, the decom-
position can generate hazardous and corrosive gases, some of which can adversely
affect the insulating characteristics of the mixtures. To address this, adsorption mate-
rials are commonly installed within the switchgear chamber. These materials serve to
absorb the decomposition products, enabling the gas insulation equipment to main-
tain stable operation for a longer duration [6-9]. This study focuses on the investiga-
tion of nine decomposition products (CO, CF4, C,Fg, C3Fs, C3Fg, CF;CN, C,F5CN,
C2N2 and COFQ)

Currently, gas-insulated equipment commonly employs porous materials like
molecular sieves and activated alumina as adsorbents [ 10, 11]. Nevertheless, previous
studies have indicated that the adsorption efficiency of decomposition products in
C4F7N mixtures is not optimal, and these adsorbents can also impact the primary gas
C4F;7N. One potential solution lies in the utilization of a metal-organic framework
(MOF) called zinc benzene dicarboxylate (ZnBDC). ZnBDC is a porous material
renowned for its remarkably high internal surface area, rendering it suitable for
various applications related to gas separation, storage, and adsorption. This research
paper aims to employ GCMC simulations to predict the performance of ZnBDC in
the treatment and detection of decomposition components present in C4F;N/CO, gas
mixtures. The outcomes of this study can provide valuable theoretical support for
future endeavors. Furthermore, we examine the interaction characteristics between
ZnBDC and C4F;N/CO,, as well as its decomposition products.
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Fig. 1 Optimized ZnBDC
supercell structure

2 Simulation Details

2.1 Adsorption Model

The adsorption investigations were conducted in Materials Studio, utilizing structures
constructed based on the Cambridge Crystallographic Data Centre (CCDC). Prior to
performing Grand Canonical Monte Carlo (GCMC) simulations, the C4F;N/CO, gas
mixture and its nine decomposition products (CO, CF,, C,F¢, C3Fg, C3Fg, CF3CN,
C,FsCN, C,N; and COF,) underwent geometric optimization using the Forcite code.
Additionally, the guest molecules underwent the application of electrostatic potential
(EPS) charges. To ensure simulation precision and satisfy the condition that the length
of the three spatial dimensions was greater than twice the cutoff radius, a 5 * 3 * 3
supercell model was employed for ZnBDC. The Universal force field was employed
to describe the MOF parameters, and geometry optimization was achieved using the
forcite module to attain a stable geometry, as depicted in Fig. 1.

2.2 GCMC Simulation

In the study, both solid structures of the adsorbate molecules and ZnBDC were
taken into consideration. The electrostatic interactions were treated using the Ewald
method, while the van der Waals interactions were treated using the Atom-based
method. Prior to running the sorption module, the symmetry of ZnBDC was changed
to P1. The simulation consisted of 1 x 103 steps to achieve equilibrium. Subse-
quently, 1 x 10® production steps were performed to sample thermodynamic prop-
erties. To simulate equal proportion competitive adsorption, the sorption module
was employed, utilizing the Universal forcefield and the Metropolis method. The
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temperature was set at 298 K and the fugacity of both the C4F;N mixture and its
decomposition products were maintained at the same level, ranging from 107" to
100 kPa.

3 Results and Discussion

Through the implementation of equal proportion competitive adsorption simulations,
significant findings were obtained, including the distribution of adsorption density,
adsorption isotherm, and isosteric heats.

Figure 2 displays the adsorption density distribution, which provides insights into
the distribution of adsorption sites and the corresponding density distribution of the
adsorbate at those sites. The analysis of the data reveals that the gas molecules are
primarily concentrated within the ZnBDC pore cage.

Figure 3 presents the adsorption isotherm for the equal proportion competitive
adsorption simulation. It is evident from the figure that ZnBDC demonstrates a
notable capability for adsorbing the decomposition products of the C4F7N mixture
during equal proportion competitive adsorption. The adsorption behavior of different
decomposition product molecules in ZnBDC significantly varies in response to pres-
sure. CO molecules exhibit low initial adsorption efficiency but rapidly increase with
increasing pressure. In contrast, CF, exhibits relatively high initial adsorption effi-
ciency but decreases sharply with pressure, indicating weaker interaction strength
between CF, and the active sites of ZnBDC when compared to other C4F;N decom-
position components. Overall, CO, CF3CN, C;N,, C;Fg, and COF, are more domi-
nant in competitive adsorption, exhibiting higher adsorption capacity. The obtained
results provide conclusive evidence that ZnBDC exhibits a preference for adsorbing
the decomposition products of the C4F;N mixture, while exerting minimal influence
on the primary gas insulation medium within the equipment.

Fig. 2 Adsorption density
distribution of ZnBDC
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Fig. 3 Adsorption isotherm of ZnBDC

Figure 4 displays the isosteric heats obtained from the simulation of equal propor-
tion competitive adsorption. The range of adsorption heats observed falls within
the range of 30-100 kJ/mol, suggesting that physical interactions predominantly
drive the adsorption process. The high adsorption heat of molecules such as CF;CN
suggests a strong adsorption effect, which explains their high adsorption capacity.
However, molecules such as C;FsCN and C4F;N exhibit high adsorption heat but
low adsorption capacity, implying that adsorption performance is influenced not only
by adsorption heat but also by other factors, such as molecular volume, polarity, and
functional groups.

In addition, CO with the greatest adsorption capacity was chosen to simulate
its distribution within ZnBDC. The simulated pore structure of ZnBDC and the
distributions of guest gas molecules are presented in Fig. 5. The figure illustrates that
CO is effectively adsorbed inside the ZnBDC pore cage, and that each pore cage can
accommodate multiple small-volume gas molecules similar to CO.
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Fig. 4 Isosteric heats of ZnBDC

Fig. 5 a Pore structure of ZnBDC b GCMC simulations of guest inclusion structure for ZnBDC

4 Conclusion

In this study, we conducted a simulation of equal proportion competitive adsorption
for the C4F7N mixture and its decomposition products to evaluate the adsorption char-
acteristics of ZnBDC. The adsorption density distribution, adsorption isotherm, and
isosteric heats were obtained. Additionally, we displayed the simulated pore struc-
ture of ZnBDC and the distributions of guest gas molecules. Our analysis reveals
that the gas molecules are predominantly distributed within the ZnBDC pore cage.
The outcomes of our research provide evidence that ZnBDC has a minimal influence
on the primary gas insulation medium utilized in equipment. Additionally, ZnBDC
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exhibits a notable adsorption capacity for the decomposition products derived from
the C4F7N mixture. The adsorption capacities of CO, CF;CN, C,;N,, C,Fg, and
COF, are relatively high, and they perform well in competitive adsorption. Further-
more, we found that adsorption performance is influenced not only by adsorption
heat but also by other factors, such as molecular volume, polarity, and functional
groups. Moreover, our study suggests that the pore cages of ZnBDC can accom-
modate multiple small-volume gas molecules similar to CO. Further experimental
studies can help elucidate the adsorption performance of ZnBDC, and other potential
adsorbents should also be explored.
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Abstract High voltage cables are key factors that determine the quality and capacity
of power transmission. Polyimide has been widely concerned for its excellent thermal
stability and electrical insulation properties, and has been used in the development of
cable insulation materials. The surface charge of insulating material has an important
influence on the performance of the material. It can not only distort the electric field
around itself, but also provide a discharge channel for surface discharge, which affects
the safe and stable operation of power system. In this paper, the surface of polyimide
for new cables is subjected to voltage treatment by needle-plate electrode, the surface
potential is measured by electrostatic probe method, and the surface charge is calcu-
lated by inverse mathematical method. The surface charge accumulation distribution
characteristics of the polyimide under different applied voltage times and amplitudes
and the surface charge dissipation distribution characteristics under different dissi-
pation time under DC high voltage are obtained. The experimental results show that
increasing the time and amplitude of voltage applied to the polyimide can promote
the accumulation of electric charges. The surface electric charges take on the form
of charge patterns and are unevenly distributed. On the whole, compared to the edge
position of the material, the charge density at the center position is greater, and in this
case, the surface electric charge distribution does not have similarity. In the decay
process, the surface potential of the center of the material decays faster than the
surrounding, forming a bell shape. Under the action of the electric field, the surface
charge pattern presents a positive and negative alternating phenomenon.

Keywords Surface charge - Polyimide + Charge accumulation + Charge
dissipation - Inversion calculations
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1 Introduction

With the development of the national economy, the power users have higher require-
ments for the security and reliability of the power system. Power cables have high
reliability in transmission lines, so they are widely used in transmission and distri-
bution, electric power and other fields [1, 2]. With the rapid development of cable,
the insulation performance of polymer materials in DC electric field has been paid
great attention by researchers. In recent years, researchers have found that when a
certain electric field is applied around the polymer material, a certain charge will
accumulate on the surface of the material, which is called surface charge [3, 4].
The existence of surface charge has an important impact on the performance of the
material, for the transmission cable in the power system, it will cause the surface
insulation strength to reduce, causing surface flashover, is an important cause of line
failure [5, 6]. Studying the mechanism of surface charge generation and attenua-
tion, and mastering the influence of surface charge on the insulation performance of
insulating materials, is helpful to further provide basis and guidance for the modifi-
cation treatment and insulation optimization of insulating media [7]. Therefore, it is
of great theoretical significance and scientific and technological value to study the
charge accumulation and dissipation on the surface of polyimide dielectric under DC
high voltage to ensure the safe use of power system.

In recent years, scholars have carried out a large number of experimental studies
on the surface charge accumulation phenomenon of polymer dielectrics, and have
achieved significant research results. Cherukupalli et al. conducted a study on the
surface charge distribution of polytetrafluoroethylene insulators under DC voltage,
and found that, under other conditions that remain unchanged, the surface charge of
the insulator will undergo polarity reversal due to the increase in the pressurization
amplitude [8]. Nakanishi et al. studied the relationship between the surface charge
accumulation and the polarity of the applied voltage, and measured it by dust diagram
method and electrostatic probe method. Finally, it was found that only negative charge
accumulated on the surface of the material when the negative voltage was applied
to the material. When a positive voltage is applied to the material, both positive and
negative charges accumulate on the surface of the material, but the positive charges
are more than the negative charges [9]. Wang Dibo conducted an experimental study
on the dynamic accumulation and dispersion process of surface charges on insulators.
The distribution characteristics of surface charges after accumulation and dissipation
were measured under different conditions. The results showed that the speed of
charge dissipation would be different due to different pressurization methods. At the
same time, the influence of temperature on the distribution of surface charge after
aggregation and dispersion is also studied. The results show that the distribution
characteristics of surface charge accumulation will be different according to the
increase in the time and amplitude of the applied voltage. The longer the voltage is
applied, the faster the surface charge accumulation. Similarly, the larger the voltage
amplitude is applied, the faster the surface charge accumulation. The polarity of
the applied voltage will also affect the charge distribution [10]. Zhou Wu carried
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out research and analysis on the reasons for the different distribution of surface
charge accumulation of insulators and also studied their dissipation characteristics,
through the dissipation process of surface positive charge under different applied
voltages [11]. Gremaud et al. found through experimental studies that temperature
can affect the surface charge dissipation rate, and the surface charge dissipation rate
will accelerate with the increase of temperature [12].

Polyimide has extremely high heat resistance, can withstand high temperatures
above 500 °C, and has good dielectric insulation and radiation resistance. Due to
these good properties, polyimide materials in the microelectronics industry insula-
tion has a wide range of applications. Therefore, in this paper, polyimide polymer
insulation material is selected as the sample, and the needle-plate electrode is used
to pressurize the surface of the specimen, and the surface charge is measured by
the electrostatic probe method, and the distribution characteristics of the surface
charge under different conditions are obtained, which lays a good foundation for the
application of subsequent polyimide new cables.

2 Method for Calculating Surface Charge of Polyimide
Polymers

The measurement system of this experiment can only measure the size of the surface
potential, cannot directly obtain the surface charge distribution. To obtain the surface
charge distribution results, it is necessary to convert them through mathematical
methods. Currently, researchers commonly use the inversion calculation method.
The inversion calculation method is based on the theory of electrostatic field, and
its basic idea is to first measure the surface potential of the material, and then divide
the surface of the insulating material into a grid, find the correlation matrix of each
small grid charge, and invert this correlation matrix to obtain the potential-charge
conversion matrix. Finally, the surface charge distribution of the insulating material
is obtained through the mathematical process of inverse calculation [13]. According
to the idea of finite element division, the surface of the insulating material is divided
by finite elements, and the total number of divisions is N. When N is large enough,
the surface of the insulating material is divided into small enough surface charge
cells, at which point the charge of each finite element surface can be considered
uniformly distributed [14]. According to the principle of potential superposition, the
electrostatic probe measures each potential and then stacks it in a linear combination.
First, the experimental device model is established, the model is meshed, and
then the divided grid is numbered in turn, a total of 100 grid elements. Set the charge
density of the upper surface of one of the grids to unit 1 and the rest to O to obtain
the potential distribution of the surface of the medium at this time, which is equal
to the first column of the matrix H~'. H~! depends on the physical structure of the
sample and does not change with the change of surface charge distribution, therefore,
according to the same calculation principle, the second grid is calculated. The surface
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charge density is also set to be unit 1, and the rest is 0, and the potential distribution
of the surface of the medium at this time is obtained. The vector is equal to the second
column of the matrix H~'. And so on, repeat 100 times, and finally get the complete
matrix H~!.

The potential—charge conversion matrix [H] can be obtained by inversing the
matrix H~!. The surface charge distribution can be obtained by multiplying the
matrix with the surface potential data. To facilitate the calculation, the surface charge
density will be calculated by joint programming of COMSOL and MATLAB.

3 Surface Charge Measurement Experiments

3.1 Preparation of Test Sample

The thin film polyimide is used as the sample, with a length of 28 mm, a width of
28 mm, and a thickness of 0.125 mm. Apply a conductive film to one side of the
sample to accumulate surface charges. Before the experiment starts, roughly clean
the dust on the surface of the sample for use.

3.2 Charge Measurement System

To achieve the measurement of the surface potential of polymer materials, a set
of measuring system was built. Firstly, a voltage is applied to the surface of the
material through a high-voltage power supply system connected with a needle-plate
electrode. Secondly, the surface charge is measured by an electrostatic probe method.
Therefore, Calvin probes were chosen as the tool for measuring surface potential. It
works by moving the Calvin probe above the dielectric to be tested, and the Calvin
probe measures the resulting potential as U;. Assuming the actual potential of the
dielectric is U, there is a constant potential difference between the Calvin probe and
the dielectric, so there is an equivalent capacitance C between the two. Since distance
has a certain relationship with C, when the distance changes, C also changes. Since
the potential difference remains constant, the amount of charge g caused on the probe
must be increased or decreased to accommodate the change in C, so that the probe’s
power circuit has a corresponding current.

According to the measuring principle of Calvin probe, the oscillator is used to
oscillate back and forth in a fixed position of the probe, and when the probe output
current is 0, the probe potential is equal to the dielectric potential U; = U,. In this
way, the probe potential can be regarded as the surface potential of the material.

To ensure the accuracy and validity of the measurement results, a motion control
system is used to control the movement of the specimen to facilitate potential
measurement at each point. The measured data is connected to the computer through
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a digital multimeter, and the measured data is exported to Excel for subsequent data
processing.

3.3 Surface Charge Accumulation and Dissipation
Experiments

Place the sample in the center of the electrode plate, measure its surface potential to
ensure that there is no accumulated charge on its surface, and perform the experiment
at room temperature of 25 °C. The corona charged method is used to pressurize the
surface of the sample, the needle electrode is connected with high-voltage DC power
supply. The plate electrode is grounded, and 4, 5, 6, 7 kV voltage is applied between
the needle plate electrodes. After pressurization for different time, the voltage was
removed, and the needle electrode was removed to make it far away from the sample.
According to the specification of the tested product, determining the motion track
of the measuring probe, and compiling the related motion program to control the
measuring probe to complete the measurement work. During measurement, the probe
shall move linearly to approach the surface of the test article, adjust the distance
when facing the surface of the test article, and keep it about 3 mm away from the
surface for measurement. During the whole measurement process, the measuring
probe shall be right and perpendicular to the test article, and keep a certain distance.
In the charge dissipation experiment, the voltage of 4, 5, 6 and 7 kV were applied to
the sample, and the center point position was measured after 30 min of dissipation,
and the dissipation law was obtained. After the measurement process, the data is
recorded and the surface potential information of the obtained sample is stored, and
then converted by mathematical methods to finally obtain the distribution map of
the surface charge density of the insulating material. After the whole experiment,
sort out the experimental instruments and treat the surface of the tested product to
facilitate the smooth progress of the next experiment.

4 Measurement Results and Analysis

In the surface charge measurement experiment, the amplitude of the voltage applied
to the polymer material was 4—7 kV at room temperature of 25 °C, and the charge
distribution during accumulation and dissipation was measured, respectively. When
a DC high voltage is applied between the needle-plate electrodes, the air near the
tip of the needle is ionized to form a corona discharge, and the charged particles
migrate to the surface of the specimen under the action of electric field forces to
form a surface charge.
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4.1 Surface Charge Accumulation

Figure 1 shows the surface charge accumulation when pressurized 6 kV at different
times. (a) Shows 30 min pressurization, due to the short pressurization time, the area
of the central red area is not very large, showing that the potential amplitude in the
middle position of the specimen surface is greater than the distribution state of the
edge position of the specimen. (b) Shows that the surface potential increases for 1 h
with increased surface potential and increased area in the center red area. Similarly,
the potential amplitude is greater than the edge of the specimen surface. (c) Shows
the surface potential of the specimen after 2 h of applied voltage, when the red and
green parts occupy most of the area, and the amplitude of the center potential of the
specimen surface reaches nearly 2400 V. This is because during the corona charging
process, the electric field line under the tip of the needle is the densest, and more
charge is easy to accumulate here under the action of electric field force.

In summary, due to the large number of measured data, the line chart is drawn from
the intermediate potential data under different pressurization times, which is easy to
analyze the surface potential change characteristics. As shown in Fig. 2, the middle
position potential size is 928.57 V when pressurized for 30 min, the middle position
potential size is 2180.29 V when pressurized for 1 h, and the intermediate position
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potential size is 2370.79 V when pressurized for 2 h. According to the experimental
data, the increase in voltage application time causes the surface potential to increase
under corona charging conditions. The potential growth rate is first fast and then slow,
indicating that the potential size does not increase with the increase of pressurization
time, but gradually tends to saturation.

4.2 Surface Charge Dissipation

Figure 3 shows the surface charge distribution characteristics when dissipated at
different times after applying the same voltage. (a) Shows the surface potential after
0.5 h of pressurization. (b) Shows the surface potential after 1 h of dissipation, and
the dissipation rate is very fast. (¢c) Shows the surface potential distribution after 4 h
of dissipation. The surface potential of the test sample is significantly slower than
the previous two hours, and there are still most areas where the surface charge is not
completely dissipated, which indicates that the charge accumulated on the surface
of the polymer material cannot be completely dissipated for a long time. During the
dissipation process, the shape of the charge distribution remains basically unchanged,
indicating that the rate of charge dissipation at each point is basically the same.

There are many data on the surface potential change in the dissipation process, so
the line chart is drawn by taking the potential value of the same position at different
dissipation times, which is easy to observe the potential dissipation characteristics.
As shown in Fig. 4, the surface charge dissipation results at the center point of
the sample surface. In the first 2 h, the surface potential dissipation rate is faster,
after which the surface potential dissipation rate gradually slows and approaches 0
potential, but does not completely dissipate. Figure 5 shows the potential change
trend under the same dissipation time for different applied voltage amplitudes, and
the potential change trend in the figure is linear function attenuation.
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According to Kindersberger et al., when the surface charge is mainly dissipated
through the gas side, the area with high charge density is easy to absorb the hetero-
geneous charge due to the large field strength. Therefore, the charge decay at the
peak of the cone curve is the fastest, so that the charge distribution pattern changes
to the bell shaped distribution, as shown in Fig. 6. Therefore, the gas side dissipation
belongs to the main dissipation path in this experiment.
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4.3 Surface Charge Distribution

Through the above charge density conversion method and the measured surface
potential size, the surface charge density distribution is calculated as shown in Fig. 7.
A voltage of 6 kV is applied to the surface of the material, and the density gradu-
ally increases with time, and the surface of the material presents a state of high
intermediate density and small edge density.

During dissipation, the surface charge dissipates rapidly during the first two hours,
slows down after two hours, and does not dissipate completely for a long time, as
shown in Fig. 8.

6.440 8.900

5413 1225
4385 5.550
3358 3.875
1330 2.200
1.303 0.5250
0.2750 -1.150
-0.7525 -2.825

mm 5 10 15 20 25 mm 5 10 15 20 25

(a) Applied voltage for 30min (b) Applied voltage for 2h

-4.500

Fig. 7 Charge density distribution at different applied voltage times

wCim*

5.240 2450
4,205 1988
3170 1.525
2135 1.063
L1 0.6000
0.06500

0.1375
09700

03250

- -2.005
0.7875

=3.040

-1.250

mm 5 10 15 20 25

(a)Dissipate for 30 min (b) Dissipate for 2h

Fig. 8 Charge dissipation surface charge density distribution plot



Study on the Surface Charge Accumulation and Dispersion Process ... 41

5 Conclusion

The existence of surface charges on polyimide used for new types of cables has
an important impact on the performance of materials. In this paper, an experi-
mental study on the accumulation and dissipation of surface charges has been carried
out on a constructed surface charge experimental measurement platform. A needle
plate electrode structure is mainly used to apply voltage to the surface of the test
object. After applying the voltage, the surface charges are quickly measured. As the
measured potential needs to be converted into surface charges through mathematical
methods, The effects of different voltage amplitudes and applied voltage times on
surface charge accumulation and dissipation are analyzed, and the following main
conclusions are obtained:

(1) Polyimide is a kind of polymer material, whose molecular structure contains
a large number of repetitive imide groups, which can form linear or cross-
linked structures during the polymerization process. When polyimide materials
have charges on their surfaces, these charges repel each other, leading to the
aggregation of molecular chains on the surface to form a certain shape. Under
DC high voltage, with the same voltage amplitude, the potential amplitude
and charge density of the surface area of polymer materials become larger and
higher as the voltage application time increases. At the same time, as the voltage
amplitude increases, the potential amplitude of the surface area of polymer
materials becomes larger and larger, and the charge density becomes higher
and higher. Increasing the time and amplitude of voltage applied to polymer
materials can promote the accumulation of electric charges. Surface charges
take the form of charge patterns and are unevenly distributed. On the whole, the
charge density at the center is higher than that at the edge of the material, and
in this case, the surface charge distribution is not similar.

(2) During the attenuation process, the potential of the central surface of the material
decays faster than the surrounding area, forming a bell shape. Under the action
of the electric field, the surface charge pattern exhibits a positive and negative
alternating phenomenon. The reason for the positive and negative alternation
is that the polyimide group contains two adjacent carbon groups and a central
nitrogen atom, and their electron cloud distribution causes some hydrogen atoms
on the molecular chain to be positively charged and some nitrogen atoms to be
negatively charged. Therefore, on the polyimide surface, these positive and
negative charges attract each other, causing the molecular chains to form an
alternating aggregation shape on the surface. This alternating shape can make
the surface of the polyimide material more stable, and has good resistance to
contamination and chemical corrosion. The surface charge dissipates rapidly in
the first two hours of attenuation, and gradually slows down in two to four hours,
and its surface charge does not completely dissipate and cannot be completely
dissipated for a long time.
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Improvement of Flashover Voltage )
of Epoxy Resin by Large-Area Dielectric oo
Barrier Discharge

Shijia Guo, Jialiang Huang, Yu Zhu, Liang Guo, Weicheng Yu, and Zhi Fang

Abstract Insulation materials are widely used in various fields such as high voltage
insulation, power electronics and aerospace. However, as the voltage level increases
and the application area expands, the surface of the insulation material will have
the phenomenon of flashover along the surface, which will lead to the aging of the
insulation and thus reduce the stability of the power system. The current methods
to enhance the flashover voltage along the surface of insulating materials generally
have the disadvantages of high cost and environmental pollution. However, most of
the existing plasma-modified devices focus on small-area materials. In this paper,
we proposed a dielectric barrier discharge device for large-area insulating materials,
which uses a water-net electrode structure to solve the problem of large-area discharge
uniformity while limiting the temperature rise of the electrode so that it can operate
stably for a long time. A 30 cm x 40 cm epoxy resin plate is used as the target, and
the surface modification of the designed electrode is used to enhance the flashover
voltage along the surface. The results show that the surface of the sample modified
by the device with water repellent deposited a silica-like film, which increased the
surface conductivity by an order of magnitude and increased the flashover voltage
uniformly from 8.4 to 9.2 kV. The results of this paper are a guide to the deposition
of thin films on large-area flat materials by DBD.
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1 Introduction

Polymer insulating materials have been widely used in mechanical, electrical,
aerospace, and other fields due to their excellent insulation, mechanical, and thermal
properties. They are often used as insulating components for electrical and mechan-
ical equipment and vacuum electronic equipment [1-3]. However, due to long-term
high voltage operation, ultraviolet radiation, dust accumulation, and other condi-
tions, free charges tend to accumulate on the surface of solid insulating mate-
rials, and the accumulation of surface charges can distort the surface electric field,
resulting in surface flashover [4, 5]. Therefore, insulating materials need to have
excellent surface withstand voltage performance. Surface flashover and insulation
aging directly threaten the safe and reliable operation of power systems. Therefore,
exploring effective methods to improve the surface withstand voltage performance
of solid insulation materials is of great value to ensure the safe and stable operation
of electrical and electronic equipment and power systems.

The performance of insulating materials is closely related to their surface proper-
ties. By modifying the surface of materials and improving their surface properties as
required, the application range of insulating materials in industry can be expanded.
Research has shown that the surface roughness, surface polarity, wettability, and
other characteristics of insulating materials can be changed through surface modifi-
cation, which affects the surface withstand voltage level of the material. Currently,
the surface modification methods applied to insulating materials include nano modi-
fication, blending modification, chemical modification, and plasma modification [6].
Nanomodification methods can improve the uniformity of particle dispersion on
the surface of insulating materials, thereby improving the electrical conductivity of
materials. However, nanocomposite polymer materials are difficult to prepare in large
quantities, and their modification effects have poor long-term performance. Blending
modification modifies materials by adding different types of fillers, which can change
the microscopic morphology of polymer materials. However, the processing process
of blending modification is relatively complex and the processing conditions are rela-
tively harsh. Chemical modification laws have the problem of high processing costs
and environmental pollution. Plasma modification method is a new surface modifica-
tion method, which modifies materials through surface etching, surface crosslinking,
introduction of active groups, and other methods. The modification depth is only
within the range of 100 nm of the material surface, and does not affect the character-
istics of the material itself [7]. Compared to other methods, plasma modification has
the advantages of high energy efficiency, low pollution, simple formation method,
and low cost [8]. Nowadays, the method of using low-temperature plasma to modify
the surface of insulating materials, change their surface characteristics, and improve
their surface insulation performance has become a leading direction.

The main methods used for surface modification of plasma insulating materials
include atmospheric pressure plasma jet, sliding arc discharge, and dielectric barrier
discharge (DBD). Among them, DBD has a wide operating voltage and frequency
range, simple operating conditions, and can generate large volume, high energy
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density, low-temperature plasma at atmospheric pressure, making it easy to achieve
large-scale continuous operation. Cernak proposed a coplanar dielectric barrier
discharge electrode (1.5 mm x 1 mm x 50 pwm) embedded in aluminum oxide,
with a dielectric layer thickness of 0.4 mm [9]. This electrode plate can produce
21.5 cm x 8 cm plasma region . The researchers successfully activated polypropy-
lene fabric using this electrode structure. Boselli et al. proposed a treatment area of
32 cm x 22 cm flat plate DBD electrode and polyethylene was hydrophilic modi-
fied using this electrode [10]. He et al. proposed a flat plate DBD electrode that can
produce 30 cm x 10 cm plasma zone with a movable platform, the processing area
can reach 30 cm x 60 cm. The team used this electrode to deposit amorphous silicon
hydride films on glass [11].

Although researchers have designed several plate to plate DBD electrodes suitable
for processing flat plate materials, relevant design research to meet the needs of thin
film deposition is still relatively scarce. There are still problems in electrode design,
such as insufficient processing area, small processing gap, and lack of medium addi-
tion. In this paper, based on the application requirements for surface modification of
insulating materials, a large area water grid DBD electrode was designed and imple-
mented. The operating conditions for large area uniform discharge were determined
through discharge characteristic diagnosis. On this basis, epoxy resin was selected
as the modification object, and the impact of operating parameters on the modifica-
tion effect was studied and the optimal modification conditions were obtained, The
modification mechanism was discussed by analyzing the electrode discharge char-
acteristics and the physicochemical properties of the sample surface before and after
modification.

2 Experimental Section

2.1 Material

The epoxy resin board sample (thickness: 1 mm) was purchased from Shanghai
Liangfei Trading Co., Ltd.; Argon (99.999% concentration) was purchased from
Nanjing Special Gas Factory Co., Ltd.; The hydrophobic medium hexamethyld-
isiloxane (HMDSO, concentration 99%) was purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd.

2.2 DBD Plasma Experimental Platform

In order to diagnose the characteristics of the large area DBD electrode designed in
this article, an experimental platform for diagnosing the discharge characteristics is
built as shown in Fig. 1a. The experimental platform consists of a large area water
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network DBD electrode, a nanosecond pulse power supply, an airflow control system,
an electrical characteristic detection system, and an optical characteristic detection
system. According to the previous simulation results of electric field and flow field,
the large area water grid DBD electrode uses a metal mesh plate with an aperture of
3 mm and a spacing between holes of 2 mm, and a 4-channel gas path with an inner
diameter of 4 mm. The nanosecond pulse power supply can continuously output a
voltage amplitude range of 0—15 kV, a repetition frequency range of 0—15 kHz, and
a pulse width range of 50 ns—1 ws. The time range of the rising and falling edges of
the pulse is 50-500 ns. The air flow control system is controlled by a mass flowmeter
with four channels, with a control accuracy of 1 mL/min. The working gas is high
purity argon (99.999% Argon, Ar). The hydrophobic medium hexamethyldisiloxane
(HMDSO) is mixed with Ar in the main airway by bubbling method and then brought
into the discharge air gap space. The electrical characteristic measurement system
measures the voltage amplitude applied to both ends of the high and low voltage
electrodes through a Tektronix P6015A high-voltage probe, measures the current
flowing through the low voltage terminal through a Pearson current coil, and records
the experimental data through a Tektronix MDO34 oscilloscope. The optical property
measurement system consists of a Canon EOS 6D digital camera for capturing side
and top luminescent images, and an Ocean Optics HR4000CG spectrometer for
measuring the intensity of active particles.
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Fig. 1 aLarge area DBD electrode discharge characteristics testing experimental platform. b Five-
point method sample location diagram. ¢ Surface conductivity test platform. d Flash voltage test
platform
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2.3 Surface Electrical Performance Testing Platform

The “five point method” [11] was used to detect the surface conductivity and surface
flashover voltage of the sample to characterize the effect of modification on the
electrical properties of the sample at different locations. Figure 1b is a schematic
diagram of the placement position of the “five-point method” sample, with a sample
size of 5 cm X 5 cm epoxy resin sample.

The electrical properties of the surface of a material are crucial for insulating
materials. The uniformity of sample surface treatment and the improvement effect
of electrical properties are evaluated by measuring the surface conductivity of the
sample and the surface flashover voltage. The surface conductivity is measured by
a HEST300 type high resistance meter. Figure 1c is a schematic diagram of a three-
electrode megger used in this article. By applying a voltage of 1.0 kV to the three
electrodes, a stable surface resistance value is obtained after applying a voltage to the
surface of the sample for 2 min, and the surface conductivity is obtained by taking
the reciprocal value. The surface conductivity calculation formula [12] is shown in

Eq. (1):

1 4t

=y M

In this formula, V is the applied DC voltage, L is the sample thickness, t is the
main electrode diameter, and g is the ground protection ring gap.

The surface flashover voltage is the applied voltage when a DC voltage is applied to
the finger electrode until a flashover occurs on the sample surface. The measurement
platform for the surface flashover voltage is shown in Fig. 1d. When measuring
the flashover voltage, the spacing between the finger electrodes is 5 mm, and the
measurement result is the average of five flashovers per sample point.

2.4 Material Characterization

The micro physical morphology of EP was characterized by thermal field emission
scanning electron microscopy (FE-SEM) and atomic force microscopy (AFM). AFM
can obtain the microscopic imaging morphology and roughness changes within the
three-dimensional surface range of the sample. Using the tap mode, the scanning
range for testing is 10 um x 10 pm.

Changes in chemical properties were detected by Fourier transform infrared spec-
troscopy (FTIR) (Thermo Nicolet iS50 FTIR, American) and X-ray photoelectron
spectroscopy (XPS) (Thermo ESCALAB 250XI, America). FTIR can detect the
change of chemical groups on the surface of the sample before and after modifica-
tion, and the measured waveform is in the range of 500-4000 cm~!. XPS is used
to detect changes in elements before and after surface treatment of materials. Use
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monochrome Al K o XPS of (1486.6 eV) X-rays obtained a detailed spectrum of
100 eV transfer energy and 1 eV resolution. XPSpeak41 software is used to perform
peak fitting on the XPS detection results to obtain the ratio of each chemical bond.

3 Results and Discussion

3.1 Effect of HMDSO on Discharge Characteristics

There are many factors affecting the discharge characteristics, including electrode
structure, gas flow rate in the main gas channel, excitation power parameters (such
as voltage amplitude, repetition frequency, etc.), working gas type and flow rate,
etc. In addition, for the hydrophobic modification, a reaction medium is usually
required under the conditions, and the addition ratio of the reaction medium also has
a significant effect on the discharge characteristics. Figure 2a shows the discharge
images under argon environment with different content of HMDSO addition.

The filamentary discharge and glow discharge coexist in the luminescence image
under argon conditions. After HMDSO addition, a stable discharge is formed in the
dark region, but the luminescence brightness is significantly reduced. At the HMDSO
flow rate of 20 mL/min, the discharge area basically covered the whole electrode,
and further increase of HMDSO content had less effect on the discharge area. From
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Fig. 2 a Discharge images at different HMDSO flow rates. b Grayscale deviation at different
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the grayness deviation variation curves in Fig. 2b, it can be seen that a small amount
of HMDSO addition has less effect on the uniformity of argon DBD discharge, and
the uniformity is best in the range of 15-25 mL/min of HMDSO gas channel flow
rate.

Figure 2c shows the argon DBD emission spectra at the HMDSO flow rate of 5 mL/
min. The N, second positive band system spectral line in the range of 300-400 nm
and the Arl spectral line in the range of 680-850 nm were detected. 696.5, 763.5 and
772.4 nm Arl spectral lines with higher intensity were selected to characterize the
variation of the intensity of the active particles, and the trend with the concentration
of HMDSO addition is shown in Fig. 2d, which shows that the addition of HMDSO
has a weakening effect on the intensity of the main particles.

3.2 Physical Morphology and Chemical Composition
Characterization of Epoxy

Figure 3a, b show the SEM images of the untreated and water-repellent modified
epoxy plates, respectively. As can be seen from the figures, the surface of the sample
before treatment is relatively smooth, and the surface of the sample after plasma
water-repellent modification is covered with a layer of hundred-nanometer cluster-
like particles, which indicates that a micrometer-thick film is formed on the surface
of EP.

The AFM surface analysis method can obtain three-dimensional three-
dimensional morphological images of the sample surface at the atomic level, which
are used to quantitatively analyze the changes in the physical morphology of the EP
surface. The AFM images before and after the EP treatment are shown in Fig. 4c, d.
It can be seen that the untreated EP surface is relatively smooth and the roughness

3500 3000 %00 2000 1500 1000 S0 3800 S000 2500 2000 1800 1000 500 0 30 0 &0 W0 10 130 o 0 40 600 400 1000 130
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Fig. 3 a SEM images of untreated EP and b treated EP under 5.0 kV, 6.0 kHz ¢ AFM images of
untreated EP and d treated EP under 5.0 kV, 6.0 kHz e FTIR of untreated EP and f treated EP under
5.0kV, 6.0 kHz g XPS of untreated EP and h treated EP under 5.0 kV, 6.0 kHz
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of the treated EP surface is greatly increased, and the observed changes in surface
roughness further prove that a hundred-nanometer-scale film is deposited on the EP
surface.

The epoxy resin includes the chemical composition (C;;H;,03)n, which contains
mainly C, H, and O elements and consists of C—C, C-H, C-0, and C=0O bonds.
The FTIR results of the water-repellent modified samples in Fig. 3e, f show that
the —OH absorption peaks, C=0O vibrational peaks, and CHx functional groups in
the range of 2840-2960 cm™! were detected, and the original C-H vibrational peaks
were replaced by Si—O-Si, Si—(CH3)x and other silicon-containing groups, which
are the main functional groups of the deposited films.

In order to quantify the chemical element ratios on the surface of the samples
before and after the modification treatment, the ratios of C, O, and Si on the surface
of the samples were further examined by X-ray photoelectron spectroscopy (XPS).
Figure 3g, h shows the results of XPS full spectrum scans before and after the
water-repellent modification. Compared with the untreated sample, the composition
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Table 1 Chemical element ratio before and after treatment
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Sample Cls, % Ols, % Si2p, % O/C, %
Untreated 72.77 24.94 2.29 34.27
Treated 40.02 33.65 26.33 84.08

and intensity of the elements on the surface of the water-repellent modified sample
changed significantly, and the intensity of C1s peak (284 eV) decreased rapidly from
72.77 to 40.02%, which was 32.75% lower than that of the untreated sample, and
the intensity of Ols (532 eV) spectral line increased from 24.94 to 33.94% in the
untreated sample. The intensity of the Ols (532 eV) spectrum increased from 24.94
to 33.65% in the untreated sample, while a significant Si2p peak was detected on the
surface of the treated sample, accounting for 26.33%, which is consistent with the
FTIR detection results.

Table 1 shows the ratio of major elements before and after the hydrophobic modi-
fication, and it can be seen that the Si2p content and O/C ratio of the hydrophobically
modified samples were significantly increased.

3.3 Surface Conductivity Testing and Analysis

Figure 4a, b shows the effect of the supply voltage amplitude and repetition frequency
on the surface conductivity of the sample before the passage of the water-repellent
medium HMDSO, respectively. As can be seen from the figures, the conductivity
of the sample surface after plasma treatment is slightly decreased compared to the
untreated sample surface conductivity of 4.5 x 10~'* S. Figure 4c shows the trend of
surface conductivity with different flow rates of HMDSO under Ar working condi-
tions, after water-repellent modification, the surface conductivity of the sample is
significantly increased compared to the untreated one, with a maximum value of
1.62 x 1073 S. Figure 4d shows the results of surface conductivity measurements
at different positions, as seen from the figure, the surface conductivity of the sample
at the inlet (positions 1 and 2) is significantly larger than that at the outlet (positions
4, 5), and the surface conductivity of the sample at the inlet is 3.4 times of that at the
outlet.

3.4 Flashover Voltage Testing and Analysis

For the measurement of the electrical properties of the samples, the area of the test
specimens was 5 cm x 5 cm, and the measurements were made on the epoxy resin
specimens before and after the treatment. The results in this paper are the average
values of the measured values under three treatments with the same modification
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conditions. The effect of the modification on the electrical properties was evaluated
by comparing the surface flash voltage before and after the treatment, and the results
of the surface conductivity test were used to analyze the reasons for the changes
in the electrical properties of the samples in combination with the changes in the
physical and chemical properties of the surface.

Figure 5a, b show the variation of the flashover voltage along the surface of the
sample with the amplitude and frequency of the supply voltage. It can be seen that
the flashover voltage obtains its maximum value at the supply voltage amplitude of
3.0 kVz, which is 10.1 kV, an increase of 20% compared to the untreated condition.
By changing the power supply parameters, the flashover voltage was maintained at
about 9.4 kV for the rest of the operating conditions, which was 12% higher than the
untreated condition. The flashover voltage along the surface of the sample modified
with HMDSO hydrophobic modification was less variable and remained basically at
9.1-9.5 kV, which was 8—13% higher than that of the untreated sample.
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Fig. 5 a Trend of flashover voltage of epoxy resin under different voltage conditions b trend of
flashover voltage of epoxy resin under different frequency conditions ¢ trend of flashover voltage
of epoxy resin under different HMDSO flow rate conditions d trend of flashover voltage of epoxy
resin under different test point locations
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Fig. 6 Modification process of DBD and chemical structure formed after modification

3.5 Analysis of the Modification Mechanism

The above test results show that the conductivity and flashing voltage of epoxy resin
treated by DBD plasma in large area water network are effectively enhanced, which
is mainly due to the change of surface physicochemical properties. The process of
plasma action on the polymer surface includes etching, grafting and deposition, where
the hydrophobic modification of silica-containing precursors is mainly deposition,
as shown in Fig. 6 Penning ionization leads to the cleavage of HMDSO molecules
and the production of Si-containing groups, which is also confirmed by the XPS
detection results. These cleaved HMDSO fragments are deposited on the EP surface
and react to form a silicon film on the EP surface, changing its chemical structure.
The silicon containing film deposited on the EP surface determines the properties of
the EP surface such as electrical conductivity and flashover voltage.

4 Conclusion

(1) In this paper, a large-area water-net DBD electrode device is developed to meet
the demand of large-area insulating material modification. The large-area DBD
electrode designed in this paper can achieve a uniform discharge of 30 cm x
40 cm, and the designed electrode meets the demand of thin film deposition and
medium addition. Meanwhile, the design of water-net electrode alleviates the
problem of high electrode operation temperature, and the electrode is expected
to be applied to more fields.

(2) In this paper, a 30 cm x 40 cm epoxy resin plate was treated and its surface was
modified to enhance the flashover voltage along its surface using the designed
electrode. The results show that the surface conductivity of the samples modified
by the device increased by one order of magnitude and the flashover voltage
increased uniformly from 8.4 to 9.2 kV. The results provide a guideline for
DBD plasma deposition of thin films on large-area flat materials to enhance the
insulation properties.

(3) Ahundred-nanometer cluster-like film was deposited on the surface of the water-
repellent modified sample. The film included functional groups such as Si—CHj
and Si—O-Si, and the polarity of the deposited functional groups was lower
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compared with the initial groups, and the improvement of roughness and the
deposition of silica-like coating made the surface of the sample more water-
repellent. The large number of shallow traps introduced by the modification
to the surface accelerates the dissipation of surface charge, and its combined
effect with the increase in surface roughness leads to an increase in the flashover
voltage on the sample surface.
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Electric Field Simulation Analysis )
of Typical Defects of Main Insulation oo
Burrs in Power Transformers

Jianwen Zhu, Jianhua Zhang, Guoliang Li, Sen Li, Yuqing Lin,
Zuhui Liang, and Yongpeng Liu

Abstract With the gradual increase of the national economy’s demand for electric
power, power transformers are also gradually developing in the direction of high
voltage level and large capacity. According to incomplete statistics, the damage of
insulation structure is one of the main factors leading to the failure of transformers.
Therefore, the research on the main insulation of transformers will become a top
priority. In this paper, we use COMSOL finite element simulation software to simulate
the electric field of the main insulation of power transformers with burr defects.
The locations where the maximum field strength appears in the transformer main
insulation are analyzed to investigate the effects of different sizes and locations of
burr defects on the electric field distribution of the transformer main insulation. This
study is of general significance to focus on detecting the main insulation devices
of power transformers, avoiding partial discharges that may be caused by burrs and
ensuring safe and reliable operation of power transformers.

Keywords Power transformers - Main insulation - Finite element - Burr defects -
Electric field simulation

1 Introduction

The continuous development of the power industry has put forward higher require-
ments for power transformers, which are one of the key equipment in the power
system. The operation and fault statistics of transformers in power systems show
that internal insulation is the weak link of transformers, and the existence of equip-
ment insulation defects in operation is an important factor leading to equipment
failure of power transformer [1-3]. Therefore, it is important to analyze the main
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insulation defects of power transformers to improve the reliability of transformer
operation and ensure the safety and stability of power supply.

In order to obtain the electric field distribution of transformer main insulation
under potential defects of burrs, this paper applies COMSOL simulation software
to simulate a 110 kV power transformer model in China. The weak locations in
the insulation structure that are highly susceptible to partial discharges are obtained
through simulation and the effects of different burr locations and sizes on the electric
field distribution of the main insulation of the transformer are studied.

2 Transformer Main Insulation Simulation Model

As a numerical calculation method for solving various physical problems with high
efficiency, the finite element method is widely used in transformer electromagnetic
field simulation analysis, which can approximate the actual structure to the greatest
extent and obtain calculation results with fewer assumptions and high accuracy [4-6].

2.1 Modeling of the Main Insulation

In this paper, the main insulation simulation model is established according to the
thin paper cylinder small oil gap theory between the high and low windings of the
transformer, as shown in Fig. 1. To simplify the model and facilitate the calculation,
the following settings are made.

(1) The electric field is analyzed according to the steady-state, linear axisymmetric
electric field [7, 8];

(2) The iron yoke is an infinitely large flat plate perpendicular to the axis of the core
column [9];

(3) Leads and clips, etc., have no effect on the electric field at the end.

2.2 Boundary Conditions

In the COMSOL simulation platform, the transformer geometry is established, the
material parameters are selected, the corresponding conditions of each boundary are
specified, and the model is fine-grained mesh dissection. Among them, the dielectric
constants of transformer oil and insulating paper are taken as 2.2 and 4.4 respectively
[10, 11].

The left and upper boundaries of the structural model of Fig. 1 are the core and
yoke, respectively, corresponding to the first type of boundary conditions [12, 13],
connected to the earth and given a point position of zero. The lower and there bound-
aries of the model correspond to the second type of boundary conditions [14, 15].
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/ Insulation paper tube
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L ow voltage winding High voltage winding

Fig. 1 Main insulation simulation model

Between the high-voltage and low-voltage windings of the transformer, an operating
frequency test voltage is applied. The electrostatic ring as well as the high voltage
winding is high potential, which belongs to the first type of boundary conditions.
The boundary problems included above, are shown below.
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In (1), k; and k; are the dielectric constants of the material, and ¢; and ¢, are the
potentials.
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Fig. 2 Schematic diagram of the main insulation grid profile

3 Simulation Results and Analysis

3.1 Electric Field Analysis of Burr-Free Defects

The schematic mesh dissection of the main insulation structure of the power trans-
former is shown in Fig. 2. The electric field distribution at the winding ends is obtained
in the finite element simulation software, as shown in Fig. 3. It can be seen that the
maximum field strength appears at the main insulation end and the electrostatic ring,
and the maximum field strength is about 4.46 kV/mm.

3.2 Burr Defects in Insulated Cardboard

The burr defects are modeled with their width instead of their curvature variation,
the higher the burr curvature i.e. the more pointed the burr shape. As shown in Fig. 4,
the effect of burr defects of different sizes on the insulating cardboard on the electric
field distribution at the winding end is simulated in the finite element software.
From the numerical simulation analysis in Fig. 4, it can be concluded that the
insulating oil in the transformer plays the main insulating role under the frequency
AC voltage, and the appearance of the burr on the insulating cardboard has little
effect on the electric field distribution of the transformer oil around the burr, but
has a greater effect on the electric field distribution of the insulating cardboard. The
maximum field strength of the main insulation of the power transformer still appears
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Fig. 3 Main insulation electric field distribution at the end when there is no burr

in the oil gap near the upper left corner of the electrostatic ring, with a maximum
field strength of 4.43 kV/mm.

For an in-depth study of the effect of the burr on the main insulation of the
transformer, the electric field distribution in the vertical direction at the insulation
cardboard burr is analyzed, as shown in Fig. 5.

Figure 5 analyzes the change of electric field intensity in the vertical direction of
the burr, where the vertical distance 0—2 mm is the insulating cardboard area, 2—6 mm
is the burr area, and 67 mm is the insulating oil area. At the lower end of the burr,
the more pointed the burr is, the greater its electric field intensity. At the upper end
of the burr and at the insulating oil, the size of the curvature of the burr has little
effect on its electric field distribution.

In the vertical direction of the burr defect area, the electric field strength as a
whole tends to increase, the field strength at the tip of the burr defect is the largest
in the entire burr defect area, so in the design and operation of power transformers,
should focus on the burr defect, to avoid the partial discharge it may cause, to ensure
the safe and reliable operation of power transformers.

3.3 Static Rings with Burr Defects

The burr defects appearing in the main insulation electrostatic ring were simulated
in the finite element software, and the effects of different sizes of burr defects on the
electric field distribution on the electrostatic ring were analyzed.

From Fig. 6, it can be analyzed that when the electrostatic ring has a burr defect,
the maximum field strength appears at the burr tip, and the maximum field strength
value of (a) is 3.55 kV/mm, and the maximum field strength value of (b) is 3.94 kV/
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Fig. 6 Electric field distribution of burr defects of different sizes on the electrostatic ring

mm. And the comparison of (a) and (b) shows that the more pointed the burr is,
the larger the field strength is compared to the appearance of burr defects on the
insulating cardboard, the appearance of burr defects on the electrostatic ring has a
greater impact on the distribution of the electric field around it, and the greater the
curvature of the burr that is, the more pointed the burr, the higher the field strength.

4 Conclusion

In this paper, we use COMSOL finite element software to build a simulation model
of the main insulation of power transformers, explore the electric field distribution
when burr defects appear in the insulation cardboard and electrostatic rings, analyze
the effects of different sizes and locations of burrs on the electric field of the main
insulation of transformers, and obtain the following conclusions.

(1) The simulation analysis of the transformer main insulation shows that: the elec-
tric field distribution between the end of the high-voltage winding to the iron
yoke is of great significance to the analysis of the transformer main insula-
tion, and the maximum field strength appears in the upper left corner of the
electrostatic ring.

(2) Numerical calculation of the electric field simulation of the burr defects on the
insulating cardboard shows that: the maximum field strength of the transformer
main insulation appears in the oil gap near the upper left corner of the electro-
static ring, and the burr defects on the cardboard have a greater impact on the
electric field distribution of the insulating cardboard, but not on the electric field
in the transformer oil. In the vertical direction, the field strength at the tip of the
burr defect is much higher than in other burr areas.

(3) The simulation analysis of the burr defects on the electrostatic ring shows that:
unlike the burr on the insulating cardboard, the burr on the electrostatic ring has
little effect on the electric field distribution around it. The greater the curvature
of the burr, the greater the field strength, so the focus should be on monitoring
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the electrostatic ring parts to avoid the emergence of burr defects, triggering
partial discharge.
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The Effect of Inlet Wind Speed )
on the Performance of Electrostatic Cestte
Precipitation Systems and Double

Rotating Venturi Systems

Wei Cheng, Chao Niu, Jing Fan, Shoufu Gu, Daxin Liang, and Da Liu

Abstract To solve the problem of atmospheric pollution caused by dust generated in
the coal transportation and coal-fired processes of power plants, this article compares
two common dust removal technologies, electrostatic precipitator and Venturi dust
collector, and simulates electrostatic precipitators under different wind speeds using
COMSOL. Simulation study of the flow characteristics of a double rotating Venturi
dust collector using a k-¢ turbulence model. The results show that as the inlet air
velocity increases, the velocity of the flow field inside the electrostatic precipitator
also increases. The maximum velocity occurs near the discharge electrode, and the
particle collection efficiency is highest when the inlet wind speed is 15 m/s, but
the dust removal efficiency is below 50%. The flow field inside the Venturi can be
exactly simulated by the k-¢ turbulence modeling. As the inlet air velocity increases,
the outlet air velocity of the double rotating Venturi dust collector also increases.
When the inlet liquid velocity is 0.35 m/s, the maximum flow rate of liquid inside
the venturi is 40.26 m/s.

Keywords Double rotating Venturi dust collector -+ Electrostatic precipitator -
Inlet wind speed - Particle trajectory

1 Introduction

In recent years, environmental contamination has been significantly worse, with
frequent occurrences of smog in China. The chance of developing cancer in humans
is increased by inhaling these cancer-causing particles [1]. At present, coal smoke is
still the main source of air pollution dust in China. Coal can generate a large amount
of dust during loading, unloading, transportation, screening and combustion emis-
sions in power plants, which seriously pollutes the power plant and the surrounding
atmospheric environment. With the increasing national requirements for particulate
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matter emission standards, exploring more efficient and environmentally friendly
dust removal technologies has become a research hotspot.

At present, the main dust removal technologies applied domestically and inter-
nationally include water mist dust removal, mechanical dust removal, electrostatic
precipitator, etc. [2]. Compared with other dust collection equipment, electrostatic
precipitator dust removal efficiency is higher. The process of electrostatic precipita-
tion involves multiple disciplines, and the charging of dust, the deposition of charged
particles and the distribution of airflow can all affect the overall performance and
collection efficiency of the dust collector. Through experimentation, Kasdi et al. [3]
discovered that the dust collector’s performance was enhanced when the number of
discharge wires was increased. Although the total collection current and dust removal
efficiency both decreased as a result of the narrower wire spacing. Zhou et al. [4]
investigated the influence of the structure of the collecting plate on the dust collec-
tion efficiency through simulation, and the results investigated that the presence of
the uneven dust collection poles would inhibit the flow close to the board, which
would be conducive to reducing the enlivened particles. The collection efficiency of
5 wm particles was 6.87% higher in the triangular plate and 10.37% higher in the
10 pm particles than in the C-shaped plate. Xiong et al. [5] conducted performance
experiments at different dust loading periods, and the research showed that PM2.5
was initially collected at 99.8% and 97.6% at 1.0 m/s and 2.5 m/s, respectively. After
50 days of continuous running, the PM2.5 efficiency was maintained above 90% at
1.0 m/s, while it could only be maintained at around 50% at 2.5 m/s.

According to research, the collection efficiency of electrostatic precipitators is
lower when the wind speed is high. In addition, coal dust very easy to reaches
the ignition point and explosion point, and under natural static electricity or human
factors, it is easy to cause dust explosion safety accidents. Therefore, wet dust collec-
tors have obvious advantages in solving the dust hazards in the coal transportation
and coal-fired processes of power plants. Although water bath-type and spray-type
dust collectors can handle high-temperature, flammable and explosive dust, their dust
removal effect is poor. The Venturi dust collector developed using the theory of the
Venturi effect has the characteristics of simple structure, high dust removal efficiency
and the ability to effectively handle gases containing flammable and easily adhering
dust. Among all wet scrubbers, the Venturi scrubber has the lowest power consump-
tion and has been widely used in mining and tunnel engineering [6, 7]. The pressure
drop of a Venturi dust collector is its main energy consumption. In addition to the
pressure drop, the dust removal efficiency is another important parameter of a Venturi
dust collector, and the distribution of liquid in the throat is the main factor affecting
the dust removal efficiency [8—10]. A uniform liquid distribution can enhance the
interaction between liquid droplets and solid particles and improve separation effi-
ciency. Optimizing its structure and process to minimize energy consumption and
improve dust removal efficiency is of great significance for the application of this
equipment in the coal conveying system of thermal power plants.

In order to improve the dust removal efficiency of Venturi dust collectors, many
scholars have conducted relevant research. Guerra et al. [11] utilized the standard k-
¢ turbulence model and the volume of fluid (VOF) multiphase flow model were used
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to analyze the pressure loss of rectangular venturi scrubber under different liquid
injection volume, injection velocity, and liquid gas ratio. Ye et al. [12] conducted
numerical simulations of gas—liquid two-phase flow in a Venturi tube based on the
CFD-DPM method. According to the findings, the Venturi tube’s contraction portion
experiences a pressure drop that makes up about 75% of the entire pressure drop,
while the throat has a pressure drop that makes up about 20% of the total pressure
drop. Flue gas at the pharynx had an average speed between 106 and 192 m/s. Lin
et al. [13] investigated the effect of different Venturi on the dust collector pressure
drop and the static pressure acting on the inner wall of the elliptical filter cartridge
by numerical simulations and experiments.

The numerical simulation of the electrostatic precipitator under high wind speed
is carried out by using the fluid model. In view of the harsh environment of the
thermal power plant, combined with the existing dust collector, a new type of venturi
dust collector is designed: double rotating Venturi dust collector. The k-¢ turbulence
model is established to simulate the flow field of the rotating Venturi dust collector.
The influence of inlet wind velocity on the flow characteristics of the double rotating
Venturi dust collector is studied and analyzed, and then the structure and configuration
of the dust collector are optimized to achieve a better dust removal effect.

2 Working Principle of a New Type of Double Rotating
Venturi Dust Collector

The double rotating Venturi dust collector consists of an outer cylinder, an inner
cylinder, a swirling blade, a water retaining device and other parts, as shown in
Fig. 1. Unlike traditional Venturi dust collectors, the new double rotating Venturi
dust collector adds a swirling flow between the outer and inner barrel walls, and dust
containing gas enters from the inlet of the outer barrel. Through the contraction tube,
its cross-sectional area of flow gradually decreases. Due to changes in cross-section,
the airflow velocity is redistributed. In the three phases of gas, liquid and solid,
relative motion occurs due to differences in inertial forces, resulting in collisions
between solid smoke particles of different sizes, between liquid and solid particles,
and between water droplets of different diameters. The final result is the condensation
phenomenon of large particles capturing small particles, and small particles hanging
on large particles, thereby increasing the effective size of smoke, it is conducive
to separating larger particles and then entering the inner barrel. Under the action
of centrifugal force, most of the dust is caught by the liquid film formed by the
droplets on the wall of the drum. The remaining small part of the dust rises with
the airflow to the swirl vane to remove the finer particles, further improving the dust
removal efficiency. After the water is removed by the water retaining device, the gas
is discharged into the air through the induced draft fan, and the coal dust removal
efficiency is higher.
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Fig. 1 Working principal
diagram of double rotating
Venturi dust collector
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3 COMSOL Turbulence Model

In this study, the simulation steps can be roughly divided into the following steps:
defining simulation-related parameters, establishing geometric models, defining
materials, and setting fluid-particle related parameters, such as inlet and outlet
locations, particle properties, initial airflow velocity, etc. Each step is logically
related.

The flow field of the gas in the double rotating Venturi dust collector is the turbulent
flow of high-speed rotation. In this paper, the k-¢ turbulence modeling of COMSOL
is chosen to simulate the flow characteristics of the double rotating Venturi dust
collector. The “Rotating Machinery, Turbulence, k-¢” interface is used to simulate
high Reynolds number flows in geometry containing one or more rotating parts,
and is suitable for incompressible and compressible flows with low Mach numbers
(usually less than 0.3). The interface combines the “turbulence, k-¢” interface with the
“rotation domain” under the “dynamic grid”, uses the Navi-Stokes equation to control
momentum balance, and uses the continuity equation to control mass conservation.
The turbulence effect is modeled by the typical k- two-equation modeling with
realizable constraints, and the near-wall flow is modeled by the wall function.

The physical field interface supports two types of research. When using “transient”
to study the type, rotation is achieved through the moving grid function. When
studying the type with a “frozen rotor”, the rotating parts remain in place and the
rotation is analyzed by introducing centrifugal and Coriolis forces. In this paper,
by combining using “rotating machinery, turbulence, k—¢” research on interface and
frozen rotor type to establish simulation research. Because the topological structure
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changes due to the relative motion between the rotating impeller and the container
with baffle, the flow field has transient characteristics. In this case, the frozen rotor
solution should be regarded as a quasi-steady approximation of the flow field.

4 Results and Discussion

4.1 Characteristic Analysis of Electrostatic Precipitator

In this paper, a rectangular two-dimensional model is used for simulation. The
internal wire electrodes are connected to the high voltage radius of 0.5 mm, the
spacing between the wire electrodes is 10 cm, and the wire electrode is 5 cm away
from both the upper and lower grounding plates.

Velocity distribution. As shown in Fig. 2, by simulating the influence of 15 m/s
inlet air velocity on the air speed distribution of the dust collector, it is found that the
speed of the dust-containing gas decreases every time it passes through an electrode.

The maximum velocity variation of the flow field at different inlet air speeds is
shown in Fig. 3. When the inlet air speed is 15 m/s, the maximum internal speed
is 26.76 m/s. When the inlet air speed is 17.5 m/s, the maximum internal speed is
31.19 m/s. When the inlet air speed is 25 m/s, the maximum internal wind speed
increases to 44.24 m/s. It can be noticed that as the inlet air speed increases, the
maximum wind speed inside the electrostatic precipitator also increases, and the
maximum wind speed occurs near the discharge electrode.

The collection of particles with different sizes at different inlet wind speeds. As
shown in Fig. 4, the distribution of particle trajectories with different particle sizes
at an inlet wind speed of 15 m/s. Dust particles enter from the left side of the dust
collector, and during the gas diffusion process, the surface charge of the dust particles
continuously accumulates. With the change of drag force and electrostatic force, the
movement trajectory of the dust particles also changes, ultimately leading to the dust
particles gradually moving towards the negative electrode integrated board direction.

Electrostatic dust collection simulation analysis was carried out for dust particles
with particle sizes of 0.01 pm, 0.2 wm, 2 wm and 5 wm, respectively. When the
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Fig. 2 Velocity distribution of flow field when inlet wind speed is 15 m/s
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Fig. 3 The maximum wind speed in the dust collector changes with different inlet wind speed
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Fig. 4 Particle trajectories of different sizes are distributed when the inlet wind speed is 15 m/s

inlet air speed is 15 m/s, 17.5 m/s, 20 m/s, 22.5 m/s and 25 m/s, the efficiency of
particle dust collection at different inlet air velocities is shown in Fig. 5. The smaller
the inlet air velocity, the better the dust cleaning efficiency for each particle radius.
When the particle radius exceeds 0.2 wm, the larger the particle size, the higher
the corresponding dust cleaning efficiency. When the particle radius is smaller than
0.2 pm, the smaller the particle size, the higher the corresponding dust collection
efficiency. When the particle size is 0.2 jum, the collection efficiency is minimal. The
particle size in the middle, due to its drag effect, follows the air flow more in the
direction parallel to the dust collector wall, resulting in low dust collection efficiency.

4.2 Characteristic Analysis of Double Rotating Venturi Dust
Collector

Outlet wind speed. Dust containing gas is introduced from the outer barrel, and the
overall wind speed of the outer barrel is basically the inlet air speed. The air speed
of the inner barrel is higher than that of the outer barrel, but the wind speed below
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Fig. 5 Dust collection 40
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the blades is lower. The wind speed at the outlet is the highest, and the wind speed at
the blades is lower than the surrounding area. The variation of outlet gas velocity of
a double rotating Venturi under different inlet wind speeds is shown in Fig. 6. It can
be seen that as the inlet wind speed increases, the gas outlet velocity also increases.

Liquid velocity distribution. When the inlet liquid velocity is 0.35 m/s, the liquid
velocity distribution in the venturi dust collector is shown in Fig. 7. Vortex appears at
the blade position, and the liquid velocity is unevenly distributed, while the velocity
at the blade tail is large. In addition, below the blade, the liquid velocity near the
center of the inner barrel is relatively large and evenly distributed, with a maximum
internal liquid velocity of 40.26 m/s.
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This article conducts simulation analysis on electrostatic precipitators and double
rotating Venturi precipitators, and establishes fluid models and particle trajectory
models.
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As the inlet air speed picks up, the velocity of the flow field in the electrostatic
precipitator also increases, and the maximum velocity occurs near the discharge
electrode. However, when the inlet wind speed increases, the efficiency of dust
removal diminishes. The highest collection efficiency for all particle sizes occurs
at an inlet wind speed of 15 m/s.

The smaller the inlet wind speed, the better the removing dust efficiency of each
particle size. When the particle radius exceeds 0.2 pwm, the efficiency of dust
removal increases with increasing dust particle size. When the particle radius is
less than 0.2 pwm, the smaller the dust particle size, the higher the corresponding
dust removal efficiency.

The wind speed of dust containing gas in the double rotating Venturi dust
removal system reaches its maximum at the outlet, the liquid flow rate reaches its
maximum below the blade, and vortex forms at the blade. As the inlet wind speed
increases, the outlet wind speed of the double rotating Venturi dust collector
also increases. When the inlet liquid velocity is 0.35 m/s, the maximum liquid
velocity inside the venturi is 40.26 m/s.
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Two-Dimensional Numerical Simulation )
of Temperature Field Distribution oo
in Transformer Windings

Jianwen Zhu, Jianhua Zhang, Guoliang Li, Sen Li, Yuqing Lin,
Zuhui Liang, and Chengzhen Li

Abstract With the rapid development of economy, modern power industry demands
more and more transformer capacity. The increase of transformer capacity leads to the
increase of heat production during operation and the corresponding increase of oper-
ating temperature. It is very important to analyze and calculate winding temperature
rise for transformer product development and operation maintenance. In this paper,
based on the heat generation and heat dissipation conditions of transformer wind-
ings, the finite element equations of temperature field and flow field are established
by applying the principles of heat transfer and fluid mechanics, and the distribution
of temperature field of windings is further obtained.

Keywords Temperature field - Transformer + Winding losses

1 Introduction

With the rapid development of economy, the demand for electric energy in the whole
society is increasing, and the capacity requirements of transformer in the modern
power industry are increasing. The increase of transformer capacity increases the
loss generated in the operation process of the transformer, and also further improves
the operation temperature of the transformer [1-3]. The temperature rise of the trans-
former winding is too high from time to time, which easily leads to the damage of
the transformer and affects the normal working condition of the transformer.

The hot spot temperature of winding is one of the biggest factors limiting the load
capacity of transformer, and it is also one of the main reasons leading to the aging of
transformer insulation materials. Therefore, the relevant standards for transformers
at home and abroad stipulate that the average temperature rise of the winding and the
hot spot temperature of the transformer during operation must be controlled below
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the specified value [4]. However, it is very difficult to accurately obtain the hot spot
temperature of the transformer winding in operation, and the generation, conduction
and loss process of heat inside the transformer is very complicated, so it is difficult to
obtain the accurate winding hot spot temperature by analytical method. At present,
there are three methods to obtain winding hot spot temperature [5]: The first is
direct measurement method, which can be measured by optical fiber temperature
sensor or thermocouple. However, it is difficult to ensure the accuracy because the
location of winding hot spot mainly depends on experience. In addition, fiber optic
sensors are expensive, so they are not widely used. The second is the prediction
model based on thermoelectric analogy. The hot spot temperature is obtained by
numerical calculation. However, because there are many nonlinear parameters in
it, and it is difficult to determine these parameters reasonably, this method is not
widely used. The third method is IEC354 and GB1094.2 standard recommended
hot spot temperature analytical formula calculation method, which is more used in
transformer design hot spot temperature approximate estimation method, but can’t
determine the distribution of temperature field.

For product development and operation, it is very important to analyze and calcu-
late the temperature rise of transformer winding [6]. The traditional concept of
average temperature rise neglects the influence of hot spot temperature on trans-
former and can’t fully and accurately reflect the real condition of winding [7]. There-
fore, based on the principles of heat transfer and fluid mechanics, the finite element
equations of temperature field and insulating oil flow field of winding model are
established in this paper. Through numerical calculation, the temperature of each
point of the winding can be obtained, and the temperature field distribution of the
whole transformer winding can be further obtained.

2 Heat Generation and Heat Dissipation Analysis

2.1 Heat Generation Analysis of Transformer Windings

In order to further explore the temperature distribution characteristics of transformer
winding, we adopt a solid model of small transformer winding without iron core, in
which the box is a rectangular epoxy box. The resistance loss of the winding and the
eddy current loss inside the winding are the main sources of temperature rise of the
transformer winding. The expression is shown as follows:

P = Pg+ PyL=I*R+ Py, (1)

where I, R and Py are the current, resistance and eddy current loss of transformer
windings respectively. The formula for calculating unit heat source used in subse-
quent calculationis: ¢ = P/V, P is the measured active power loss; V is the volume
of the winding.
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2.2 Heat Dissipation Analysis of Transformer Winding

Heat dissipation of transformer windings is mainly realized through convection heat
transfer, including natural convection heat transfer (for heat exchange between the
outside of the transformer housing and the outside air) and forced convection heat
transfer (for heat exchange between the transformer oil flow and the inside of the
housing and the winding).

Natural convection heat dissipation mainly depends on the temperature difference
between the two transfer, convection heat transfer coefficient and heat transfer area.
Because of the regular geometry of the box, the mean value of the natural convection
heat transfer coefficient oy has little influence on the calculation results. The formula
for calculating «; is as follows:

ar = COG/H)(GrnP)" 2

where, A is the thermal conductivity of air; H is the height of the box; G,,, is Grashof
number; P is Prandtl number; C and » are constants.

The forced convection heat dissipation of oil flow and winding is more compli-
cated than that of natural convection heat dissipation. This is due to the influence of
many factors, such as the physical characteristics and flow mode of oil, heat gener-
ation rate and geometry of winding, as well as the spatial position of each winding,
etc. Therefore, the o) between each winding and oil is very different and cannot be
approximated by average value. In addition, the oil flow mode can be divided into
laminar flow and turbulent flow, which will seriously affect the heat transfer effect.
The state and effect of laminar flow and turbulent flow are quite different, which can
be judged by Reynolds number:

R, =pVL:/u (3)

where, p is fluid density; V is the fluid velocity; L. is the characteristic size; u is the
absolute viscosity of the fluid. When R, < 2300, the oil flow mode in the transformer
is laminar flow; Otherwise, it is turbulence.

It can be clearly seen that the temperature distribution of transformer winding is
greatly affected by the flow field. Therefore, it is necessary to combine the tempera-
ture field of transformer winding and the flow field of insulating oil to obtain a more
ideal winding temperature distribution.

3 Differential Equations and Boundary Conditions

In order to better calculate the temperature field in transformer windings, the
following four assumptions are made:
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1. When heating and heat dissipation reach the equilibrium state, the temperature
and velocity distribution of winding and oil no longer change with time;

2. The physical characteristics of transformer oil (such as density, dynamic
viscosity, specific heat, etc.) are constant and incompressible;

3. The only heat source of the transformer model is the heating of the winding, and
the calorific value per unit time per unit volume is fixed, and the heat transfer
coefficient is uniform,;

4. Constant ambient temperature.

The temperature and velocity fields of oil flow and heat dissipation are affected
by mass, momentum and energy transfer, equations are shown as follows:
Continuity equation,
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Momentum differential equation in t