energies MBPY

Article
Influence Analysis and Prediction of ESDD and
NSDD Based on Random Forests

2 1,2,% 2

Ang Ren 12 (¥, Qingquan Li and Huaishuo Xiao

1 Department of Electrical Engineering, Shandong University, Jinan 250061, China;

renang@mail.sdu.edu.cn (A.R.); 201513014@mail.sdu.edu.cn (H.X.)

Shandong Provincial Key Laboratory of Ultra High Voltage Transmission Technology and Equipments,
#17923 Jingshi Road, Jinan 250061, China

*  Correspondence: 1qq@sdu.edu.cn; Tel.: +86-53181696115

Received: 4 April 2017; Accepted: 26 June 2017; Published: 30 June 2017

Abstract: Equivalent salt deposit density (ESDD) and non-soluble deposit density (NSDD)
measurements are a basic requirement of power systems. In order to predict the site pollution
severity (SPS) of insulators, a new method based on random forests (RFs) is proposed. Using mutual
information (MI) theory and RFs, the weights of factors related to the SPS of insulators are analyzed.
The samples of contaminated insulators are extracted from the transmission lines of high voltage
alternating current (HVAC) and high voltage direct current transmission (HVDC). The regression
models of RFs and support vector machines (SVM) are constructed and compared, which helps to
support the lack of information in predicting NSDD in previous works. The results are as follows:
according to the mean decrease accuracy (MDA), mean decrease Gini, (MDG), and MI, the types of the
insulators (including surface area, surface orientation, and total length) as well as the hydrophobicity
are the main factors affecting both ESDD and NSDD. Compared with NSDD, the electrical parameters
have a significant effect on ESDD. For the influence factors of ESDD, the weights of the insulator
type, hydrophobicity, and meteorological factors are 52.94%, 6.35%, and 21.88%, respectively. For the
influence factors of NSDD, the weights of the insulator type, hydrophobicity, and meteorological
factors are 55.37%, 11.04%, and 14.26%, respectively. The influence voltage level (vl), voltage type (vf),
polarity /phases (pp) exerted on ESDD are 1.5 times, 3 times, and 4.5 times of NSDD, respectively.
The influence that distance from the coastline (d), wind velocity (wv), and rainfall (rf) exert on
NSDD are 1.5 times, 2 times, and 2.5 times that of ESDD, respectively. Compared with the natural
contamination test and the SVM regression model, the RFs regression model can effectively predict
the contamination degree of insulators, and the relative error of the predicted ESDD and NSDD is
8.31% and 9.62%, respectively.

Keywords: insulators; ESDD; NSDD; random forests; mutual information

1. Introduction

Research on insulator natural contamination is a basic requirement of external insulation.
The contamination degree of insulators is a result of the actual operating environment, which can
reflect the pollution resistance characteristics of insulators under natural conditions [1]. Due to the
complex working environment of insulators, the natural contamination characteristics of the insulator
are difficult to depict with mathematical expressions.

At present, machine learning algorithms are widely used in the study of the natural contamination
characteristics of insulators: Jiao et al. combined particle swarm optimization (PSO) and support
vector machine (SVM) to build an insulator contamination on-line monitoring system to predict
the contamination degree, and the relative error was less than 10% [2]. Ahmad et al. modeled the
relationship between equivalent salt deposit density (ESDD) with temperature, humidity, pressure,
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rainfall, and wind velocity, using artificial neural networks (ANN), and the mean absolute error of the
model output was found to be 3.6% [3]. Meanwhile, Karamousantas et al. provides the foundation for
routine maintenance of insulators according to the same algorithm, and the relative error was less than
17% [4]. Muniraj et al. used the characteristics of leakage current as an input, and predicted ESDD by
an adaptive neurofuzzy inference system (ANFIS) model, whose coefficient of determination was 0.998
and root mean square error was just 0.00323 [5]. In recent years, the random forest algorithm has been
widely used in the field of power systems. Hannan et al. proposed that the performance of the RFs
based space vector pulse width modulation (SVPWM) technique is superior to both ANN-SVM and
ANFIS-SVM techniques in terms of damping capability, settling time, steady-state error, and transient
response under different operating speeds and load conditions [6]. Samantaray et al. proposed the
identification of the fault zone in flexible alternating current transmission systems (FACTS)-based
transmission lines using RFs (random forests) with an accuracy and reliability of more than 99% [7].
Shah et al. proposed a RFs-based fault discrimination technique for power transformers, and the
fault discrimination accuracy was more than 98% [8]. Meanwhile, Kannan et al. proposed a RFs
classifier, and the identification rate of the RF classifier lies above 98% at all pollution conditions [9].
Lariviere and Van den Poel found that both random forests and regression forests techniques provide
a better fit for the estimation and validation sample compared to ordinary linear regression and logistic
regression models, and the prediction accuracy was 95% [10]. Therefore, the study of random forest
algorithms is essential in the field of external insulation. However, the following shortcomings exist in
the studies of SPS (site pollution severity) prediction: Firstly, the influencing factors are different and
there is no weight analysis of the factors related to the natural contamination. Secondly, only ESDD is
predicted in all of the above algorithms; NSDD is ignored, and according to IEC60815, NSDD is also
an indispensable factor [11]. Lastly, RFs based natural pollution prediction has not been compared
with other algorithms, and there is no actual natural contamination test validation.

In this paper, 16 factors that are related to ESDD and NSDD are proposed, and the weights are
analyzed using MI (mutual information) and RFs. Based on the most related factors, a new regression
method of using RFs as a function estimation is established. Experiments show that the method is greatly
superior to the SVM regression model in terms of accuracy. The prediction results of this method have
been verified by the actual data from the insulators of the Chinese East Coast transmission line.

2. Onsite Measurements and Research Methodology

2.1. Insulator Parameters

In order to study the influence of voltage type and voltage level on the natural accumulation of
composite insulators, the surrounding insulators of HVAC transmission lines are sampled. The voltage
level of the transmission line and the parameters of the insulators are shown in Table 1. As the
contamination degree of the insulators is not uniform [12], the parameters of each insulator sample
consists of four values: ESDD of the upper surface, NSDD of the upper surface, ESDD of the lower
surface, and NSDD of the lower surface. Since the insulator string of the transmission line is composed
of a plurality of insulators, the potential of each insulator is different. So each string of insulators is
numbered from 1 to n according to its potential. The sampling diagrams of suspension insulators and
the long rod composite insulator are shown in Figure 1.

Table 1. Insulator parameters.

Insulator Type Voltage Level Leakage Distance Upper Surface Lower Surface
V) (mm) Areas (cm?) Areas (cm?)
FC160P/C170DC +660 550 (a piece) 1800 2700
FXBZW +£660/300 +660 9220 224.6/120.2 224/120
FXBZW +£660/160 +660 4680 224.6/120.2 224/120
LXHY4-100 220 450 (a piece) 975 1601
XWP2-160 500 450 (a piece) 1551 1208

FC160P 500 550 (a piece) 1198 2541
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Figure 1. Insulator sampling diagram. (a) Suspension insulators; (b) long rod composite insulator.

The natural contamination data presented in this paper were sampled in the transmission line of
East China. In order to reduce the measurement error, the insulators were removed from the ground,
using non-woven cloth (with a small amount of ethanol solution) to wipe off all the contamination.
The method introduced in [11] was used to measure the ESDD and NSDD of each insulator.

2.2. The Influences of the Natural Contamination

Meteorological factors are evaluated using the average value of one-year, such as days with a wind
velocity that is more than 5.5 m/s, days of medium to heavy rain, annual average temperature, and so on.

The SPS is determined by ESDD and NSDD under various factors. At present, the difficulty in
the modelling of natural contamination is the selection criteria for the related factors. According to
references [12-16] and the actual working condition, the following factors are chosen to evaluate the
contamination of insulators: (1) Contamination factors: deposition time (dt), hydrophobicity (HC),
particle size (ps); (2) Meteorological factors: altitude (), distance from coastline (d), rainfall (rf),
temperature (t), and wind velocity (wv); (3) Insulator type: material (1m), position factor (pf), surface
area (sa), surface orientation (so), total length (n); (4) Electrical factors: voltage type (vf), voltage level (vl),
polarity /phases (pp). Considering the factors shown in Table 2 as inputs, RFs was used to calculate
the weights.

Table 2. Insulator parameters.

Influencing Factors Note Symbols  Units
- deposition time Insulator working time dt year
Contamination icle si Ie s icle i
factors particle size ontamination particle size ps pm
hydrophobicity The hydrophobicity of the contaminated insulator HC 1-7
altitude Altitude of the tower a m
X distance from coastline Distance from the nearest coastline d m
Meteorological . . -
rain fall Medium to heavy rain days rf day
factors °
temperature Annual average temperature t C
wind velocity wind speed >5.5 m/s-days wo day
material 1 Coasted with RTV; 2 Composite; 3 Porcelain m -
position factor pf = i/n (i which is the i-th insulator) pf -
Insulator type surface area Insulator surface area sa cm?
surface orientation Surface orientation (1 upper; 2 lower) 50 -
total length The number of chains n -
polarity/phases Polarity /Phases (1+; 2—; 3A; 4B; 5C) pp -
Electrical factors voltage level Insulator operating voltage vl kv

voltage type Voltage type (1 DC; 2 AC) ot -
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2.3. Concept of RFs

RFs is a statistical learning algorithm, which adopts the bootstrap resampling method to extract
multiple samples from the original sample. Firstly, the decision tree for each bootstrap sample is
constructed. Then the predictions of multiple decision trees are combined by voting for the final
prediction, and the results are obtained [17]. This method has high prediction accuracy, good tolerance
for abnormal values and noise, and it is not easy to over-fit. On the basis of obtaining a variety of
influencing factors, the ESDD and NSDD prediction model is carried out by using the random forests
regression (RFs-R) model. The modelling process is shown in Figure 2. Firstly, a series of training
samples are randomly selected from the original training sample set Sy (k =1, ..., n) by the Bootstrap
method for the insulator group Gy (k = 1, ..., nn), then we use the test set to test the decision tree,
synthesize the test results of multiple decision trees, and obtain the final ESDD and NSDD forecast
model by voting.

ESDD & NSDD
forecast training set S
v
Bootstrap Generate a subset of training
resampling samples randomly
. i .
Training sample Training sample Training sample
subset Sk subset Sk2 subset Skw
Randomly selected Randomly selected
natural insulator natural insulator
contamination contamination

factors factors

CART decision tree CART decision tree CART decision tree
i i 1
Test the test set to get Test the test set to get ... |Test the test set to get
the test results fia(Xx) the test results fio(Xx) the test results fiw(X)

v

Vote for ESDD &

NSDD forecasting
model

Figure 2. Modelling process of ESDD and NSDD forecasting based on RFs.

There are two methods for calculating the weight of RFs variables: one is based on mean decrease
accuracy (MDA); the other is based on Gini impurity, called the mean decrease Gini (MDG). The weight
of the corresponding factor will increase with the decrement of the above two parameters [17].

2.3.1. Mean Decrease in Gini

Suppose that S is a set of s data samples whose class label attribute has m different values and
defines m different classes (C;, i =1, ..., m). According to the difference of the class label attribute values,
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S can be divided into m (5;,i =1, ..., m), and let S; be the set of samples belonging to class C; and S; is
the number of samples in set S;. The Gini index of set S is:

Gini(S) =1 — f pi? (1)
i=1

where, P; estimated by s;/s is the probability of any sample belonging to C;. When Gini(S) is 0, all the
records in the set belong to the same category. When all the samples in set S are evenly distributed,
Gini (S) reaches its maximum, indicating that the minimum useful information can be obtained. If the
data set S is divided into # subsets (S;,j =1, ... , n) according to a certain attribute partition, the index
of Ginigpy;; after splitting is:

Ginigypie(S) = Y ngim(sj) )

j=1

where, n is the number of child nodes, S; is the record number of the child node j, and s is the number
of records at node P. When the classification method has traversed all of the attributes, the attribute
whose Ginispht is the smallest will be selected as the split attribute of the node.

2.3.2. Mean Decrease in Accuracy

The order of the eigenvalues of each feature is disrupted and the impact of the order variation
on the accuracy of the model is measured. Obviously, the order of disruption has little effect on the
accuracy of the model for unimportant variables, but the order of the scramble reduces the accuracy of
the model for important variables.

At first, train the RFs model to test the out of bag (OOB) error of each tree in the model using the
sample data outside the bag. And then, randomly disrupt the value of the variable v in the sample
data outside the bag and retest the OOB error of each tree. Finally, obtain the weight measure of the
single tree to the variable v, which is the mean value of the difference of the OOB error in the test.

MDA (v) =

S| =

n
(errOOB; — errOOB;) 3)
=1

1

2.3.3. RFs-R Model

Using the RFs-R model written in MATLAB [18], and compared with the research of Lariviere
and Van den Poel on profit evolution estimation in the field of economics, RFs can be trained to predict
the SPS of insulators. There are two major parameters of RFs, one is “ny.” representing the number of
trees and the other is “my,” representing the number of variables used in determining the best split at
each node. Leo Breiman [17] explained that the optimal value of m, usually lies between log, v and
/v where v is the number of features. Lariviére and Van den Poel had chosen a total of 30 dependent
variables, and set the parameters of RFs-R as 74y = 5000, ¢y, = 6. In this paper, there are 16 dependent
variables, and the my is set as 4.

The following are the indicators to evaluate the RFs regression model [19], and R? is the fitness of
the model. Mean percent standard error (MPSE) is an accurate indicator reflecting the fitting effect,
where 1 represents the total number of insulators involved in the prediction, §; is the predicted output
of the trees in the forest corresponding to the given input x; sample, and y; is the observed output. The
parameter of 71 can be set according to the minimum MPSE [17].

R =1-Y (yi— )%/ ) (vi — 7)) @
= i=1

MPSE — 1

“nk

(vi — 9:)°/9:| x 100% )
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2.4. Concept of Mutual Information

There are different correlations between the SPS of the insulators and the influencing factors, and
the impacting degree of the same influencing factors on the SPS of different insulator strings is also
different. Using the theory of mutual information (MI), the high correlation factors with ESDD and
NSDD can be selected [20].

The information about the system X obtained after the known system Y can be represented by
the difference between the unconditional entropy and the conditional entropy, which is defined as the
mutual information of X and Y. X is the decision attribute and Y is the condition attribute.

I(X,‘Y) =H(X) — H(X|Y) 6)
For discrete data,
H(X) = — ;P(xl)bg(r?( xi)) @)
R SR p(xiy;)
H(X|Y) = ;];P( zy])IOgl b ) ] (8)
o G X o p(xz/y])
ZP ) log[p(x;)]—{~ l;];p inyj) 1 g[ip(%) 1} ©)
fip (xiyj) = ip(yj) (10)
i=1j=1 j=1
f (x7) loglp(x)] — {~ fp y]f (xly;) loglp (xily) )]} )

where p(x;) is the probability of X = x;, p(y;) is the probability of Y = y;; p(x;|y;) is the conditional
probability of X = x; when Y = y;. In order to calculate the probabilities, the data of the samples
should be discretized. The discretization of the samples can be used to convert the specific value
into the interval represented by the probability, and although the discretization will lose the details,
the result is more statistically significant. The specific method of discretizing the attribute fields of
each condition attribute and decision attribute is to find the maximum and minimum values in each
attribute domain respectively, and divide the distance between the maximum and minimum values
into w intervals. Each value is placed in the corresponding interval, and the number of values in each
interval is obtained.

3. Results

3.1. The Weights of the Related Factors—RFs

Figure 3a,b shows the MPSE between the predicted and actual values based on the RFs when
e takes different values. Overall, the MPSE of the prediction model decreases as 1 increases.
However, when the value of ny.. is large, a too fine classification will lead to a rapid increase in the
amount of calculations. Considering the modelling speed and the prediction error, #14.pspp = 45 and
NireeNSDD = 66 are the best decision tree numbers.
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Figure 3. Forecasting the OOB error of RFs with different . (a) The change in MPSE of ESDD when
e changes; (b) The change in MPSE of NSDD when ntree changes.

The RFs overcome the shortcomings of traditional variable selection methods (choosing one
or two variables in a group of variables that are equally highly correlated). As can be seen from
Figure 4, there are gaps in the importance of different factors. The importance of the factors given by
the RFs shows that the dominant factor is the insulator type, and the smallest influencing factor is
the contamination deposition time. From the perspective of the insulators' maintenance data during
spring, although the meteorological factors affect the natural pollution of the insulators, the effect is

not obvious.

0.00 0.05 0.10 0.15 0.20 0.25 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36
vt vt LA |
vl vl
PP PP
n n
SO SO
sa sa
pf pf
&J m E m
B HC B HC
8 wv 8 wv
o I
rf rf
d d I \'SDD mean d i
a I £SDD mean decrease in accuracy a HHEAN CECIEAsE 1N accuracy
ps I ESDD mean decrease in Gini index ps I \SDD mean decrease in Gini index
dt dt
1 1 1 1 1 1 1 1 1 1 1 1 1
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
ESDD mean decrease NSDD mean decrease

() (b)

Figure 4. Importance analysis of influencing factors. (a) The results of ESDD; (b) The results of NSDD.

As can be seen from Figure 4a, the related factors that affect ESDD are: the insulator surface
area (sa), the position factor of the insulator (pf), the insulator voltage level (vl), the orientation of
the surface (so), the hydrophobicity after contamination (HC), and the polarity /phase (pp) of the
line. Compared with ESDD, the factors that affect NSDD are mainly the insulator surface area (sa),
the orientation of the surface (so), and the hydrophobicity after contamination (HC), as can be seen
from Figure 4b. The electrical factors of the insulators have less of an impact on NSDD.



Energies 2017, 10, 878

3.2. The Importance of the Related Factors—Mutual Information

the p insulator samples constitute the data set:

8of 19

For the insulator string Gy (k =1, ..., n), it is assumed that the ESDD and NSDD data sequence of

XD _ Xesdd, 17 Xesdd,2s - - - » Xesdd, [4 (12)
Xnsdd,17 ¥nsdd,2s - - -  Xnsdd, [4
The data sequence of the [ latent correlation factors constitutes the data set Yp = {Y1, Y3, ..., Y1},
and the mutual information between the Xp and each correlation factor Yp can be expressed as:
[ I(Xesad, 1) I(Xesdd, 1, Yj) I(Xesdd,1, Y1) |
Iespp = | I(Xesdd,ir Y1) I(Xesad,irYj) I(Xesad,ir Y1) (13)
| I(Xesdd,pr Y1) I(Xesdd,pr Yj) I(Xesdd,pr Y1) |
[ I(xnsad,1,y1) I(Xnsdd,1, ¥) I(Xnsdd,1, 1) |
Inspp = | I(Xnsdd,iry1) I(Xnsdd,i»¥j) I(Xnsdd,i» Y1) (14)
L I(xnsdd,pr yl) I(xnsdd,pl y]) I(xnsdd,pr yl) ]

where, Xesdd 1, ¥nsdd,1 € Xp, and Y; € Yp. Randomly selecting p = 50 and j = 16, the thermal maps were
drawn based on Igspp and Inspp, which are shown in Figure 5.

F12

0.8

a
a 8
2 9]
z Jos
L o4
Jo3
Loo - e — e I
WS E B o OO0 SO S OB 001 2 3 45 6 7 8 9 1011 12 13 14 15 16 :
Influencing Factors Influencing Factors
() (b)

Figure 5. The thermal map. (a) ESDD; (b) NSDD.

In Figure 5, the horizontal axis represents the 16 related factors listed in Table 2, and the vertical
axis represents the ESDD and NSDD, respectively. Each colour block represents the mutual trust size
of the impacting factor. The greater the mutual information, the stronger the correlation is.

If only the mutual information between the SPS of a single insulator and the correlation factors
is analysed, it can be found that there are individual differences in the colour distribution of each
row. However, when the results from many insulators are integrated, the overall colour distribution
captures the common characteristics of the correlation between SPS and each factor, and the strong
correlation factors that affect the SPS of the insulators can be determined.
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It can be seen from Figure 5a that the hydrophobicity (Y3), surface area (Y11), and surface
orientation (Y1) have a strong correlation with ESDD. Material (Yy), total length (Y13), polarity/phase
(Y14), and voltage level (Y15) have a significant impact on ESDD. It can be seen from Figure 5b that
the influencing factors of hydrophobicity (Y3), surface area (Y11), surface orientation (Y1;), and total
length (Y13) have a strong correlation with NSDD.

3.3. Natural Contamination Tests

The regression models of RFs and SVM have been compared in this paper. Two-thirds (2/3) of
the data are randomly selected as the RFs-R model training sample set, and we establish the support
vector machines regression (SVM-R) model based on the same training sample set. Two regression
models are tested with the 1/3 of the remaining data as the test sample set.

Due to the test samples being large, we randomly selected the ESDD and NSDD actual values
of the two strings of insulators and compared them with the forecasted values of RFs-R and SVM-R.
It can be seen from Figure 6 that the forecasted ESDD and NSDD trends are consistent with the actual
ESDD and NSDD. Therefore, it is possible to use RFs-R and SVM for the prediction.

0.22 3.0
0.20 e  Measured b3 ® Measured
o8| $] T t I % Estimated (RFs) 251 % Estimated (RFs)
0.16 | 5o ) i ©  Estimated (SVM) . SVM MAX Error Estimated(SVM)
o 014 1 NE “r N
£ / '3 T ¥ ia ¥ i
g mzp SVMMAX Error  © © ‘ ¥ } ? 2 15 Pl f
§, 010 - 090 ¥ N 1 é RFs MAX Error
Q omsf RFs MAX Error e 1 8 1ol 2 1 T §
8 oospon 4 2 8
0'04_l15~‘i£g 05 L }w:f Vi ée
002 [ l iegi é
0.00 L 1 n 1 n 1 " 1 . 0.0 1 1 1 1
0 5 10 15 20 25 0 5 10 15 20 25
Test sample Test sample
(a) (b)

Figure 6. Contamination particle size. (a) ESDD; (b) NSDD.

It can be seen from Figure 6a that: using the RFs-R model, the results of the ESDD prediction
are R? = 0.951 and MPSE = 7.98%. Using the SVM-R model, the results of the ESDD prediction are R?
= 0.86 and MPSE = 17.65%. The maximum error of the RFs-R model is 31.7% of the maximum error
of the SVM-R model. It can be seen from Figure 6b that: using the RFs-R model, the results of the
NSDD prediction are R? = 0.911 and MPSE = 9.04%. Using the SVM-R model, the results of the NSDD
prediction are R? = 0.88 and MPSE = 20.82%. The maximum error of the RFs-R model is 48.3% of the
maximum error of the SVM-R model. The RFs-R model is feasible in ESDD and NSDD prediction
through previous data learning and verification.

4. Discussion

In this chapter, the effects of electric field factors, meteorological factors, and contamination on
the SPS of insulators are analysed. At the same time, the RFs classifier is used to quantitatively analyse
the weight of the relevant factors.

4.1. Potential Distribution of the Insulators

Based on the finite element method, the electric field and the potential distribution of the insulators
were simulated. Figure 7 shows the results of two-dimensional simulation of the suspension porcelain
insulators, where Figure 7a,b is the voltage distribution and the electric field distribution of the
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insulator, respectively. Since there are 60 insulators on the £660 kV DC transmission line, the voltage
drop of each insulator is about 11 kV. In the simulation, the excitation voltage of the steel pin is set as
11 kV, and the excitation voltage of the steel cap is set as 0 kV.

ELY_per_neter]
Yoltage[V¥] 1.5163e+885
1. 1680e +B0Y4 8. G287 e+00Y
. 1.8353e+60Y4 . 5. 1311e+084
9, 7060 +6E83 2.9543e+004
9, B590e +A03 1. 7363+00Y
8. 412Ae+A03 1. 61688e+BEY
7. 7650 +ED3 5. 5754e+0@3
7. 1180 +603 3. 4177e+803
6. 4710e+603 1.9581e+903
5. 8248e+8@3 1. 1565e+003
5.1771e+8@3 6. 7276e+002
4, 5301e+603 3.9135e+0802
3. 8831e+003 2. 2765e+002
3. 2361e+@@3 1, 3243e+002
2. 5891e+E03 7. 7834%e+001
1.3421e+083 4. 4511e+@A1
1. 2951e+@03 2. 6BETe+BA1
6. 4389e+002 1.5163e+801
1. 1066 +600
(a) (b)

Figure 7. Two-dimensional simulation results of the suspension porcelain insulator. (a) The potential
distribution of the suspension insulator; (b) The electric field of the suspension insulator.

According to Figure 7, the upper and lower surface of the insulator potential and electric field
distribution is significantly different, corresponding to the actual contamination of the suspension
insulator as shown in Figure 8, which reflects the importance of so (surface orientation).

(a) (b)

Figure 8. The contaminated insulator. (a) The upper surface; (b) The lower surface.

Figure 9 shows the two-dimensional electric field and potential distribution simulation of the
suspension insulator string and composite insulators. It can be seen from Figure 9b,d that the electric
field strength at both ends of the insulator is high, and the field strength decreases first and then
increases along the direction of the insulator string. From Figure 9a,c we can see that the potential
difference between the two ends of the insulator is very large, and the potential difference in the
middle part of the string is very small. Therefore, the total length (1) and the position factor (pf) of
the insulator string will have a large effect on the electric field strength and potential of the insulator,
which indirectly affects ESDD.
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Figure 9. Insulator electric field and potential distribution. (a) The potential distribution of the
suspension insulators; (b) The electric field of the suspension insulators; (c) The potential distribution
of the composite insulators; (d) The electric field of the composite insulators.

4.2. Contamination Analysis

From the cumulative frequency point of view, as shown in Figure 10a, the D90 of the composite
insulators at the anode is 23.26 and 21.90 at the cathode; the D90 of the porcelain insulator is 41.54
and 33.33 at the cathode; the D90 of the coated room temperature vulcanized silicone rubber (RTV)
insulator is 32.62 and 30.99 at cathode, and 90% of the contamination particle size conforms to the
following rules: composite insulators < insulators coated with RTV < porcelain insulators.

10

Cumulative frequency (%)

®— Anode Composite
—4A— Anode Porcelain
—vV— Anode RTV
—®— Cathode Composite
— % — Cathode Porcelain
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(b)

Figure 10. Contamination particle size. (a) The cumulative frequency of the particle size; (b) The

frequency of the particle size.

The composite insulator has a stronger ability to adsorb small particles than the porcelain
insulators, and the insulator material has a great influence on the particle size of the particles.
The insulator string under the cathode more easily adsorbs small particles than the insulator string
under the anode. The D90 of the composite insulators at the cathode is lower than that at the anode by
5.85%. The D90 of the porcelain insulators at the cathode are lower than that at the anode by 19.76%.
The D90 of the insulators coated with RTV at the cathode is lower than that at the anode by 5.00%,
as shown in Figure 10a.
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From the frequency point of view, as shown in Figure 10b, the maximum particle size of the
composite insulators at the cathode is 7.83 pm and 8.77 pm at anode; the maximum particle size of the
RTV-coated insulators at the cathode is 14.2 pm and 12.3 um at the anode; the maximum particle size
of the porcelain insulators at the cathode is 18.1 pym and 22.3 pm at the anode. The maximum particle
size of contamination conforms to the same rules as the cumulative frequency, composite insulators <
insulators coated with RTV < porcelain insulators. The effect of contamination on the organic materials
is greater than that of the inorganic materials, and the particle size of contamination is smaller.

Table 3 shows the particle size distribution of the contamination, where D10 refers to the particle
size corresponding to the cumulative probability distribution number of 10%, and P < 3 refers to the
cumulative probability of a particle size less than 3 um.

Table 3. The particle size distribution of the contamination.

Species D10 (um) D50 (um) D90 (um) P<3 P<10 P<20 P <40
Anode composite 2.29 8.24 23.26 14.44% 59.42% 86.05% 98.99%
Anode porcelain 7.19 17.60 41.54 0.15% 21.90% 57.22% 88.91%

Anode RTV 5.16 15.00 32.62 5.07% 30.12% 68.37% 95.30%
Cathode composite 3.51 8.25 21.90 7.15% 59.86% 87.46% 99.23%
Cathode porcelain 5.13 13.89 33.33 2.50% 32.42% 68.13% 94.99%

Cathode RTV 4.59 12.59 30.99 4.94% 38.92% 71.88% 96.06%

It can be seen from Table 3 and Figure 10 that the particle size distribution of the contamination of
the composite insulator is concentrated in the range of small particles below 10 um, while the other
two kinds of insulator particles have a frequency distribution of more than 10 um. The particle size
distribution of the contamination is significantly affected by the insulator type and the suspension
insulators have a wider range of particle size distribution than the rod insulators. From the above
analysis, the insulator polarity, type, and material affect the contamination particle size distribution,
but not obviously.

4.3. Meteorological Factors

The following figures show the impact of related factors on ESDD or NSDD. The trend of the SPS
of the insulators is qualitatively analysed according to Figure 11. The ranges of the related factors are
shown in Table 4.
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Figure 11. Cont.
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Figure 11. Effects of the influencing factors on ESDD and NSDD. (a) Distance from coastline;
(b) Altitude; (c) Annual average temperature; (d) Medium to heavy rain.

Table 4. The particle size distribution of the contamination.

Factors d (m) a (m) t(°C) rf (days) wov (days)  dt (years)
Range 40,127-229,735 11-34 11-14 11-14 8-45 1-5

From Figure 11a we can see that the distance factor (d) has a significant influence on the NSDD,
and little influence on the ESDD. With the increase of the distance factor (d), the NSDD of the lower
surface shows an increasing trend. The NSDD within 5 km of the coastline is significantly lower than
the NSDD in the inland area. The maximum values of ESDD and NSDD in all samples appear on the
lower surface of the insulator string farthest from the coastline. Compared with Figure 11a—c, since the
distance factor (d) has a linear relationship with altitude (1) and temperature (f), the effect on SPS is
basically the same.

As can be seen from Figure 11d, the larger the annual average rainfall (rf) is, the greater the
impact on ESDD and NSDD is. The ESDD and NSDD in the region of less rainfall are generally higher
than that in the heavy rainfall area. However, with the increase of rf, the ESDD value of the upper
surface gradually decreases, indicating that the rainfall plays a role in scouring the upper surface of the
insulator. However with the increase of rf, the ESDD of the lower surface shows a tendency to decrease
first and then increase. We believe that the region of 7f < 40 days is mainly concentrated in the inland
areas, and the effect of scouring is obvious, leading to a downward trend of ESDD. With the increase of
rf, the corresponding samples are concentrated in the coastal areas. The residual electrolyte increases
on the surface because of the rain. Since it is difficult to scour the lower surface of the insulators by
rain, the electrolyte gradually increases, resulting in the lower surface salt density rise.

It can be seen from Figure 12a that the wind has an obvious effect on the ESDD. With the increase
in wv, ESDD showed a decreasing trend. The relationship between NSDD of the upper surface with
the wind is complicated. We believe that the contamination can be easily carried by wind, causing
uneven accumulation of contamination. As can be seen from Figure 12b, the SPS tends to increase
first and then decrease with the increase of dt. Based on the statistical results of the insulator, the first
saturated time of SPS is in the second year.
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Figure 12. Effects of influencing factors on ESDD and NSDD. (a) Wind speed >5.5 m/s-days;
(b) Deposition time.

4.4. The Hydrophobicity of the Insulators

Choosing one suspension insulator and one composite insulator as samples, the hydrophobicity
classification (HC) is measured based on the method of reference [21].

Figure 13 shows the hydrophobicity of the composite insulators. Regardless of the upper surface
or the lower surface, the HC results of the composite insulators are mostly HC2 and HC3, as can be
seen in Figure 14a,b, indicating that the composite insulators have good hydrophobicity. On the whole,
the poorly hydrophobic points appear near the ends of the composite insulator, which corresponds
with the distribution of the high electric field intensity in Figure 9d.

\

(b)

Figure 13. The hydrophobicity of the composite insulators. (a) The upper surface; (b) the lower surface.
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Figure 14. The hydrophobicity of the composite insulator. (a) The upper surface; (b) the lower surface.
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It can be seen in Figure 15a that the upper surface has good hydrophobicity and is concentrated
in HC3-HC4. The lower surface of the suspension insulator shown in Figure 15b substantially lacks
hydrophobicity. The HC of the entire string of suspended insulators are shown in Figure 16; the HC of
the upper surface is maintained at HC4, and the weak hydrophobicity of HC5-HC7 of the insulators is
related to the high field strength region of Figure 9b. In Figure 16b, the hydrophobicity of the lower
surface is completely lost, whose ESDD is 0.306 mg/cm? and NSDD is 3.245 mg/cm?, and there is
a direct correspondence with the high SPS.

(@) (b)

Figure 15. The hydrophobicity of the suspension insulator. (a) The upper surface; (b) the lower surface.
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Figure 16. The hydrophobicity of the suspension insulators. (a) The upper surface; (b) the lower surface.

4.5. RFs Analysis and Forecasting

In Table 5, p represents the p-th related factor of SPS, « represents the MDA (or MDG) of each
relevant factor in ESDD as a percentage of the total MDA (or MDG). 8 represents the MDA (or MDG)
of each relevant factor in NSDD as a percentage of the total MDA (or MDG). The equations to calculate
« and B are as follows (Equations (15) and (16)).

MDA, MDA,
Nap =g i Pap =5 (15)
MDA, MDA,
i=1 i=1
MDG, MDG,
XGini, p = 57— PGini,p = 77— —
16 'B 16 (16)
Y. MDG; Y. MDG;

i=1 j=1
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Table 5. The MDA and MDG of related factors.

Feat ESDD Mean Decrease NSDD Mean Decrease ey FFinip
eature Accuracy &, Gini Index &Gini Accuracy B, Gini Index BGini Bay ficinip
dt 0.00018  1.16% 0.01671 1.29%  0.00992  0.90% 1.549 1.34% 1.28 0.96
ps 0.00024 1.54% 0.01826 1.41%  0.01901 1.73% 2272 1.97% 0.89 0.72
a 0.00045 2.89% 0.03626 2.80%  0.03902  3.56% 4.544 3.93% 0.81 0.71

d 0.00043  2.76% 0.03616 2.79%  0.04611  4.20% 4.802 4.16% 0.66 0.67
rf 0.00031  1.99% 0.03014 2.33%  0.05835 5.32% 4.701 4.07% 0.37 0.57

t 0.00042  2.70% 0.03668 2.83% 0.03932  3.58% 3.972 3.44% 0.75 0.82
wo 0.00037  2.37% 0.03029 2.34%  0.05881 5.36% 4.722 4.09% 0.44 0.57
HC 0.00125  8.02% 0.12227 9.44% 012112 11.04% 17.054 14.77% 0.73 0.64
m 0.00063  4.04% 0.05317 410%  0.02811  2.56% 2.462 2.13% 1.58 1.93
pf 0.00191  12.26% 0.18596 14.36% 0.02132  1.94% 5.719 4.95% 6.31 2.90
sa 0.00309  19.83% 0.25613 19.77% 032612  29.72% 33.836 29.30% 0.67 0.67
so 0.00178  11.42% 0.12433 9.60%  0.18111 16.50% 15.703 13.60% 0.69 0.71

n 0.00084  5.39% 0.06578 5.08%  0.05104 4.65% 4.713 4.08% 1.16 1.24
pp 0.00099  6.35% 0.08771 6.77%  0.02312  2.11% 2.211 1.91% 3.02 3.54
vl 0.00179  11.49% 0.12433 9.60%  0.02811  2.56% 2.462 2.13% 449 4.50
ot 0.00063  4.04% 0.05317 410%  0.02873  2.62% 2.462 2.13% 1.54 1.93

The parameters to evaluate the weights are « for ESDD and  for NSDD [17]. For ESDD, the «,
(«Gini) of the surface factor (sa), position factor (pf), insulator voltage level (vl), surface orientation
(s0), hydrophobicity (HC), and the polarity /phases (pp) are 19.83% (19.77%), 12.26% (14.36%), 11.49%
(9.60%), 11.42% (9.60%), 8.02% (9.44%), and 6.35% (6.77%), respectively. The total impact of the
insulator type and electrical factors are 52.94% (52.91%) and 21.88% (20.47%), respectively.

For NSDD, the B; (Bgini) of the surface factor (sa), surface orientation (so), and hydrophobicity
(HC) are 29.72% (29.30%), 16.50% (13.60%), and 11.04% (14.77%), respectively. The total impact of the
insulator type and electrical factors are 55.37% (54.06%) and 7.29% (6.17%), respectively.

According to the ratio of « to j, the influence of the material (1), position factor (pf), total length
(n), polarity /phases (pp), voltage level (vl), and voltage type (vt) on ESDD are greater than that on
NSDD, while the other related factors have a larger effect on NSDD. The impact of the voltage level
(vl), voltage type (vf), and polarity /phases (pp) on ESDD are 1.5 times, 3 times, and 4.5 times that of
NSDD. The impact of the distance from coastline (d), wind velocity (wv), and rainfall (rf) on NSDD are
1.5 times, 2 times, 2.5 times of ESDD. It can be seen that the electrical factors have an obvious impact
on ESDD, which corresponds to the results in reference [22].

The smallest influencing factor for ESDD and NSDD is the deposition time (dt). It has been
considered that the RFs learning data are taken from the annual sampling and the external influencing
factors are basically the same in each fixed period, which leads to the least impact on the SPS. On
the basis of the SPS measurements, it is believed that the following inputs have high weights for
the SPS forecasting of insulators, which include: the surface factor (sa), the position factor (pf), the
insulator voltage level (vl), the surface orientation (so0), hydrophobicity (HC), and the polarity /phases
(pp). When the NSDD is forecasted, the information of the surface factor (sa), surface orientation (so),
and hydrophobicity (HC) should be analysed emphatically.

In order to actually detect the validity of the RFs-R trained model, the FC160P/C170DC suspension
insulators were suspended on the 660 kV transmission line tower in 2016 for a one-year natural
contamination test. A picture is shown in Figure 17. Using the trained RFs-R model, we set the
surface factor (sa), position factor (pf), insulator voltage level (vl), the surface orientation (so), and the
polarity/phases (pp) as inputs to predict the ESDD. We set the surface factor (sa), surface orientation
(s0), and hydrophobicity (HC) as inputs to predict the NSDD. The parameters of the RFs-R model were
set as reeESDD = 45, NtreeNsDD = 66, and iy, = 4 (Consistent with Section 3.1). The relative error of the
predicted ESDD and NSDD and the real ESDD and NSDD is 8.31% and 9.62%, respectively, which is
shown in Figure 18.
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Figure 17. The diagram of the artificial natural pollution test.
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Figure 18. The results of the artificial natural pollution test.

5. Conclusions

@)

)

®)

S

The R? and MPSE of the trained ESDD RFs-R model are 0.951 and 7.98%, respectively, and the
relative error of the predicted ESDD is 8.31%. The R? and MPSE of the trained NSDD RFs-R
model are 0.911 and 9.04% respectively, and the relative error of the predicted NSDD is 9.62%.
Compared with natural contamination test and the SVM regression model, the RFs-R model can
effectively predict the natural contamination of insulators.

According to the MDA (MDG) and MI, the types of the insulators (including surface area, surface
orientation, and total length) as well as the hydrophobicity are the main factors affecting both the
ESDD and NSDD. Compared with NSDD, the electrical parameters have a significant effect on
ESDD. For the influence factors of ESDD, the weights of the insulator type, hydrophobicity, and
meteorological factors are 52.94%, 6.35%, and 21.88%, respectively. For the influence factors of
NSDD, the weights of the insulator type, hydrophobicity, and meteorological factors are 55.37%,
11.04%, and 14.26%, respectively.

The effect of electrical parameters on the ESDD is greater than that on NSDD, while other
non-electrical parameters have a significant impact on NSDD. The influence that the voltage level
(vl), voltage type (vt), and polarity /phases (pp) exert on ESDD are 1.5 times, 3 times, and 4.5 times
that of NSDD. The influence that the distance from coastline (d), wind velocity (wv), rainfall (rf)
exert on NSDD are 1.5 times, 2 times, and 2.5 times that of ESDD.

For engineering reasons, SPS has been measured only in a fixed yearly period, and on-line
daily ESDD and NSDD measurements are urgently needed, although considerable results have
been achieved. More locations and higher accuracy data should be collected and analysed to
quantitatively reveal more robust and accurate rules.
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