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Abstract: The purpose of analyzing the dissolved gas in transformer oil is to determine the transformer’s
operating status and is an important basis for fault diagnosis. Accurate prediction of the concentration of
dissolved gas in 0il can provide an important reference for the evaluation of the state of the transformer.
A combined predicting model is proposed based on kernel principal component analysis (KPCA) and
a generalized regression neural network (GRNN) using an improved fruit fly optimization algorithm
(FFOA) to select the smooth factor. Firstly, based on the idea of using the dissolved gas ratio of oil to
diagnose the transformer fault, gas concentration ratios are also used as characteristic parameters.
Secondly, the main parameters are selected from the feature parameters using the KPCA method,
and the GRNN is then used to predict the gas concentration in the transformer oil. In the training
process of the network, the FFOA is used to select the smooth factor of the neural network. Through
a concrete example, it is shown that the method proposed in this paper has better data fitting ability
and more accurate prediction ability compared with the support vector machine (SVM) and gray
model (GM) methods.

Keywords: dissolved gas in oil; kernel principal component analysis; fruit fly optimization algorithm;
generalized regression neural network

1. Introduction

Transformers are an important component of a power system. Its running state can directly affect
the reliability of the entire power supply and system stability. Through an analysis of the dissolved
gas in the oil, we can obtain the operation status of the transformer to determine the type of failure
and can timely detect the potential risk of transformer operation failure [1-4]. It is important to study
the prediction of dissolved gas concentration in oil, and its prediction results can provide a reference
value for transformer state evaluation.

As the concentration of dissolved gas in transformer oil has always been in a state of dynamic
change, a major focus in the prediction of dissolved gas concentration is to find a prediction method
with strong adaptability and takes the impact of various factors into consideration. Over the past few
decades, many data analysis methods have been proposed to solve this problem, including gray model
(GM) [5-7], support vector machine (SVM) [8], and artificial neural network (ANN) [9]. The authors
of [10] used a kind of GM that takes into account only the development status of the gas, which had
a general prediction effect. According to the results of thermodynamic study of the decomposition of
insulating oil, there are connections between the gas components produced by the cracking reaction.
For example, when the insulating oil is overheated, methane and ethylene are the major gas components
and have a strong correlation. The prediction result of the GM is related to the law of the data itself.
When the data has a definite trend, the prediction effect is better. Otherwise, the prediction effect is poor.
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The authors of [11] overcame the requirement of GM for data distribution by using SVM, which uses
the structural risk minimization method to improve generalization and it is not easy to achieve
over-fitting for SVM. However, when applied to the regression estimation problem, the performance of
SVM is affected by the input vectors. The data, which contains large numbers but ultimately consists
in a small amount of information, may obscure the data containing small numbers but consisting in
a large amount of information. The authors of [12] proposed a deep belief network (DBN) approach to
predict transformer concentrations. They achieved good prediction accuracy, but their method ignores
the relationship between the individual gas components.

In general, there are mainly two problems with the current method like GM, SVM and ANN.
First, it is relatively simple to use only the concentration of each gas in the oil as the input vector,
but the numeric size and amount of information contained in the input data can affect final prediction
accuracy. Secondly, the accuracy of predictions of gas concentration in oil needs to be improved.
In view of these two problems, this paper proposes the KPCA-FFOA-GRNN model to predict the gas
concentration in transformer oil.

(1) The PCA method is widely used to reduce dimension. Based on PCA, kernel principal component
analysis (KPCA) firstly maps the original data to a high-dimensional linear feature space
via kernel function and then uses the PCA method to extract features. The KPCA algorithm has
a wide range of applications in the fields of feature extraction, data compression, and pattern
recognition [13-15]. In order to solve the problem of transformer fault diagnosis, the authors
of [16] obtained 34 eigenvectors by combining electrical experiment data with dissolved gases in
oil and uses the KPCA method to reduce dimensions. In [17], a method is proposed for real-time
fault diagnosis of high-voltage circuit breakers using KPCA and SVM. An adaptive KPCA is
proposed to analyze the similarity between samples, and the redundant data can be eliminated.
In this paper, we mainly use KPCA to extract the main parameters from the original input vector,
which plays the role of simplifying the complexity of the input vector while preserving the main
information of the input. In addition to the original gas concentration, the ratios of various gas
concentrations are used as reference vectors. We then use the KPCA method to select the main
parameters as the training input of the neural network.

(2) Asaradial basis function neural network, the generalized regression neural network (GRNN) has
good nonlinear function fitting ability. The training parameters are simple and the convergence
speed is fast. It is widely used in the fields of prediction and pattern recognition [18,19].
The authors of [20] proposed a modified GRNN and a procedure to automatically reduce
the number of inputs of the artificial neural networks to forecast the global load and the local load,
and high prediction accuracy was achieved. In this paper, the generalized neural network is used
to predict the dissolved gas concentration in the transformer oil. The improved fly-optimization
algorithm is used to optimize the training parameters in the network.

(3) In the GRNN network training process, the value of the smoothing factor ¢ has a great influence on
the prediction accuracy of the model. It is clear that the accuracy of the model cannot be guaranteed
by the experience setting alone. In [21], fuzzy clustering and particle swarm optimization (PSO)
algorithms are used to optimize the parameters. In [22], the firefly optimization algorithm (FOA)
is used to select the parameters. In [23], a better prediction result of distributed power generation
is obtained using the SVM model with FOA optimization parameters. In this paper, we use
the improved fruit fly optimization algorithm (FFOA) to automatically select the most appropriate
smoothing factor. Compared with the previous few parameter optimization algorithms, the accuracy
is guaranteed, and the program is simpler and easier to understand.

This paper thus presents a combined predicting model based on KPCA and an optimization of GRNN.
Based on the idea of using the dissolved gas ratio in the oil to diagnose the transformer failure, the ratios
of the gas concentration are also used as the reference vector besides the original gas concentration.
The KPCA method is then used to select the main parameters as inputs to train the GRNN network.
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In the construction of the network, the FFOA is used to select the smoothing factor of the network.
We not only make full use of the input vector and take into account the correlation between variables,
but we also simplify the complexity of the calculation and minimize the human intervention process.
The experimental results show that the method proposed in this paper has high prediction accuracy.

2. Related Theory

2.1. KPCA

PCA is a linear reduction of the data compression method. Main components can be extracted
from high-dimensional variables. Although the dimension and complexity of data are reduced,
the extracted data can only characterize the linear state of the device. The extracted data lose
the nonlinear components in the original data and lacks the valid information. The principle of
KPCA is based on PCA. First, the original data is mapped to a high-dimensional linear feature space
by the kernel function to complete the nonlinear variation. The PCA method is also used to extract
the feature. The essence of KPCA is to perform the PCA of the data mapped into the feature space.

Let the original data be x = {xij}m x n, and its dimension m. x; represents the ith sample. The x
is mapped onto the feature space F through the non-linear mapping f, and the original image x; has
the feature of f(x) on the feature space. Assuming that the mean of the mapped data f(x;) is zero,
the sample covariance matrix on the high-dimensional feature space F is:

Cov = Y f(xi)f(x)" 0

Let v be the eigenvector corresponding to the eigenvalue A of Cov in Equation (1):
Cov - v = Av. 2)
Let both sides of Equation (2) be the inner product of f(x):

f(xi) - Cov-v = A(f(x) - 0). ®)

Since the eigenvector v can be linearly represented by the data set f(x;), let a; be the coefficient; thus:
m
o= a;f(x;). (4)

i=1

Taking Equations (1) and (4) into Equation (3):
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Define the kernel variance matrix K of the m x m dimension, and its expression is:

K = k(x;,xj) = f(xi) - f(x)). (6)
In order to ensure the input data f(x;) satisfy zero-mean conditions, K needs to be corrected.
The modified kernel function is:
, 1 1 1
K = K- —I,K— —KIy + —5 LKl (7)
m m m

where I, is a matrix of m-order values of 1. After calculating eigenvalues A; and eigenvectors
pi, the eigenvalues are sorted and the corresponding eigenvectors are also adjusted accordingly.
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Then, the cumulative contribution rate T; of the feature value is calculated. According to the set threshold,
if Ty > €, choose k sequences as the main element. The equation of cumulative contribution rate T is:

®)

2.2. FFOA

The FFOA is an optimization algorithm proposed by a Taiwan scholar, Wen-Tsao Pan. The algorithm
simulates the foraging behavior of fruit flies: firstly, finding the general orientation of objects with the sense
of smell and then visually finding the specific location of objects and approaching to forage at close range.

The traditional FFOA has several shortcomings. First, when initializing the position of
the individual fruit fly in the population, the equation is given by Equations (9) and (10):

xip=Init_ X+1Ixr 9)

yi=1Init. Y +1xr (10)

where Init_X are Init_Y are a randomly initialized fruit fly population position. The steps of traditional
method are fixed. If the step size is set too large, the searching ability of the algorithm will be weakened
and the searching time will be too long, resulting in the low efficiency of the algorithm. If the setting
step is too small, the algorithm may fall into the local optimum. Secondly, the traditional FFOA has
the problem of low convergence accuracy.

In response to the first problem, this paper improves the selection of the step value and adopts
the dynamic step instead of the fixed step. The optimized step length equation is as follows:

kin
k

li =1y — (11)
where k; is the current number of iterations, k is the maximum number of iterations, and [j is the initial
step. For the second problem, this paper draws on the cross-validation method, and the population is
divided into multiple equal sub-populations. The analysis is optimized, and a global optimal solution
is finally selected. The scheme ensures that the algorithm can make full use of the data to prevent
the algorithm from falling into the local optimal solution.

2.3. GRNN

The GRNN is a new type of neural network proposed by American scholar Donld F. Specht. It is
a radial basis neural network based on nonlinear regression analysis. The network has the ability to
predict any form of function from historical data and finally converges to the optimal regression with
the largest sample size accumulation. It is similar to multi-layer perceptive neural network in structure.
It consists of an input layer, a pattern layer, a sum layer, and an output layer. Its network structure is
shown in Figure 1.

input layer  pattern layer  sum layer  output layer

()

\0
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W
A

Figure 1. Structure of the generalized regression neural network (GRNN).
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Let f(x,y) be the probability density function of the random variables x and y. Let x be the input
vector of p dimension, and y be the corresponding output vector. X is a set of measured values of
random variable x, so the regression value of y relative to X is:

¥ = Ey/x) = Lot/ Xy 12

e ana

Y is also the predicted output y, corresponding to the input X. When the probability density
function f(X,y) is unknown, we need to use the Parzen nonparametric estimation method to estimate
the density function using the collected sample data {x;,y;}:

~ n
f(X'y) = %Ze_d(x’xi)e_d(%yi) (13)
n(2m) 2 gptli=1

<
N

_ (Xex) (Xx) ) i i i
where d(X, x;) = =", d(y,y;) = ~5;7—, n is the capacity of the sample; ¢ is the width factor
of the Gaussian function, also called the smoothing factor or the extended parameter.

Using the f(X,y) in Equation (13) to replace f(X,y) in Equation (12) and [, xe *dx = 0,
we can get:

yie_d(xfxi)

Y(X)="0 . (14)
B

e*d(X/xi)

It can be seen from Equation (14) that the estimated value is the weighted average of all sample
observations y;, and the weighting factor of each observed y; is the exponential of the Euclidean
distance between its corresponding samples x; and X. It is very important to predict the parameter
o when constructing the GRNN network. When the smoothing factor ¢ tends to infinity, 4(X,x;)
tends to zero, which represents the mean of all sample dependent variables. When the smoothing
factor o tends to zero, it is very close to the training sample. At this point, if the predicted point
is in the training sample set, the predicted value will be close to the expected value of the sample;
however, once the new data, i.e., the sample, cannot be included in the point, the prediction effect may
be very poor, unable to meet predicting requirements. Therefore, only when the smoothing factor o is
appropriate can the dependent variable of all training samples be taken into account. In this paper,
we use the FFOA to select the smoothing factor ¢. The results show that the proposed method has
better global convergence and improves the accuracy and reliability of the prediction process.

3. The KPCA-FFOA-GRNN Prediction Model

When a transformer works in normal operation, its internal insulating oil and solid insulating
material due to electric field, humidity, and oxidation will produce a small amount of gas that
includes hydrogen (H;), carbon monoxide (CO), carbon dioxide (CO,), methane (CHy), acetylene
(CoHy), ethylene (C,Hy), and ethane (C;Hg). When the transformer fails or has abnormalities, some
of the gas components will change. For example, when thermal failure occurs, the resulting gas is
mainly CH,; and C,Hy, and the two have a strong correlation. When the electrical fault occurs, it will
produce more C;H; and Hj, and the two have a strong correlation. Therefore, in the transformer
fault diagnosis analysis, the relationship between each gas concentration needs to be considered.
The current common method is to use the IEC ratio (CHs/Hj, CoH, /CyHy, CoHy /CoHg), the Rogers
ratio (CH4 /Hz, C2H2 /C2H4, C2H4/C2H6, C2H6/CH4), the Dornenburg ratio (CH4 /Hz, Csz/C2H4,
Cy,H,/CHy, Co,Hg/CoH»), and the Duval ratio (CHy/C, CoH,/C, Co,Hy /C, where C = CHy + CoH)
+ CyHy). This article draws on the idea of using the dissolved gas analysis (DGA) ratio to diagnose
transformer faults. Taking the ratio of any two of seven kinds of gas concentrations and the Duval
ratio as a reference, this paper makes up a 31-dimensional reference vector together with the original
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seven kinds of gas concentrations. The transformer oil dissolved gas concentration prediction model
based on KPCA-FFOA-GRNN is shown in Figure 2.

historical monitoring data

24 kinds of gas
concentrations
ratio

7 kinds of gas
concentrations

KPCA

A

main characteristic
parameters

IFOA

! ,

optimal smoothing
factor

v
Q
Z
z

gas concentration
prediction

Figure 2. Flow chart of transformer oil dissolved gas concentration prediction.

Step 1: Obtain the historical monitoring data of 31-dimensional reference vectors to get
the historical change of each state quantity.

Step 2: Use the KPCA method to extract the main eigenvectors from the 31-dimensional reference
vectors. The input vector of the GRNN neural network is composed of a reference vector set with
a cumulative contribution rate of more than 90% and a gas concentration vector to be predicted.

Step 3: Optimize the model parameters by using the FFOA to select the most appropriate
smoothing factor o and train the GRNN neural network.

Step 4: Use the trained neural network to predict the dissolved gas concentration in
transformer oil.

In order to evaluate the accuracy and validity of the proposed prediction model, the following
evaluation criteria are used to analyze. The root mean square error R, of the predicted value and
the true value of the test set is determined as follows:

N (= 2
i—q (X —x;
Rimse = 421_1 (1\1] l) . (15)
The relative percentage error between the true value and the predicted value is determined
as follows: N
1 Xi — Xj

avg_err = — ) |———| X 100%. 16
8 Ni; . (16)

The maximum value of relative percentage error is determined as follows:

il-—xl-

x (17)

max _err = max

where N is the number of test set data. x; is the true value, and ¥; is the predicted value.
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4. Case Studies

4.1. Prediction of Dissolved Gases Concentration

Oil chromatographic data sets from an online monitoring device in a 220 kV substation were
used in our experiments. The substation was installed in Shandong Province, China, and connected
with a dozen transmission lines. An oil chromatography device was used to measure the data of
the high-voltage side. This substation has been put into operation for over 10 years. One short-circuit
accident has occurred, but the substation was not overhauled. The data sets are daily observations of
dissolved gases in the transformer insulation oil from over three years from October 2010 to May 2012.
The 700 sets of monitoring data were used as training samples.

We use ethylene gas concentration prediction results as an example here to illustrate the entire
predicting process. The KPCA method is used to make principal component analysis of 31 reference
vectors and extract 8 sets of vectors (Hy, CoH,, CoHg, CO, CoHy/CoHg, CoHg/CHy, CoHy /CoHy,
CH,4/H>) and then together with the original ethylene gas concentration sequence as the input vector
of the neural network. In the process of neural network training, we use the FFOA to get the smoothing
factor o. The value of R;;s. during the training process is shown in Figure 3. After 100 iterations, it finally
converges in the 44th iteration. In this case, the minimum Ry, value is 0.0105, and the corresponding
smoothing factor ¢ is 0.0867. The value of the smoothing factor is brought into the neural network to
predict the concentration of ethylene gas, and the prediction result is shown in Figure 4.

As shown in Figure 4, the combined prediction model presented in this paper has better fitting
ability and predictive ability, and has a good degree of fit to the trend of ethylene gas concentration.
The relative percentage error between the true value and the predicted value is shown in Figure 5,
in which the average relative percentage error is 3.27% and the maximum relative percentage error
is 11.34%.

Similarly, taking the oil chromatographic sample data taken from 2 October 2010 to 13 May 2012 as
an example, we used the model in this paper to predict the concentrations of other gases. The number
of training set samples is 700, and the number of predicting samples is 30. The prediction results are
shown in Table 1.
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Figure 3. Fruit fly optimization algorithm (FFOA) optimization process.
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Figure 5. Relative percentage error of ethylene gas concentration prediction results.
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Table 1. Other gases concentration prediction error (%).

Gas Type Avg_err (%) Max_err (%)

H, 4.01 9.67
cO 2.93 8.44
CO, 3.52 10.71
CH, 2.30 7.07

CH, 474 11.21
H, 4.01 9.67

The prediction method in this paper was compared with the FFOA-GRNN, KPCA-GRNN,
GRNN, back propagation neural network (BPNN), SVM, and GM prediction methods. The predicted
eigenvector is the ethylene gas concentration, and the number of samples in the test set is 30.
The predicted results are shown in Table 2. As can be seen from Table 2, prediction accuracy will
be reduced if we do not use the KPCA method to extract the main parameters from the input.
This is because the size of the value and the amount of information contained in the data will
affect the final results. We need the KPCA method to extract the main parameters from the input.
The prediction accuracy of the KPCA-GRNN model and the GRNN model without using the FFOA is
lower, which indicates that the FFOA method can optimize the parameters and improve the prediction
accuracy. Compared with the other methods, the prediction model proposed in this paper is more
accurate in the case of the same number of samples in the test set, and the fitting ability of the data is
much better.

Table 2. Prediction error for different prediction method (%).

Prediction Method Avg_err (%) Max_err (%)
KPCA-FFOA-GRNN 3.27 11.34
FFOA-GRNN 5.04 12.81
KPCA-GRNN 7.09 15.14
GRNN 7.93 14.06
BPNN 8.72 19.52
SVM 4.21 10.65
GM 6.69 15.77

Different predicting scales will also have an impact on the accuracy of prediction. We separately
predicted 10, 30, and 90 data points. The prediction results are shown in Table 3. From Table 3, it can
be concluded that, when the prediction scale is small, the prediction model proposed in this paper is
more accurate than the other models. As the number of test sets increases, the prediction scale becomes
larger and the prediction accuracy of these models decreases. However, the proposed prediction
method is obviously superior to the other two models in terms of prediction performance.

Table 3. Prediction error for different amount of test set (%).

Avg_err (%)
Number
KPCA-FFOA-GRNN  SVM BPNN
10 points 1.88 2.90 3.65
30 points 2.96 3.78 4.96
90 points 3.27 421 8.72

We used the KPCA-FFOA-GRNN method to test 23 other transformers at the same voltage
level. The prediction error of the results is shown in the Table 4. The prediction error in the first
30 points of 15/23 transformers is below 5%, which shows that the method proposed in this paper has
high accuracy.
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Table 4. Test results of other transformers (%).

Number <5% 5-10% >10%

30 points 15 6 2
60 points 9 11 3
90 points 7 10 6

4.2. Application in Pre-Emergency State of Transformer

For large-scale power transformers, almost all devices currently use oil-impregnated paper
insulation structure, with insulating oil for insulation and heat dissipation. With the operation of
the transformer, the solid insulating material in the transformer and oil gradually ages and decomposes
under the action of electricity and heat. Generally, for different types of faults, the characteristics of
dissolved gas and the proportion of various gases are not the same. Therefore, the composition and
content of the dissolved gas in the oil to some extent can reflect the aging of the power transformer
insulation and the degree of abnormality. According to transformer oil dissolved gas analysis and
judgment guidelines in China, when the gas content in the transformer oil exceeds the values
listed in Table 5, the technical maintenance staff need to immediately check the operating status
of the transformer.

Table 5. Attention values of dissolved gas content in power transformers.

Content (uL/L)
Gas Composition
220 kV and below 330 kV and above
total hydrocarbons 150 150
CoH, 5 1
H, 150 150

This section analyzes the chromatographic monitoring data collected by a transformer in a fault
condition. The KPCA-FFOA-GRNN method proposed in this paper was used to predict the hydrogen
sequence in oil chromatography. The predicted results are shown in Figure 6.
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Figure 6. Application in pre-emergency state of the transformer: (a) hydrogen gas concentration
prediction results (b) transformer operation status.

In Figure 6a, the blue line shows the historical data for the hydrogen sequence, and the red line
shows the predicted result based on the fluctuations in historical data. It can be seen from the predicted
trend that the hydrogen sequence will continue to rise and exceed the pre-warning value of 150 uL/L
for hydrogen. At this moment, an early warning signal should be issued immediately to remind
staff to evaluate the status of the transformer in time to prevent future failures. In Figure 6b, the 0 in
the ordinate indicated that the transformer is operating normally, and 1 means there is an abnormality
in the transformer. The blue line is the pre-warning results using the threshold determination method
based on the predicted hydrogen data. The red line and green line are the results, which respectively
use the IEC ratio method and the Duval triangle method to analyze the gas composition data in the oil
measured in the ninth month. The actual situation of the transformer is that the first eight months
is in normal operation, but in the ninth month a temperature overheating failure occurred. It can be
seen that the proposed prediction method of oil gas in transformers is important for pre-warning of
fault diagnosis.

5. Conclusions

(1) The DGA ratio was introduced for analysis, and the comparability between variables were
considered. The dimension of characteristic parameters was expanded, which is more scientific
than the single gas concentration input. At the same time, the KPCA was used to extract the main
parameters, which simplified the input of the model.

(2) The improved FFOA was used to select the smoothing factor in the GRNN network,
which improves the prediction accuracy of the model compared with the traditional method.

(3) This method can be used in the field of abnormal detection and in transformer diagnosis.
Nowadays, prediction is a developing trend in the environment of big data and artificial
intelligence. The method proposed in this paper can not only be used to monitor the data of oil
chromatography, but can also be applied in load forecasting and other online monitoring systems.

(4) There are still disadvantages. When new records were added, parameters would be modified
and the smoothing factor in the GRNN would be changed. Therefore, we are still studying how
to apply these methods to the production and management systems of substations.
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