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In this paper, the CFD model is established for the low voltage winding region of
an oil-immersed transformer according to the design parameters, and the detailed
temperature distribution within the region is obtained by numerical simulation.
On this basis, the response surface methodology is adopted to optimize the struc-
ture parameters with the purpose of minimizing the hot spot temperature. After a
sequence of designed experiments, the second-order polynomial response surface
and the support vector machine response surface are established, respectively. The
analysis of their errors shows that the support vector machine response surface
can be better used to fit the approximation. Finally, the particle swarm optimiza-
tion algorithm is employed to get the optimal structure parameters of the wind-
ing based on the support vector machine response surface. The results show that
the optimization method can significantly reduce the hot spot temperature of the
winding, which provides a guiding direction for the optimal design of the winding
structure of transformers.
Key words: response surface methodology, winding structure optimization,

support vector machine, oil-immersed transformer,

hot spot temperature

Introduction

Since the power transformer is a key component of the power transmission and dis-
tribution network, its operation reliability is related to the security and stability of the power
grid. When it comes to a transformer, its functioning and life expectancy are dictated mainly by
the maximum temperature (i.e. the hot spot temperature) of the winding. As the most critical
factor affecting the insulation lifetime of the winding, the hot spot temperature meets the typical
6 °C rule in its relationship with the insulation lifetime. Within the temperature ranging from
80-140 °C, the aging rate is doubled and the lifetime is halved with every rise of 6 °C in the
winding temperature [1, 2]. Therefore, the optimization of the winding structure based on the
accurate prediction of the winding hot spot temperature can effectively improve the working
performance of the transformer and prolong its service life.
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Previous researches aiming to improve the temperature distribution in the transformer
winding and reduce the hot spot temperature can be summarized from the following aspects:

— Before accurately predicting the temperature and the position of the hot spot in the winding,
it is necessary to establish a fluid-temperature field coupling model for precise calculation.
In this process, thermal hydraulic networks (THN) [3-6] and CFD [7-11] are usually to
describe the entire oil circuit. Compared with the THN, the CFD method provides higher
accuracy in predicting temperature distribution and fluid behavior.

— A number of scholars have conducted many comprehensive researches on the influencing
factors of the hot spot. For instance, Skillen et al. [7] applied CFD software to obtain the
temperature distribution and the position of the winding hot spot. It has been found that
the hot spot has obvious impact on oil flow. Torriano et al. [9] examined the effect of the
numerical model, the mass-flow rate and the inlet boundary conditions on the flow and
temperature distribution in the transformer winding. Li ef al. [12] studied the oil flow ve-
locity and the temperature distribution characteristics of a disc-type oil-immersed power
transformer, and also analyzed the influence of the inlet oil flow velocity, the width of
the horizontal oil channel, the number of winding sections and the conductor turn-to-turn
insulation thickness. In addition, the width of the flow cooling channel, the size of the
winding, the structure of the transformer and the number and width of block washers have
also been verified to produce significant impacts on the hot spot temperature [3, 10, 11,
13]. Although some suggestions are given in these studies on how to improve the tem-
perature distribution in the winding, there is still no specific best optimization design for
the winding structure.

— Many optimization studies have been carried out to improve the structure parameters and
the working performance of electrical devices. For example, to improve the efficiency of
a generator, the numerical simulation and the response surface methodology (RSM) are
combined to optimize the stator slot structure of the alternator [14]. The CFD and the genet-
ic algorithm are adopted to optimize the mutual configuration of the winding and cooling
channel, resulting in dramatic decrease in the hot spot temperature of the dry-type trans-
former [15]. The temperature distribution is obtained based on the design parameters of the
dry-type reactor, and the amount of metal conductors in the coil is optimized by particle
swarm optimization (PSO), thus verifying the correctness of the optimization method [16].
In addition, the orthogonal test method is also applied in combination with numerical simu-
lation to optimize the structure of dry-type air core reactors [17, 18].

In this paper, the finite element method, the RSM, the support vector machine (SVM)
and the PSO algorithm are integrated in the optimization of the winding structure of an oil-im-
mersed transformer. The use of this optimization portfolio to optimize the transformer design is
absent in the existing studies. The temperature distribution results obtained herein demonstrate
sharp reduction in the hot spot temperature of the winding that has the optimized parameters.

Basic structure and equivalent model of the transformer
Basic structure of the transformer winding

Figure 1 shows the structure of the core and the low voltage winding of the transform-
er. It can be seen that the winding discs made of insulated wires are arranged along the periph-
ery of the core. In the winding region, two vertical (axial) oil channels and several horizontal
(radial) oil channels separate the discs and form the channels for the cooling oil flow. At the
same time, a block washer is staggered every certain number of discs to force the oil flow to
enter into one vertical oil channel and exist from the vertical oil channel on the other side. The
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oil flow between each two block washers forms
a cooling pass. In this study, five block wash-
ers divide the oil flow area into six passes. The
cooling of the transformer winding is achieved
by the oil flow passing through these passes.

Equivalent model of
the transformer winding

In consideration of the little difference
between the results of the 2-D and the 3-D
model [6, 7], a 2-D axisymmetric approxi-
mation model is employed herein to simplify
the winding model. Although there are a huge
number of heat transfer processes in other re-

Iron core

Block .—
washer

Pass 6
Pass 5
Pass 4
Pass 3
Pass 2

Pass 1

Figure 1. Low voltage winding
structure of the transformer

gions of the transformer, their impact on the winding region can be ignored [9] (because the
thermal conductivity of the cylinder is small, it can be assumed that the heat transfer between
the winding region and other areas in the transformer can be ignored).

This paper focuses on the study of the low voltage winding of an oil-immersed trans-
former (20 MVA, 35/10.5 kV), of which the 2-D model is given in fig. 2. There are 48 discs in
the winding region, with each disc composed of six turns of coils, and each turn of coil made

of four strands of wires. The cross-section size
of the copper conductor is 12.1 mm x 2.0 mm
(Hy x Wy) in size, and the outer layer of each
conductor is wrapped with 0.4 mm insulating
paper. The inlet width and the outlet width
of the cooling oil flow are both 8.0 mm. The
winding region is divided by five block washers
into six passes, and there are eight discs in each
pass. The length and the thickness of block
washers on both sides are 75.0 mm and 1.0 mm,
respectively. All passes are numbered from 1-6
from bottom to top, and the discs in each pass
are also numbered from 1-8 from bottom to top.
Besides, there are two inner and outer vertical
cooling channels with the width of 7.2 mm and
8.0 mm and ten horizontal channels with the
width of 4.2 mm in each pass. The detailed geo-
metric parameters are marked in fig. 2.

Numerical simulation of winding
temperature field
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Figure 2. The 2-D axisymmetric model

of the low voltage winding

The heat transfer process of transformer winding region is mainly heat conduction and
heat convection [10], and the heat conduction can be shown [19]:
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where 7 and z are the radial and axial co-ordinates of the model, 7' — the temperature, k — the
thermal conductivity, and g — the heat source of conductor. The heat convection between con-
ductors and cooling oil satisfies the conservation of mass, momentum and energy:
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where u and v are the radial and axial velocity of the fluid, respectively, p.i — the density of the

fluid, F,, F, are the radial and axial components of body force, respectively, p — the pressure of

the fluid, u, — the viscosity of the fluid, ¢, — the constant pressure specific heat capacity of the

fluid, and k. — the thermal conductivity of the fluid.

Materials properties and boundary conditions

The setting of materials properties is essential for the numerical simulation of the
winding. Specifically, the materials properties of the conductor, the insulation paper and the
cooling oil are given in tab. 1.

Table 1. Materials properties

Materials Properties Value
Density [kgm™] 8933
Conductor (Cu) Specific heat [Wkg'K™] 385
Thermal conductivity [Wm K] 401
Density [kgm™] 930
Insulation paper Specific heat [Wkg'K™] 1340
Thermal conductivity [Wm K] 0.19
Density [kgm™] 1098.72 - 0.712T
' ' Specific heat [Wkg'K™] 807.163 +3.58T
Cooling oil Thermal conductivity [Wm K] 0.1509 - 7.1 - 10T
Viscosity [kgm's™'] 0.08467 —4 - 10*T+5 - 10°'7*

According to the geometric characteristics and materials properties of the transformer
winding, the boundary conditions for the model are set at the inlet of Pass 1, the oil flow moves
at the uniform velocity of 0.05 m/s and the temperature of 313 K. The pressure at the outlet
of the cooling pass is set as 0 Pa. In addition, given the negligible thermal conductivity of the
inner and outer walls of the winding and block washers, these parts are set as the adiabatic
boundaries and the heat exchange among them is not considered. Each conductor is assumed to
have uniform loss in the heat source and have the power of 52.47 W. Since each disc consists of
24 conductors, the total heating power of each disc is 1259.28 W.



Yuan, F. T., et al.: Thermal Optimization Research of Oil-lmmersed Transformer ...

THERMAL SCIENCE: Year 2022, Vol. 26, No. 4B, pp. 3427-3440 3431
Simulation results o o, [
. . (I Y |
The temperature field simulation results of (I (IIIIY | O] 390
indi i i (I MY | OO
qumg can be obtamed accor.dmg to heat. source I I (MY 380
loading, the setting of materials properties and I (MY | OO
boundary conditions. as shown in fie. 3 M (Y | 370
Yy ’ g 2 (I QTN (., A 360

In fig. 3, the temperature in each pass basi- (I | | T 150

cally shows an upward trend with the increase of [

the height in the axial direction, and the hot spot i UM 0

is located in the middle discs. In the radial direc- [T 330
T 320

Fion, despite the opposite directions of the oil flow ||||||||||mﬁ[
in any two connected passes due to the staggered I
setting of the block washers, it can be observed . .
that the temperature on each disc always rises Figure 3. Temperature distribution of the
. . . . . winding; (a) Pass 1, (b) Pass 2, (c) Pass 3,

along the oil flow direction until approaching the  (q) pass 4, (e) Pass 5, and (f) Pass 6
vertical channel on the other side. Furthermore,
the maximum velocity of the oil flow in each horizontal channel extracted along the radial per-
pendicular bisector of the winding is shown in fig. 4. The velocity of the oil flow is constantly
positive regardless of the oil flow direction.

In order to get more detailed and intuitive temperature distribution in the winding and
obtain the relationship between heat transfer and fluid-flow, the maximum temperatures on each
disc are extracted and shown in fig. 5.
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Figure 4. Maximum velocity of the oil Figure 5. Maximum temperature on each disc

flow in each channel

As shown in figs. 4 and 5, the maximum velocity of the oil flow and the maximum
temperature on each disc are periodically distributed, and there are higher oil flow velocity and
lower temperature on both sides of each block washer. There is a negative correlation between
the temperature on each disc and the flow velocity in the horizontal channels on both sides of
the disc, which can be explained that the influences of heat convection will be enlarged by the
higher velocity.

Grid testing

The grid testing is carried out to guarantee mesh-independent solutions. In all CFD
simulations, the meshes consist of layers of thin rectangles for the flow boundary-layers and tri-
angles for other places. The element size close to the walls is quite small in order to well capture
the temperature and velocity gradients. The tracking parameters at each number of elements are
the hot spot temperature, 7}, and the maximum flow velocity, V., as shown in tab. 2. It can
be deduced that the T, and V. reach a stable value when the elements number is 598420. The
Ty 0£ 399.25 K will be used as the benchmark for the subsequent optimization.
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Table 2. Grid testing results
Number of elements | 275715 | 424371 | 514876 | 598420 | 929855
T [K] 398.67 399.13 399.24 399.25 399.27
Vinax [mms™'] 94.61 96.82 97.92 98.11 98.20

Optimization design of the winding structure

In the engineering optimization design, the application of the RSM can greatly reduce
the time required for experiment or numerical calculation. The response surface refers to the
relationship between responses and design variables. The basic idea of the RSM [20] is to use a
sequence of designed experiments at the first stage. At present, central composite design (CCD)
is one of the most classic and widely used designs, consequently the CCD is used in this paper.
In the second stage, by using these experimental results, the second-order regression modelling
is performed to establish the non-linear relations between the design variables and responses.
Moreover, an optimization algorithm is adopted to approximate the optimal solution. In this
study, the RSM is applied to optimize the winding structure, with the hot spot temperature as
the response and the structure parameters as the design variables.

The CCD of winding

Axis of structure parameters

symmetry 4" 02'47
1

According the structural characteristics
"""”""""”I"” of the low voltage winding, the five parameters
hich mainly influence the hot spot temperature
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.
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are selected: the width of the inner vertical oil
channel, W, the width of the bottom horizon-

tal oil channel, H,, the width of the horizontal
) oil channel between discs, H., the length of the
—v block washer, L, and the width of the oil flow

ﬂ]]]]]]]]]I[I]]]]]Il]]]] outlet, W,., as shown in fig. 6.
" In the CCD experiment, the hot spot tem-

perature, Ty, of each sample is obtained by the
numerical simulation established in section Nu-

= H, merical simulation of winding temperature field.
"I"”""”"””l T Except the five selected parameters that are set

according to the experimental design table, the
_{_I]]]Il]]]]]]]]]]]]]]]]]]] parameters of the disc and other winding com-
T ponents remain unchanged. Table 3 shows the
design table with the five factors and five levels
Figure 6. Design variables of winding obtained according to the standard of CCD. A to-

structure tal of 50 samples are conducted, among which
seven samples are repeated.

H,

Establishment of the response surfaces

The second-order polynomial response surface and the SVM response surface model
are established, respectively according to the results given in tab. 3.
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Table 3. The CCD experimental design

Sample | W, [mm] | H,[mm] | H [mm] | L,[mm] W, [mm] Tis [K]
1 8.00 4.20 4.00 77.00 6.00 399.37
2 6.40 4.20 4.40 73.00 10.00 402.65
3 8.00 4.20 4.40 77.00 10.00 393.17
4 8.00 3.20 4.00 73.00 6.00 402.70
5 7.20 3.70 3.72 75.00 8.00. 406.03
6 7.20 3.70 4.20 75.00 3.24 399.42
7 6.40 4.20 4.00 73.00 6.00 410.95
8 7.20 3.70 4.20 75.00 8.00 399.15
9 6.40 3.20 4.40 73.00 6.00 401.95
10 6.40 3.20 4.40 77.00 6.00 400.81
11 8.00 4.20 4.40 77.00 6.00 393.17
12 6.40 3.20 4.00 73.00 10.00 408.94
13 7.20 3.70 4.20 75.00 12.76 399.45
14 7.20 3.70 4.20 79.76 8.00 390.79
15 6.40 4.20 4.40 73.00 6.00 403.05
16 8.00 4.20 4.40 73.00 10.00 395.06
17 7.20 3.70 4.68 75.00 8.00 412.54
18 5.30 3.70 4.20 75.00 8.00 423.39
19 6.40 4.20 4.00 73.00 10.00 411.05
20 8.00 4.20 4.40 73.00 6.00 394.96
21 6.40 3.20 4.40 77.00 10.00 400.52
22 9.10 3.70 4.20 75.00 8.00 401.98
23 8.00 3.20 4.40 77.00 10.00 392.64
24 7.20 4.89 4.20 75.00 8.00 399.43
25 6.40 4.20 4.00 77.00 6.00 403.90
26 8.00 3.20 4.40 73.00 6.00 394.20
27 8.00 3.20 4.00 77.00 10.00 397.97
28 7.20 3.70 4.20 75.00 8.00 399.15
29 8.00 3.20 4.40 73.00 10.00 394.26
30 6.40 4.20 4.00 77.00 10.00 404.20
31 6.40 4.20 4.40 77.00 10.00 402.21
32 8.00 4.20 4.00 77.00 10.00 399.63
33 7.20 3.70 4.20 75.00 8.00 399.15
34 6.40 3.20 4.00 73.00 6.00 408.92
35 7.20 2.51 4.20 75.00 8.00 399.72
36 8.00 4.20 4.00 73.00 10.00 406.39
37 7.20 3.70 4.20 75.00 8.00 399.15
38 8.00 3.20 4.40 77.00 6.00 392.69
39 6.40 4.20 4.40 77.00 6.00 402.69
40 7.20 3.70 4.20 75.00 8.00 399.15
41 7.20 3.70 4.20 70.24 8.00 400.93
42 8.00 4.20 4.00 73.00 6.00 406.00
43 6.40 3.20 4.40 73.00 10.00 401.70
44 6.40 3.20 4.00 77.00 6.00 403.20
45 8.00 3.20 4.00 73.00 10.00 402.99
46 7.20 3.70 4.20 75.00 8.00 399.15
47 6.40 3.20 4.00 77.00 10.00 403.38
48 7.20 3.70 4.20 75.00 8.00 399.15
49 8.00 3.20 4.00 77.00 6.00 397.83
50 7.20 3.70 4.20 75.00 8.00 399.15
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Second-order polynomial response surface

The response surface mathematical model used in the RSM is usually a second-order
polynomial equation, which is calculated from the data obtained from the experimental design
by least square method:

k k k
Y:ﬂo“‘;ﬂiXi"‘;ﬂﬁXiz +;ﬂinin 3)
i<j
where Y is the corresponding response, X; — the value of the input parameter, k£ — the number of
variables, S, B, f: and f3; are the regression coefficients, which are estimated by a regression from
a set of observations of the response, i and j — the linear and quadratic coefficients, respectively.
According to the structure parameters and the corresponding 77, in tab. 3, the following
second-order polynomial response surface is fitted:

T, =983.2711-32.05827W,, +26.28467H —522.64727H +17.20106L,, +1.49534W_, +
+0.092969W, H, —4.64258W, H, —0.039258W, L, —2.30313H, H_ —0.16094H L, +

+0.00531H,W,, +3.01016H L, —0.23359H W, —0.00195L W, +3.40007W, > —
—0.56599H,* +39.37512H.% —0.19956L,* —0.04156W, “4)

where the second-order polynomial response surface reflecting the relationship between the
winding structure parameters and the hot spot temperature is established.

The SVM response surface
Support vector machine
The SVM is a modelling method based on small sample statistical learning theory and
structural risk minimization [21, 22]. The training sample S can be represented:
S:{(xlayl)w"’(xn’yn)}cRnXR (5)

where x; is the i input vector, y; — the corresponding output vector, and n — the number of sam-
ples. The SVM maps the sample x in the input space to the high dimensional feature space H by
the non-linear mapping function ¢(x), and the linear regression function in # is established by
using the principle of structural risk minimization:

V'=wp(x)+b (6)
where ' is the predicted value, y — the measured value, w € H and is the weight vector, b € R
and is the offset. The problem of regression fitting can be solved by introducing the e-insensitive
loss function based on SVM. The relaxation factor & and & are introduced, and with the prin-
ciple of structural risk minimization, the regression problem is transformed into the problem of
minimizing the objective function of structural risk, which means to find the values of w and b
to minimize the objective function:

rm{am=%nwf%§xé+§%
i=1

wo(x,)—y, +b<e+& (7)
sty —wo(x;)—b<e+¢
20,5 >0
where the constant C is the penalty factor and the value of C > 0.
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When solving eq. (7), a non-negative Lagrange multiplier to construct Lagrange
function is introduced, and the problem is transformed into solving the saddle point of Lagrange
equation. The partial derivatives of each variable in the equation are calculated and made zero,
respectively. By using the duality principle, it is transformed into solving the dual problem:

1 1 * * u * L *
max{“g Z (-« )(aj _aj)K(xiaxj)_gZ(ai +a; )+Zyi(ai - )}
i,j=1 i=1 i=1
) (8)
sty (a—a))=0 a;¢; €[0,C]
i=1

where K(x;, x;) = ¢(x;)"p(x;) is the kernel function. Different kernel functions correspond to dif-
ferent SVM. The radial basis function (RBF) has the characters of simple parameters and can
effectively realize non-linear mapping. Therefore, RBF kernel function is used in this paper:

K(x;,x,) =exp(=y || %, —x, |*) 9)
where g is the kernel parameter and greater than zero. The optimal hyperplane expression of the
corresponding training:

¥ =D (e, =) )K(x;,x;)+b (10)
i=1
The LIBSVM toolbox developed by Dr. Lin Zhiren of Taiwan University is used to
solve the problem of the SVM.

Establishment of SVM response surface

Considering the different dimensions of transformer winding structure parameters, it
is necessary to normalize the data to eliminate the influence of different orders of magnitude.
These features are normalized by:

X; — Xy
xl’ — 1 min (1 1)

Xmax ~ Xmin

where x] is the normalized value of a parameter, x; — the actual value of the parameter, and x,,,,,
Xmin are the maximum and minimum values of the parameter in all samples, respectively.

The optimal values of penalty coefficient, C, and kernel function parameter, y, are
searched based on the idea of K-fold cross-validation. The original data is divided into K groups,
among which K-1 groups are regarded as training samples and the remaining one group is used
as the test sample for each testing. According to the CCD experimental design in tab. 3, the
original data are divided into ten groups, of which nine groups are regarded as training samples,
and the remaining one group is used as test sample for each test. The parameters of grid search
are set the range of penalty parameter, C, is [271°,22%], and the step size is 2. The range of nuclear
parameter, y, is [271%,2%°], and the step size is 2. Finally, the results of C and y are obtained by
grid search, as shown in tab. 4.

Table 4. The optimal values of penalty
coefficient and kernel function parameter

Parameter Optimal value
C 2.0
g 1.0




Yuan, F. T., et al.: Thermal Optimization Research of Oil-lmmersed Transformer ...
3436 THERMAL SCIENCE: Year 2022, Vol. 26, No. 4B, pp. 3427-3440

Error analysis

The advantages and disadvantages of response surfaces can be evaluated scientifically
by the error analysis. In order to evaluate the prediction ability of response surfaces compre-
hensively, and without too much time to test and verify, it is necessary to select a representative
combination test results as a reference. The orthogonal test design is another design of experi-
ment to study multi factors and multi-level [23], which is to select some representative points
from comprehensive tests and these points have the characteristics of dispersion, uniformity
and comparability. Therefore, the orthogonal experimental results are used as test sets to com-
pare the accuracy of two response surfaces. Targeting at the inner vertical oil channel width,
W, the bottom horizontal oil channel width, H,, the horizontal oil channel width, H,, the block
washer length, L,,, and the oil flow outlet width, ., the L,(4°) orthogonal test with five factors
and four levels is obtained as shown in tab. 5.

Table 5. Orthogonal experiment table

Sample W, [mm] H, [mm)] H, [mm] L, [mm] W, [mm]
1 6.00 2.95 4.05 72.00 5.00
2 6.00 3.45 4.15 74.00 7.00
3 6.00 3.95 425 76.00 9.00
4 6.00 4.45 435 78.00 11.00
5 6.80 295 4.15 76.00 11.00
6 6.80 3.45 4.05 78.00 9.00
7 6.80 3.95 435 72.0.0 7.00
8 6.80 445 425 74.00 5.00
9 7.60 2.95 4.25 78.00 7.00
10 7.60 3.45 4.35 76.00 5.00
11 7.60 3.95 4.05 74.00 11.00
12 7.60 4.45 4.15 72.00 9.00
13 8.40 295 4.35 74.00 9.00
14 8.40 3.45 425 72.00 11.00
15 8.40 3.95 4.15 78.00 5.00
16 8.40 4.45 4.05 76.00 7.00

According to the parameters in the aforementioned samples, the second-order poly-
nomial response surface and SVM response surface are used to predict the 7}, and the values
obtained by the two methods are compared with the numerical simulation results. The differ-
ence AT, can be shown:

A]-ils,i = Tils,i _Th's,i (12)
where T, and Ty, are the T;of the i" sample predicted by numerical simulation and response
surfaces, respectively. The results are shown in fig. 7.

In fig. 7, it can be concluded that the difference between the T, predicted by the two
response surfaces and the numerical simulation results is small. In this paper, the root mean
squared error (RMSE) is also used to compare the predicted and numerical simulation results,
namely:
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1 N
RMSE = \/ﬁ Z (Ths,[ —_ 71’1’5,1' )2 (13) 4 - : ; : . . 1 Second order polynomial response surface
P o —

2 SVM response surface

AT, [K]

Comparing the RMSE of 16 samples, the
RMSE of the second-order polynomial response
surface is 1.92, while of the SVM response sur-
face is 1.71. Although there is still a certain gap be-
tween the results of the two response surfaces and
of the numerical simulation, the 7, with different
structure parameters can be well predicted. Com-
pared with the second-order polynomial response
surface, the RMSE of T} predicted by SVM re-

sponse surface is less than 10.93%, which proves PR IS S S S O S

its feasibility and effectiveness. Thus, the SVM re- 1234567 8900012818 16
. . . . . . ample number

sponse surface obtained in this section is the basis Figure 7. The AT, of 16 samples

of the optimization in the following study.

The optimization result based on
the SVM response surface

The PSO [24] is an effective multi parameter optimization algorithm. When PSO is
used to solve the optimization problem, it corresponds to searching the position of a particle
in the space. Each particle has its own position and velocity (which determines the direction
and distance of motion), and a fitness value determined by the optimization functions. Each
particle memorizes, follows the current optimal particle, and then searches the best position in
the solution space. The process of each iteration is not completely random. If a better solution
is obtained, the next solution will be found based on it. Since PSO is rather simple and easy to
implement, fast to solve problems, and there are not many parameters to be adjusted, the PSO
algorithm is selected to optimize the winding structure based on the SVM response surface.

In the optimization process of PSO, the parameters are set the acceleration factors c;
and ¢, are both 1.5. The inertia weight w is 0.8 and the number of particles n is 100. The number
of iterations K is 1000. The objective of the optimization is to minimize the hot spot tempera-
ture, and the constraint equations are:

530<W,, £9.10

251<H, <489

372<H_ <4.68 (14)
70.24< L, <79.76

3.24<wW,, <12.96

Combined with the SVM response surface and the PSO algorithm, the lowest winding
hot spot temperature is 389.45 K, and the five structure parameters at this temperature are as
shown in tab. 6.

Table 6. The winding structure parameters before and after optimization

Parameter W, [mm] Hy, [mm] H, [mm] Ly, [mm] W, [mm]
Before optimization 7.20 4.20 4.20 75.00 8.00
After optimization 7.85 3.50 4.32 79.76 8.09
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T o R G The temperature distribution of each pass
I (L (AL can be obtained by numerical simulation based
IO ] (I 390 . L .
I T (MMM on the optimal winding structure, as shown in fig.
I (I (I 380 g8 Besides, the maximum temperatures on each
| I (MY 370 . Lo
(T AT I disc before and after Optlle&thl’l are extracted
I U () I, 360 and shown in fig. 9.

(I | ] 350 It can be obtained that the 7, of winding

i ‘ 300 18 389.99 K, which is 9.26 K lower than that of

I the original model. Besides, fig. 9 shows that the

T L, temperature distribution in each pass has been

(I improved obviously after optimization. Thus, the
Iy feasibility and effectiveness of the optimization

Figure 8. Temperature distribution of low method is proved.
voltage winding with the optimal parameters,

(a) Pass 1, (b) Pass 2, (c) Pass 3,

(d) Pass 4, (e) Pass 5, and (f) Pass 6
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Figure 9. Maximum temperature on each disc before and after optimization;
(a) before optimization and (b) after optimization

Conclusions

In this paper, the low voltage winding of a transformer is modeled on the COMSOL
simulation platform, and the winding structure parameters are optimized to reduce the hot spot
temperature. The conclusions can be achieved as follows.
® The temperature distribution of the low voltage winding region is obtained by numerical
simulation, and there is a higher temperature on the discs in the top pass. In addition, the
distribution of oil flow velocity in channels and the maximum temperature on each disc
shows the characteristic of periodic distribution, and there is a negative correlation between
the temperature on the disc and the oil flow velocity on both sides of discs.

® The non-linear relationship between winding structure parameters and the hot spot tempera-
ture is established according to the CCD table by numerical simulation, and the second-or-
der polynomial response surface and the SVM response surface are constructed, respective-
ly. Compared with the former response surface, the RMSE between the prediction results of
the SVM response surface and the numerical simulation is 10.93% smaller, which proves its
accuracy and better approximation to the actual response surface.

® The response surface which reflects the relationship between the winding structure param-
eters and the hot spot temperature can be optimized quickly and accurately. In this case,
the hot spot temperature of the winding is reduced by 9.25 K adopting the PSO based on
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the SVM response surface, which effectively improves the working performance of the
transformer. Meanwhile, the 3-D simulation model of the transformer can be established in
the future research, and the optimization of the whole winding structure can be realized by
referring to the previous method.
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Nomenclature

¢, —specific heat capacity of the fluid, [Wkg'K™'] T —temperature, [K]

F, —radial components of body force, [N] Tiws —hot spot temperature, [K]

F, —axial components of body force, [N] u  —radial velocity of the fluid, [ms™]

H, — width of the bottom horizontal Vimax — maximum flow velocity, [mms™]
oil channel, [mm] v —axial velocity of the fluid, [ms™]

H. — width of the horizontal oil channel W, — width of the inner vertical oil channel, [mm]
between discs, [mm] W,. —width of the oil flow outlet, [mm ]

k  — thermal conductivity, [Wm'K™] W, — width of the oil flow inlet, [mm]

ko — thermal conducity of the fluid, [Wm'K™] z  —axial co-ordinate of the model, [mm]

L,, —length of the block washer, [mm]

p — pressure of the fluid, [Pa] Greek symbols

q - power of the heat source, [Wm™] 1ts — viscosity of the fluid, [kgm's™']

r —radial co-ordinates of the model, [mm] poi — density of the fluid, [kgm]
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