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The optimization method of winding structure parameters of oil-immersed trans-
former is proposed to reduce the hot spot temperature of transformer and the metal
conductor consumption based on the coupling calculation method of electromag-
netic-fluid-thermal. Firstly, a 3-D simulation model is established by using finite
element software, and the distribution of the thermal field and the fluid field around
the transformer as well as the fluid field and thermal field of the low-voltage wind-
ing are obtained. Considering the calculation efficiency and accuracy, a 2-D
model of transformer low-voltage winding is established, and the thermal field and
flow field distribution of the two models are compared and analyzed. The temper-
ature error was less than 5.98 °C, which verified the accuracy of the equivalent
model. On this basis, combined with Latin hypercube experiment design and ther-
mal field simulation method, the response surface model of winding hot spot tem-
perature and structural parameters is established. Taking the hot spot temperature
of low voltage winding and the amount of metal conductor as optimization objec-
tives, the optimal solution set of Pareto is obtained by using NSGS-II optimization
algorithm, and two kinds of optimal design results are obtained on the Pareto front
surface. The results show that the hot spot temperature is reduced by 4.16% and
the metal conductor consumption is reduced by 13.79% in Scheme 1 and the hot
spot temperature is reduced by 0.51% and the metal conductor consumption is
reduced by 28.46% in Scheme 2. The research results have important guiding sig-
nificance for the optimization of oil-immersed transformer.
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Introduction

As an important equipment in power system, the oil-immersed transformer plays a
key role in the stability of the system. The characteristics of high voltage level and large capac-
ity cause the temperature rise problem to become increasingly serious, and too high temperature
rise will not only accelerate the aging of insulation, but also induce damage or even destruction
of winding insulation. At present, the temperature rise is reduced by increasing the cross-section
of the conductor, but this method inevitably leads to a significant increase in the amount of
metal used. In order to take into account the metal conductor consumption and hot spot temper-
ature rise of oil-immersed transformer, it is very important to carry out multi-physical coupling
calculation and optimization of winding structure parameters of oil-immersed transformer.

In terms of hot spot temperature calculation, at present, the calculation methods for
hot spot temperature rise of transformers mainly include empirical formula method [1, 2], hot
path model method [3-5] and numerical simulation method [6, 7], but these three methods all
have their drawbacks. Hu et al. [8] adopted the steady-state temperature rise and order reduction
calculation method and established the order reduction model based on the basic principles of
eigenorthogonal decomposition algorithm and discrete empirical interpolation algorithm. Luo
et al. [9] built a 3-D thermal model of a high-power high-frequency transformer based on the
finite difference method and analyzed the discretization error and its governing equation. Lu et
al. [10] proposed to combine the theory of porous media with the oil-immersed transformer to
build a simplified model and verify its accuracy. Liu et al. [11] proposes a hybrid algorithm for
heterogeneous grid node data mapping, which can accurately map electromagnetic losses to the
fluid-temperature field. However, the actual structure of the medium oil immersed transformer
is complex, and the existing method cannot take both accuracy and efficiency into account in
the numerical calculation process, which makes it difficult to accurately calculate the hot spot
temperature of the transformer winding.

In terms of transformer temperature optimization, Li [12] studied the relationship be-
tween the inlet flow of a high-oil circulating transformer and the flow velocity of each oil pas-
sage inside the transformer, and proposed an optimization method to reduce the inlet oil tem-
perature to reduce the temperature rise inside the transformer. Huang [13] analyzed the influ-
ence of oil flow in horizontal oil passage on winding temperature rise, analyzed the improve-
ment effect of adding oil baffle on reducing winding hot spot temperature, and proposed an
optimization method for reducing winding hot spot temperature with two kinds of oil baffle
structures. Li et al. [14] analyzed the effects of inlet velocity of oil-immersed transformer, hor-
izontal passage width and pie winding zone number on oil flow velocity and winding tempera-
ture rise, and proposed an optimization method to reduce hot spot temperature by changing
structural parameters. However, the whole structure of oil-immersed transformer has many var-
iables, and involves many constraints and multiple objectives. The previous method has the
problem of long optimization time and easy to fall into the local optimal solution, which limits
its practical application.

According to the electrical and structural parameters of the oil-immersed transformer,
the multi-physics coupling calculation of the 3-D model of the transformer is carried out, and
the distribution of the temperature field and flow field of the transformer is obtained. A 2-D
transformer model is established, and the temperature field and flow field distribution of the
two low voltage winding models are compared and analyzed. The hot spot temperature error of
the winding is only 5.98%, which verifies the accuracy of the equivalent model. The response
relation between hot spot temperature and structural parameters is established by response sur-
face method, and the Pareto algorithm is used to optimize the hot spot temperature and
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conductor quantity. The optimization method can significantly reduce the metal conductor
quantity and hot spot temperature, which has important guiding significance for the design of
oil-immersed transformer.

The basic structure and equivalent model of transformer

The basic structure and parameters of transformer

The research object of this paper is three-phase oil-immersed transformer, and its main
electrical parameters are shown in tab. 1. The core components of the transformer are the iron
core and the winding, the iron core is composed of cold rolled silicon steel sheets stacked to-
gether, the winding is divided into high voltage and low voltage winding, concentrically wound
on the core column. The tank is filled with transformer oil, which acts as insulation and heat
dissipation. The upper and lower collector tubing and heat sink constitute the heat dissipation
system of the transformer, and realize the circulation cooling of the oil.

Table 1. Main electrical parameters of transformers

Parameter Value (Model)
Model SZ11-10000/35
Rated capacity 240000k VA
Rated frequency 50Hz
Connection group YNdI1
Cooling method ONAH
Rated voltage 220kV

Transformer equivalent model

According to the actual structural parameters of the oil-immersed transformer, the 3-
D equivalent modeling of the transformer is carried out by using simulation software. The main
parameters of transformer are: the height of the core is 1160 mm, the depth is 240 mm, the
width is 2500 mm, the inner radius of the low pressure winding is 305 mm, the outer radius is
359 mm, the inner radius of the high pressure winding is 420 mm, the outer radius is 480 mm,
the width of the fuel tank is 3800 mm, the depth is 1350 mm, and the height is 1825 mm.

Fuel tank
p Low-voltage winding _

Figure 1. The 3-D equivalent model Figure 2. Internal structure of transformer
of transformer

Considering the complex internal structure of the oil-immersed transformer, in order
to save calculation time, the model is simplified as:
— The winding is equivalent to a completely symmetrical cylinder type, without considering
the effect of winding insulation on heat transfer and heat dissipation.
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— Ignoring the losses in structural parts such as clamps, pads and high voltage windings, and
the heat source includes the loss of iron core and low voltage windings.

— The structure of the heat sink and the shape of the oil passage are simplified and replaced
by cuboid sheets.

— Baffles are set inside and outside the low voltage winding and the oil passage to change the
direction of oil flow.

The 3-D equivalent model of the oil-immersed transformer and its internal structure
are shown in figs. 1 and 2. The winding coils are divided into three phases: A, B, and C.

Simulation results of 3-D temperature field of oil-immersed transformer
Heat transfer analysis and governing equation

Analysis of transformer heat transfer process

The research object of this paper is oil-immersed self-cooled transformer, whose heat
transfer process is divided into three forms: heat conduction, heat convection, and heat radiation.
When the transformer is running, the loss of each component increases the outer surface tem-
perature of the component through heat transfer [15]. The heat transfer process of the oil-im-
mersed transformer is shown in fig. 3.

Heat radiation Heat convection Air
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Figure 3. Heat transfer process of oil-immersed transformer
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Governing equation

— Magnetic field governing equation

In the normal operation of the oil-immersed transformer, the coil power leads to the
loss of the core and winding and other structural parts, which as a heat source makes the tem-
perature of the transformer core and winding rise gradually. The loss generated by the trans-
former mainly comes from the loss generated by the inner core and the loss generated by the
winding, and the loss is closely related to the distribution of the magnetic flux density inside
the core. Therefore, it is necessary to solve the transformer magnetic field first, and the trans-
former governing equation based on vector magnetic potential A is as:

VE(VXK):J:—U% (1)
Y7, ot

where 1 [Hm1] is the magnetic permeability, o [Sm] — the electrical conductivity, J, [Am2]
— the current density of the winding.
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— Fluid-thermal field governing equation

Numerical problems of fluid-flow and heat transfer need to follow the law of conser-
vation of mass, momentum, and energy, where the governing equation describing the conser-
vation of fluid momentum is also called the Navier-Stokes equation. Transformer oil is in a
natural circulation state, the oil flow velocity is low, and the corresponding Reynolds number
is small, so it is regarded as laminar flow, and its governing equation is as:

P 4 v(py) =0 @)
ot
v 2
o E+ PVVV ==Vp+ 1, VV+F 3
oT
PsC, a7 PC,WVT =V (KVT) - pWW+Q 4)

where po is the fluid density, v — the velocity, p — fluid pressure, uo — hydrodynamic viscosity,
F — the external force per unit volume, c, — the heat capacity at constant pressure, T — the tem-
perature, k — thermal conductivity, Q — the internal heat source per unit volume, and V — the
Hamiltonian operator.
— Solid heat conduction equation

The heat transfer between solids is generally heat conduction. In the heat transfer pro-
cess inside the oil-immersed transformer, due to the influence of uneven loss, the temperature
difference is caused in the core and high and low voltage windings. At this time, the heat is
mainly transferred to the surface of the medium through heat conduction, and then the heat is
transferred through the transformer oil [16-20]. Heat conduction follows Fourier's law, and its
3-D temperature field heat conduction equation is as:

oT
PC, P V(AVT)+q (5)

where g is the heat source density of structural parts, p — the solid density, ¢, — the heat capacity
at constant pressure, 4 — the thermal conductivity, and T — the temperature.
— The expressions of loss

Transformer loss is mainly composed of core loss and winding loss. Core loss is cal-
culated as:

Qc=k, f*Bf (6)
where Q¢ is the core loss density, f — the excitation signal frequency, Bm — the peak magnetic
induction intensity, and kn, «, and £ are loss coefficients.

The winding loss is calculated:

D:W.
R e 7
= s, (7

where Qi is the winding loss, I;, Di, W;, and S; are the current value, diameter, turns and cross-
sectional area of the wire, respectively, and k — the conductivity of the metal conductor.

Q

Material properties and boundary conditions

Setting the material properties for the main components of the oil-immersed trans-
former, as shown in tab. 2, where the core and winding add silicon steel sheet and copper,
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respectively, and the fluid material in the fuel tank and radiator is transformer oil. The coupling
calculation of transformer fluid-thermal field is largely affected by the thermophysical proper-
ties of oil, so the thermophysical properties of transformer oil are set as a relation with temper-
ature, where T is in Kelvin (K).

Table 2. Material property parameters

Material Features Value
Thermal conductivity [Wm™ K] 400
Winding (copper) Specific heat capacity [Jkg'K™!] 385
Density [kgm] 8940
Thermal conductivity [Wm™ K] 72
Iron core (silicon steel) Specific heat capacity [Jkg 'K™'] 446
Density [kgm] 7550
Thermal conductivity [Wm™ K] 0.134 - 8.05x10-T
. Specific heat capacity [Jkg K] —13408.15 +123.04T— 0.33 717
Transformer oil Density [kgm 3] 1055.05 — 0.587— 6.4x10°12
Dynamic viscosity [Pa-s] 91.45—-1.33T+ 7.78x10372—-2.27x10T°

The boundary conditions are set as:
— Heat conduction boundary conditions
AT
=1— 8

a=2A= ®)
where q is the heat flux per unit area, 4 — the thermal conductivity, AT — the temperature dif-
ference, and L — the thickness.
— Heat radiation

q=¢8(T'-T,') )

where ¢ is the radiation blackness, 8 — the Boltzmann constant, and T, and T» are the surface
temperatures of the transformer and the air temperature, respectively.
— Heat convection

h(T, —TS)+/1ﬁ:o, h(T, —Ts)+/1g=0, h(T, —Ts)+/1ﬂ=0 (10)
OX oy oz

where h is the convective heat transfer coefficient, T, — the solid boundary temperature, Ts —
the fluid temperature, and A — the thermal conductivity.

According to the heat transfer process of the transformer, convective heat transfer
occurs between the outer surface of the fuel tank and the heat sink and the outside air. The
calculated convective heat transfer coefficients of each surface are shown in tab. 3. The initial
temperature To and room temperature were set to 298.15 K, the initial oil flow velocity vo was
set to zero, and there was no slip on the fluid wall. Gravity is included in the calculation of fluid
field, and its value is 9.8 m/s? [18]. The boundary condition diagram is shown in fig. 4.

Table 3. Convective heat transfer coefficient on
the surface of transformer

Position Tank top Tank side Tank bottom Heat sink

h [Wm K] 4.0 6.0 33 9.6
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Figure 4. Boundary condition schematic diagram
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Calculation of equivalent thermal parameters of low voltage winding

In order to take into account the calculation accuracy and efficiency, the thermal con-
ductivity and specific heat capacity of low voltage winding of oil-immersed transformer are
equivalent.

Calculation of equivalent thermal conductivity

The thermal parameters of the wire and the insulating paper are equivalent, and the
simplified diagram of the winding structure is shown in fig. 5. In the figure, x and y represent
Wl ’ radial and axial directions, respectively. The H and
bi d are height and thickness, respectively. The equiv-

alent thermal conductivity of transformer winding
Winding cqublers ased in axial and radial direction can be obtained by
. " e e equivalent thermal resistance model.
The equivalent thermal conductivity k. of the
transformer winding in the radial direction is:
ki, 1)
X I(Zdrl + kldrz
Figure 5. Simplified schematic diagram of whe:re dr1is the total thickness of the metal conduc-
transformer winding structure tor in the radial conductor layer of the transformer
winding, dr2 — the total thickness of the radial oil-
impregnated insulating paper of the transformer, d. — the overall radial thickness of the winding,
kr — the radial equivalent thermal conductivity of the transformer winding, ki — the thermal
conductivity of metal conductor in conductor layer of transformer winding, and k. — the thermal
conductivity of transformer oil-immersed insulation paper.
The equivalent thermal conductivity ka of the transformer winding in the axial direc-

Dielectric paper

i

x

tion is:
. (12
kzdal + kldaz
where da; is the total thickness of the conductor in the guiding body of the transformer winding

shaft, da> — the total thickness of the axial oil-impregnated insulating paper of the transformer,
and da — the overall axial thickness of winding.
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According to the material and structural parameters of the transformer, the equivalent
thermal conductivity in each direction of the high and low voltage winding of the transformer
is calculated, as shown in tab. 4.

Table 4. Equivalent thermal conductivity of transformer windings

Winding direction Equivalent thermal conductivity, [Wm™K™']
Axial direction 0.818
Radial direction 2.096
Direction of wire winding 401

Calculation of equivalent specific heat capacity

The actual oil impregnated insulation paper wrapped on the winding conductor layer
can be obtained:

C,MAT =cmAT +c¢,m,AT (13)

where c. is the equivalent specific heat capacity of the transformer winding, m — the total mass
of the transformer winding, AT — the temperature change of transformer winding, c; — the spe-
cific heat capacity of conductor layer in transformer winding, ¢z — the specific heat capacity of
transformer oil-immersed insulating paper, m; —
the total mass of conductor layer in transformer
winding, and m; — the total weight of transformer
oil-immersed insulation paper. Combined with
the material and structural parameters of the
transformer, the equivalent specific heat capacity
of the low voltage winding of the transformer is
calculated as 398.555 J/kgK.

Mesh independence study

The COMSOL simulation software is used
to divide the model. Subsequent simulation cal-
culations are carried out based on COMSOL sim- Figure 6. Mesh generation
ulation software. At the same time, mesh inde-
pendence study is carried out, and hot spot temperatures with different numbers of meshes are
given in tab. 5. It can be inferred that when the number of nodes is 1909772, the temperature
rise reaches a stable value. When stable, the grid diagram is shown in fig. 6.

Table 5. The hot spot temperature under different meshes
Number of nodes 1693674 1737481 1793782 1856473 1909772
Tmax [K] 352.2 3525 352.8 3533 3533

Simulation result analysis

Taking the transformer core and winding losses as heat sources, combined with equiv-
alent thermal parameters of copper wire and insulating paper obtained in section Calculation of
equivalent thermal parameters of low voltage winding, the overall distribution of transformer
temperature field and flow field can be obtained through flux-thermal coupling calculation, as
shown in figs. 7(a) and 7(b).
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Figure 7. Simulation results of transformer fluid-thermal field;
(a) temperature distribution and (b) velocity distribution

As can be seen from fig. 6, the temperature distribution law of each winding is basi-
cally the same. The hot spot temperature of the transformer is 353.3 K, which is located in the
middle and upper part of the B-phase winding, mainly due to the poor heat dissipation condition
of the B-phase winding. According to the previous simulation results, the temperature field
distribution results of the B-phase low voltage winding of the transformer can be extracted, as
shown in fig. 8. As can be seen from the figure, the maximum flow rate is 0.077 m/s, the hot
spot temperature is 353.3 K, and the hot spot temperature is located at the third wire cake in
Channel 1.

Speed [ms”] Temperature [K]

310

(@) (b}

Figure 8. Simulation results of B-phase winding;
(a) velocity distribution and (b) temperature distribution

Simulation results of 2-D equivalent temperature field of
oil-immersed transformer

For the sake of take into account the calculation accuracy and efficiency of thermal
field, and consider the subsequent winding optimization design, a 2-D equivalent model of low
voltage winding of oil-immersed transformer is established.

The 2-D transformer equivalent model

In order to obtain the inlet flow rate of the 2-D model of the low voltage winding, a 2-
D model with the same size as the 3-D model of the transformer is constructed, and an oil baffle
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is built on both sides of the low voltage winding to make the transformer oil flow into the oil
channel of the low voltage winding, as shown in fig. 9.
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Figure 9. Schematic diagram of Figure 10. Oil flow velocity distribution in XOZ plane
transformer 2-D model structure

Heat sink inlet velocity extraction and simulation results analysis

According to the simulation results of the 3-D model, the flow rate of transformer oil
flowing from the lower manifold to the bottom of the tank after cooling by the heat sink is
extracted, and this flow rate can be used as the inlet boundary condition of the 2-D model. The
wall where the oil flows from the manifold to the tank is a cross-section, and the average flow
rate of the oil flowing through the manifold to the tank area is calculated to be 0.2 m/s, as shown
in fig. 10.
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Figure 11. The 2-D axisymmetric model of Figure 12. The 2-D schematic diagram of
transformer oil flow velocity distribution low voltage winding structure

The inlet velocity at the boundary of the 2-D transformer model is set to 0.2 m/s to
extract the average oil flow velocity of the transformer oil flowing into the entrance of the low
voltage winding. In fig. 11, it can be seen that the average flow velocity is 0.05 m/s, which is
consistent with the subsequent boundary conditions.

The 2-D model of the low voltage winding was constructed, whose dimensions were
consistent with the 3-D model of the low voltage winding, including the oil baffle on both sides
of the insulation cylinder, which was located on both sides of the vertical oil passage and com-
pletely blocked the flow of the oil flow [17]. The detailed geometric parameters had been
marked in the figure, as shown in fig. 12.
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The extracted inlet flow rate of the low voltage winding was brought into the 2-D model
of the low voltage winding as the boundary condition, and the calculated flow rate distribution
and temperature distribution were shown in figs. 13(a) and 13(b), respectively.
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Figure 13. Simulation results of 2-D winding; (a) velocity distribution and
(b) temperature distribution

It can be seen from figs. 13(a) and 13(b) that the maximum flow velocity of oil flow
is 0.071 m/s. Due to the action of the baffle, the direction of oil flow will change when oil flow
passes through the baffle, so the oil flow velocity at the baffle is small, while the oil flow ve-
locity at the entrance of each channel is large. The hot spot temperature of the winding is 348.5
K, and the hot spot temperature position is at the fourth wire cake of Channel 1. After cooling
by the radiator, the oil flow re-enters the oil passage at the entrance, and then diverts through
the vertical oil passage to enter each horizontal oil passage. The oil flow after flowing out of
the horizontal oil passage is confluent in the vertical oil passage. When flowing through each
coil, the oil flow will fully contact the surface of the coil and take away part of the heat, and
finally dissipate the heat in the form of heat convection on the surface of the tank wall and the
surface of the radiator, thereby reducing the winding temperature.

Comparison of 2-D and 3-D simulation results

According to the previous simulation results, the overall flow velocity distribution of
the two models of the transformer is generally the same, and the maximum flow velocity is
0.071 m/s and 0.078 m/s, respectively, and the highest flow velocity is located at the entrance
of the channel. According to the temperature rise distribution of the low voltage winding coil
cake, the average temperature of 52 coil cakes in the 2-D and 3-D models was extracted, as
shown in fig.14.

As can be seen from fig. 14, the overall trend of coil cake temperature is basically the
same, and the hot spot temperature of the 2-D model and the 3-D model is 348.5 K and 353.3
K, respectively, with an error of only 5.98%. Therefore, the 3-D thermal field simulation cal-
culation of the oil-immersed transformer is approximately equivalent to that of the 2-D model.

Optimization of winding structure parameters of oil-immersed transformer

Optimization objectives and constraints

In order to reduce the hot spot temperature and conductor consumption of transformer
low voltage winding, considering the influence of winding structure parameters on transformer
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temperature rise, the winding structure parameters are optimized. In this paper, the following
seven parameters that have a certain impact on the winding hot spot temperature are selected
as input variables: distance from the low voltage winding to the core, W;, conductor cross-sec-
tion length, Hg, conductor cross-section width, Wq, inner vertical oil passage width, W), outer
vertical oil passage width, Wy, horizontal oil passage height, H1, and insulating paper thickness,
W1. The selection of parameters is shown in fig. 15.
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Figure 14. Comparison of Figure 15. Optimal design variables of
average temperature of discs winding structure

The allowable range of design variables is determined according to the requirements
of the electrical and insulation performance parameters of the oil-immersed transformer. The
value range of each structural parameter is shown in tab. 6.

Table 6. Design variable range of winding structure parameters

Structural parameter Value range
Distance between low voltage winding and core, /¥; [mm] 295~315

Traverse height, Hs [mm] 9~11

Traverse width, Ws [mm)] 42~66
Width of inner vertical oil passage, W [mm] 5~7
Outer vertical oil passage width, /¥, [mm] 5~7
Horizontal oil passage heigh,t H; [mm] 3~6
Insulating paper thickness, #; [mm)] 0~1

The hot spot temperature is calculated by eq. (16) in section Hot spot temperature
response surface model was established. The calculation method of winding conductor con-
sumption is shown in eq. (14), and its value is related to the three parameters of winding Wi, Hq,
and Wg:

V =52 m(W, +W, )2 - 2w, |H, (14)

Experimental design of Latin Hypercube

The winding losses need to be recalculated and included in the temperature field cal-
culation each time each sample is calculated. Among them, seven variable parameters selected
in the paper are adjusted according to the test table, and the other parameters and boundary
conditions remain unchanged. According to the Latin Hypercube experimental design method
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combined with the multi-physics simulation calculation method, the test table shown in fig.16
can be obtained, and the total number of test design samples is 80.
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Figure 16. Latin hypercube experimental design Figure 17. The Optimization design process

Optimized design process

In order to select the structural parameters that make the winding hot spot temperature
lowest, the response surface can be used to replace the more complicated model. The optimi-
zation design process of this paper is shown in fig.17.

Hot spot temperature response surface model was established

The response surface function is generally a high-order polynomial function. When
the variables are small, the quadratic polynomial can ensure the accuracy of the function and
make the model less complicated. In this paper, the quadratic polynomial form is chosen, as
shown in:

Y =Byt 2B+ 2B + D 2 Bk, (15)
j=1 j=1 i=1 j=1+1
where y is the objective function, fo, fj, £jj and pij are polynomial coefficients, which are also
to be evaluated in the response surface model, x; — the experimental variable, and n — the number
of experimental variables.
The response relationship is obtained by using the fitting method, as shown in eq. (16):

T, =1476.034 — 5.543W, — 57.462W, +14.232W, —19.197H,, — 2.184W,, +11.272H, + 75.050W, +
+0.038W\W, — 0.088WW, +0.002WW,, — 0.033W,H, — 0.125WW, -+ 4.000W\W, — 0.03 IW,W, — 0.500W,W, —
~0.500H,H, — 0.104W,W, — 1.833H,W, +0.0095W,” +2.946W, + 0.014W? — 26.216W,2 (16)

Pareto solution set based on NSGS- 1 algorithm

NSGA- 11 optimization algorithm

The NSGA-II is a multi-objective genetic algorithm using quick sorting and elite
mechanism, which has the characteristics of fast operation speed and good convergence [21-
23], and can effectively solve the optimization problem in this paper. The NSGA-II optimiza-
tion algorithm was adopted to optimize the fitted hot spot temperature response surface and the
calculated conductor dosage.
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Optimization results and 7510
simulation verification

The hot spot temperature of transformer
winding and conductor consumption were opti-
mized, and the pareto solution set was obtained
by NSGA-TI optimization algorithm, as shown
in fig. 18. Each point corresponds to an optimal
solution, and the more dense the solution is, the
better the solution is. The points on the front sur-
face can reduce the hot spot temperature and the <010’
metal conductor consumption at the same time, S R S
but the extreme value cannot be obtained at the ) Hotspattemperature K]
same time on the two optimization objectives, Figure 18. Pareto plots
and the appropriate optimal solution can be selected according to the actual engineering re-
quirements.

In order to reduce the hot spot temperature of transformer winding and the metal con-
ductor consumption, two optimization schemes are selected on the Pareto front surface, whose
structural parameters are shown in tab. 7, and the hot spot temperature and metal conductor
consumption calculated on the response surface are shown in tab. 8.

Metal conductor usage [mm ]

Table 7. Winding structure parameter optimization scheme

Design variable [mm] | Reference value Optimization, Scheme 1 Optimization, Scheme 2
Hi 4.50 4.07 4.26
Hu 10.0 9.58 9.61
Wi 0.5 0.15 0.31
Wi 54.0 51.56 46.62
Wi 305.0 305.72 302.78
4 6.0 5.99 6.01
W, 6.0 6.23 6.11
Table 8. Results of Pareto optimal designs
Optimization objective Initial design Optimization Scheme 1 | Optimization Scheme 2
Hot spot temperature [K] 348.50 334.04 346.83
Metal conductor usage [mm?] 5.80x107 5.08x107 4.15x107

As can be seen from tab. 8, the hot spot temperature of Scheme 1 is reduced by 4.16%,
and the metal conductor consumption is reduced by 13.79%, the hot spot temperature of Scheme
2 is reduced by 0.51%, and the metal conductor consumption is reduced by 28.46%. According
to the optimization results, compared with the initial design parameters, all the points on the
Pareto front surface can reduce the hot spot temperature and metal conductor consumption. A
reasonable Pareto solution can be selected according to the actual engineering requirements,
considering the consumption and loss of metal conductors.

Conclusions

e The 3-D magnetic-fluid-thermal field simulation model of the oil-immersed transformer was
constructed. The distribution of the transformer flow field and temperature field was ob-
tained by finite element simulation software, and the fluid field and thermal field of the low
voltage winding were obtained. The temperature distribution law of each winding was
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basically the same, and the hot spot temperature of the transformer was 353.3K, located in
the middle and upper part of the B-phase winding.

A 2-D model of transformer low voltage winding is established, and the distribution of 3-D
and 2-D temperature and fluid fields is compared and analyzed. The maximum flow rates
of the two are 0.07045 m/s and 0.0776 m/s, respectively, which are both at the entrance of
the channel. The hot spot temperatures are 348.5 K and 353.3 K, respectively, and the error
is 5.98%, which verifies the accuracy of the 2-D equivalent model.

The response relation between hot spot temperature and structural parameters is established
by response surface method, and the Pareto solution set is obtained by multi-objective opti-
mization algorithm. In order to reduce both the hot spot temperature of the transformer
winding and the metal conductor consumption, the hot spot temperature and the metal con-
ductor consumption in Scheme 1 are reduced by 4.16% and 13.79% respectively. In Scheme
2, the hot spot temperature is reduced by 0.51% and the metal conductor consumption is
reduced by 28.46%. The optimization method provides important reference value for guid-
ing the design of oil-immersed transformer.
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Nomenclature
Ce — equivalent specific heat capacity of the q — heat source density of structural parts,
transformer winding, [Jkg 'K [Wm]
Cp — heat capacity at constant pressure, [Jkg" (0] — heat source per unit volume, [Wm]
K] T — temperature, [K]
F — external force per unit volume, [Nm] v — velocity, [ms™]
G — gravitational acceleration, [ms 2]
h — convective heat transfer coefficient, Greek symbols
[Wm2K™1] P — solid density, [kgm]
Js — current density of the winding, [Am?] 00 — fluid density, [kgm]
k — thermal conductivity, [Wm™ K] \Y — Hamiltonian operator
ke — radial equivalent thermal conductivity, o — electrical conductivity, [Sm]
[Wm K] u — magnetic permeability, [Hm]
ka — axial equivalent thermal conductivity, 1o — hydrodynamic viscosity, [N-Sm2]
[Wm™'K™] A — thermal conductivity, [Wm—K™]
p — fluid pressure, [Nm 2]
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