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ABSTRACT In recent years, the capacity has increased and the volume has been limited in the power
transformers. The stray losses of the tanks and structural parts cannot be ignored in the load loss. The tanks
and the structural parts are complex structures. It is difficult for transformer manufacturers to use analytical
methods to calculate stray losses for each component in the power transformers. If the stray loss distribution
of the components can be estimated, it will help to optimize the power transformer’s cost and performance.
Therefore, this paper uses the finite element method to solve the stray loss of components in the time-varying
magnetic field. At the same time, the core losses of themagnetic shielding are solved. In addition, the position
of the tap is considered, and the proposed stray loss model has the temperature factor, which can improve
the accuracy of the simulation results. Finally, the short circuit test experiment is carried out in the 350 MVA
three-phase five-limb power transformer. The proposed models and material parameters are verified by the
experimental results.

INDEX TERMS Finite element analysis, power transformer, stray loss, impedance boundary.

I. INTRODUCTION
In recent years, the design of transformers has been limited
by size due to the application field and transportation
of transformers [1]. When the size of the transformer is
decreased, the cost and performance are affected in the
transformer. According to the European Union Commission
Regulation No. 548/2014, the distribution transformer and
power transformer must conform to the framework of
ecological design, which achieves energy saving and reduces
carbon dioxide emissions. The tier 1 level and tier 2 level
standards have been proposed in the power transformer.
Currently, the power transformer is necessary to meet the
peak efficiency index of tier 2 level standard. The factors of
peak efficiency index include open circuit loss, short circuit
loss, the electrical power of the cooling system and rate power
in the power transformer [2], [3]. In [4], the results show
that when the distribution transformer design adopts the tier
2 standard, the initial total cost of ownership is relatively high
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due to the low price of electric energy. With the increase of
time and load, the design adopts the tier 2 standard is more
economical than the design adopts the tier 1 and DIN42500
standards. In [5], the energy consumption of the transformer
and the daily price of electricity are considered, the results
show the low-efficiency transformers only have advantages
in initial investment, and will increase energy costs in long-
term operation. Therefore, it is more economical to adopt and
manufacture transformers with higher efficiency when the
energy price becomes higher and the load increases. However,
transformer manufacturers need to strike a balance between
cost and performance. The cost factors include material cost,
labor cost, and indirect cost [6], [7]. The performance of the
power transformer needs to meet the technical specification
standards, such as short circuit impedance. At the same
time, the equipment needs to have a good life cycle and
efficiency. The life cycle and efficiency depend on losses
in the transformer. The losses of power transformers are
composed of two major losses: open circuit loss and short
circuit loss. The open circuit loss is caused by the iron core.
The short circuit loss is composed of copper loss and stray
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loss. The copper loss is caused by the windings, which means
the current flows through DC resistance in the windings. The
stray loss is caused by the high magnetic permeability and
high conductivity of the components, such as tanks, structural
parts, and windings. Therefore, with the power transformer’s
capacity increase and volume limit, the proportion of stray
losses caused by the tank and structural parts cannot be
ignored. This has led transformer manufacturers to add
magnetic shielding to reduce stray losses.

However, magnetic shielding is added too much or mis-
placed, resulting in increased cost and reduced performance.
If the stray loss distribution of the power transformer can
be solved, the magnetic shield’s optimal design can balance
cost and performance. In recent years, many scholars have
used the finite element method to analyze and study the
characteristics of power transformers. The finite element
models determine the accuracy of the results. In [8], the
tank of stainless steel mixed with low-carbon steel material
has especially been considered in the bushing finite element
modes. The stray loss results show that the proposed 2D
axisymmetric model has certain feasibility. In [9], the heat
conduction coefficient has been considered in ascending
flange finite element models, and the stray loss distribution
is solved in the magnetic-thermal coupling field. In [10], the
harmonic factor and DC bias factor have been considered in
the transformer finite element models, and the design of the
lobe-type magnetic shielding was optimized according to the
simulation results. In [11] and [12], the skin effect meshing
method and impedance boundarymethod are compared based
on the 3D transformer finite element model, the results
show that the calculation time was shortened by 4 times
by using the impedance boundary method. In [13] and [14]
the temperature factor of the core and the structural factor
of the magnetic shielding have been considered in the 3D
finite element models, which are verified by the temperature
field.

According to the above applications, it is understood that
the finite element models include 3D geometrical models,
material factors, boundary conditions, and field selection.
Also, it is shown that impedance boundary condition
is beneficial for complex geometries to solve stray loss
distribution. Therefore, this paper proposed three-phase five-
limb transformer finite element models, which solve stray
loss distribution. The geometrical models are composed of
the core, HV/LV/Tap windings, structural parts, magnetic
shielding, and tank. Due to the influence of the eddy
current in the components, the time-varying magnetic field is
chosen. In addition, the position of the winding taps operates
differently, resulting in a different stray loss distribution,
so the position of the windings taps must be considered.
The temperature factors are specially added to the impedance
boundary condition, which affects the accuracy of the stray
loss distribution. Next, this paper is divided into four sections;
each section is summarized: Section II introduces the finite
element analysis model, which includes Maxwell solver
equations, leakage inductance model, stray loss model, and

magnetic shielding core loss model. Section III shows finite
element simulation results, which include 2D simulation
results and 3D simulation results. The 2D simulation results
are to solve the position of the winding taps. The 3D
simulation results are to solve components’ stray loss
distribution. Section IV shows 350 MVA three-phase five-
limb experimental results, which verify the proposed 2D/ 3D
finite element models. Section V describes the conclusion of
this paper.

II. FINITE ELEMENT ANALYSIS MODELS
A. MAXWELL SOLVER EQUATIONS
Maxwell solver equations are divided into four equations:
Ampere’s law, Faraday’s law, Gauss’s law of magnetism, and
Gauss’s law. Differential forms of Maxwell solver equations
can be written as:

Ampere’s law : ∇ × H = J +
∂D
∂t

(1)

Faraday’s law : ∇ × E = −
∂B
∂t

(2)

Gauss’s law for magnetism : ∇ · B = 0 (3)

Gauss’s law : ∇ · D = ρ (4)

In the (1)-(4), the symbol H is the magnetic field intensity
(A/m), the symbol J is conduction current density (A/m2), the
symbol D is the electric displacement (C/m2), the symbol E
is the electric field (V/m), the symbol B is the magnetic flux
density (T), and the symbol ρ is the charge density (C/m2).
Due to the operating frequency of the power transformer
being 60 Hz, the displacement current is ignored.

B. LEAKAGE INDUCTANCE MODEL
In general, the tap windings of the step-down power
transformers are designed to adjust the high-side voltage.
However, the leakage inductance is affected by the operating
positions of the tap winding, and the leakage inductance
is related to the stray loss in the components. Therefore,
the leakage inductance must be solved before the stray loss
distribution is solved, and the leakage inductance considers
the tap winding position.

FIGURE 1. The short circuit of the power transformer diagram.

The equivalent short circuit diagram is shown in Fig. 1,
which is composed of the ideal sinusoidal voltage Vp,
equivalent leakage inductance Lk1, equivalent resistance Rs1,
high side inductance LH , tap side inductance LTap, and low
side inductance LL . The tap windings are composed of the
same two windings in parallel connection.
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To simplify the analysis, some conditions are assumed as
follows:

1) The ideal sinusoidal voltage Vp is the ideal voltage
source and is balanced in each phase;

2) The primary current Ip and secondary current Is are
ideal sine waves;

3) The secondary side output terminal is shorted;
4) The magnetizing reactance and parallel resistance are

neglected, and the excitation current is neglected;
5) The turns ratio is primary side total turns to secondary

side turns, which is defined as N = NP/NS ;
Due to the magnetic flux generated by the windings, the
magnetic flux is not fully conducted and is stored in the form
of energy. The primary current Ip is an ideal sine wave, the
equation of the instantaneous energy can be written as:

WInstant =
1
2
Lk1[Ip,peakCos(ωt + θ )]2 (5)

In (5), the symbol Ip,peak is the peak current on the primary
side, and the symbol θ is the initial angle of the primary
current. If the initial angel is zero, and the equation of
instantaneous energy takes the average under the period,
which can be written as:

WAverage =
1
2π

∫ 2π

0
WInstantdωt =

1
4

∫
v
B · H∗dv (6)

In (6), the symbol B is the magnetic flux density, and
the symbol H∗ is the complex conjugate of the magnetic
field intensity. According to (6), the primary side equivalent
leakage inductance Lk1 can be obtained:

Lk1 =

∫
v B · H∗dv

I2p,peak
=

4WAverage

I2p,peak
(7)

The equation of per unit impedance can be written as:

Zpu =
Z
ZB

(8)

In (8), the symbol Z and the symbol ZB are defined as:

Impedance : Z = Rs1 + XLk1 = Rs1 + 2π fLk1 (9)

Impedance Base : ZB =
SB
3I2p

(10)

Assumed that the equivalent leakage reactance Lk1 is
bigger than the equivalent series resistanceRs1 on the primary
side. The equivalent series resistance is ignored, and (7)-(10)
are combined to obtain:

Zpu =
XLk1
ZB

=
6I2pπ f

∫
v B · H∗dv

SBI2p,peak
(11)

C. STRAY LOSS MODEL
The skin depth must be considered in the components, due to
the eddy current value is related to the component thickness.
In the 3D geometric model’s traditional solution, it is needed
to make fine mesh cutting, the computer hardware is often
unable to support a large number of mesh. Therefore, the 3D
geometric model is advantageously solved using impedance

boundary conditions, which only require mesh cutting on
the surface of the component. At present, the impedance
boundary conditions didn’t add the temperature factor, which
cannot reflect the actual material state in the conductor
components. Next, the impedance boundary condition with
temperature factor is introduced.

FIGURE 2. The relationship of electric field and magnetic field intensity at
the conductor surface.

At the conductor surface, there is a relationship between
the tangential electric field and the tangential magnetic field
strength [15], and as shown in Fig. 2. The equation can be
written as:

⇀

ETangential = Zs(
⇀

HTangential ×
⇀n) (12)

In (12), the symbol
⇀

ETangential is the tangential electric

field, the symbol
⇀

HTangential is the tangential magnetic field
strength, the symbol ⇀n is the unit vector, the symbol Zs is the
surface impedance. In (12), the surface impedance is defined:

Zs = (1 + j)

√
ωµ

2σ
=

(1 + j)ωµδ

2
(13)

In (13), the symbol µ is the magnetism of relative
permeability, the symbol σ is the conductivity, the symbol δ

is the skin effect. The poynting vector takes the average under
the period to obtain the complex poynting vector density,
which can be written as:

Spoynting =
1
2
Re(

⇀

E ×
⇀

H
∗

) (14)

In (14), the symbol
⇀

E is the electric field, and the symbol
⇀

H
∗

is the complex conjugate of the magnetic field intensity.
Assuming that the surface is only considered in (14), and
combination of (12) and (14) can be obtained:

SPoynting,Surface =

√
ωµ

8σ
(

⇀

HTangential
⇀

H
∗

Tangential) (15)

Equation (15) takes surface integral, which is the total loss
at the surface, and can be written as:

SStrayLoss =

√
ωµ

8σ

∫
Surface

(
⇀

HTangential
⇀

H
∗

Tangential)ds (16)

The conductivity temperature coefficient is defined as:

σ =
σ20

[1 + α20(t − 20)]
(17)

In (17), The symbol σ20 is the conductivity at 20 ◦C, the
symbol α20 is the temperature coefficient at 20 ◦C, and the
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symbol t is the temperature. Combing (16) and (17), the
total loss is considered conductivity temperature coefficient,
which can be written as:

STemp

=

√
ωµ[1 + α20(t − 20)]

8σ20

∫
Surface

(
⇀

HTangential
⇀

H
∗

Tangential)ds

(18)

D. MAGNETIC SHIELDING CORE LOSS MODEL
Power transformers add magnetic shielding to reduce eddy
current losses, but the magnetic shielding cores also create
losses, including hysteresis losses, eddy current losses, and
extra losses [16]. The magnetic shielding core loss can be
written as:

Pv = Ph + Pc + Pe (19)

In (19), The symbol Ph is the hysteresis loss, the symbol Pc
is the eddy current loss, and the symbol Pe is the extra loss.
Many factors are considered in the model, the factors include
conductivity, thickness, mass density, nonlinear P-B and
nonlinear P-H curves, and operating frequency. According to
the above factors, hysteresis loss, eddy current loss, and extra
loss are defined as:

Ph = khf0B2m (20)

Pc = kc(f0Bm)
2 (21)

Pe = ke(f0Bm)
1.5 (22)

In (20)-(22), the symbol kh is the hysteresis loss coefficient,
the symbol kc is the eddy current loss coefficient, the symbol
ke is the extra loss coefficient, and the symbol Bm is the
magnetic flux density of magnetic shielding, and the symbol
f0 is the operating frequency.

FIGURE 3. Simulation model diagram. (a) 2D axisymmetric model. (b) 3D
model.

III. FINITE ELEMENT ANALYSIS SIMULATION
A. POWER TRANSFORMER SIMULATION MODEL
There are two types of three-phase five-limb simulation
models, which are 2D axisymmetric models and 3D models,
and shown in Fig.3. The simulation models are composed of
windings, core, insulating oil, structural parts, and magnetic

shielding. The winding can be divided into low voltage side
winding, high voltage side winding, and tap winding. The tap
windings are divided into two coils, which are connected in
parallel. The structural parts are divided into core fix plate
and core clamp. The z-axis is defined as the axisymmetric
axis of the 2D axisymmetric model. The gaps of the core
are considered in the 3D model. The full-length slots are
considered in the inner core fix plate. The core is equivalent
to the three-layer type. To focus on the large block in the
model, the hole is ignored in all components of models. The
winding model is equivalent to the cylinder geometry, and the
oil channel is ignored. The bushing is ignored in the tank.

TABLE 1. Material parameter of simulation model.

Thematerial parameters of the simulationmodel are shown
in Table 1. The simulatedmaterial factors, including electrical
conductivity, magnetism of relative permeability and mass
density. In addition, the temperature factor is considered in
the structural parts and tank, the temperature coefficient is
defined as 0.005.

The magnetism of relative permeability is the non-linear
curve in the iron core and magnetic shielding, and the B-H
curves are shown in Fig. 4. The P-B curve is a non-linear
curve in the magnetic shielding, and the curve is shown in
Fig. 5.

FIGURE 4. The B-H curve of electrical grade sheet diagram. (a) Iron Core.
(b) Magnetic Shielding.

The eddy current loss model is the classic model, which is
considered conductivity, thickness of the magnetic shielding.
At the same time, according to the material and P-B curve in
the magnetic shielding, the loss coefficients can be solved by
the least square method [16]. When the magnetic shielding
operates at 60 Hz, the loss coefficients of magnetic shielding
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FIGURE 5. The P-B curve of the magnetic shielding diagram.

are shown in Table 2. The coefficient of hysteresis loss kh is
0.00833294 W/kg, and the coefficient of eddy current loss
kc is 4.20697 × 10−5 W/kg. The coefficient of extra loss ke
is 0 W/kg.

TABLE 2. Loss coefficients of magnetic shielding (@60 HZ).

TABLE 3. Specification of power transformer.

B. WINDING EXCITATION PARAMETERS
The specification table of the power transformer is shown in
Table 3. The Capacity is 350 MVA, the rated voltage of the
primary side is 161 kV, and the rated voltage of the secondary
side is 66 kV. The adjustment range is 10 % in the primary
side voltage, which means the maximum voltage is 177.1 kV
and the minimum voltage is 144.9 kV.

TABLE 4. Parameters of winding excitation.

The connection method of the primary side is the Delta
connection, and the connection method of the secondary
side is the Start connection. According to the capacity and
connection method, the excitation parameters of the windings
are shown in Table 4. The primary side windings include
the high voltage side winding and the tap winding. The

secondary side winding is the low voltage side winding.
The tap windings are divided into two coils for parallel
connection, and the tap winding current is half of the primary
winding current. The primary side voltage is 177.1 kV as
the maximum tap condition. The primary side voltage is
166.1 kV as the rated tap condition. The primary side voltage
is 144.9 kV as the minimum tap condition.

FIGURE 6. Windings excitation and direction in the axisymmetric 2D
model. (a) Max Condition. (b) Rated Condition. (c) Min Condition.

The excitation positions of the tap winding are shown
in Fig. 6. It is defined that the current direction of the
primary side winding is opposite to the current direction of
the secondary side. In the maximum tap condition, all the tap
windings are excited. In the rated tap condition and minimum
tap condition, some of the tap coils are not excited.

C. SIMULATION RESULTS
In this chapter, the stray loss distributions of three-phase
five-limb power transformers are analyzed based on the
proposed simulation models and the proposed finite element
analysis models. First, the three conditions are analyzed in
the axisymmetric 2D finite element model, which is the
leakage inductance model, and the condition with severe
leakage inductance can be obtained in the simulation results.
Finally, the stray loss distribution and maximum total loss are
analyzed by the proposed 3D finite element models, which
are the stray loss model and the magnetic shielding core loss
model.

TABLE 5. Simulation results of per unit impedance.

The simulation results of the energy distribution diagrams
are shown in Fig. 7. In the three conditions, the energy is
distributed between the low voltage winding and the high
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FIGURE 7. Simulation results of energy distribution in the axisymmetric
2D model. (a) Max Condition. (b) Rated Condition. (c) Min Condition.

voltage winding, which means the leakage fluxes of the
windings are concentrated in the regions with low magnetism
of relative permeability. According to the proposed leakage
inductance model, the per unit impedances of simulation
results are shown in Table 5. The average energy is 27197 J,
and per unit impedance is 17.56 % in the maximum tap
condition. The average energy is 25908 J, and per unit
impedance is 16.73 % in the rated tap condition. The
average energy is 24571 J, and per unit impedance is
15.87 % in the minimum tap condition. According to the
above axisymmetric 2D model of simulation results, the
average energy in the maximum tap condition is the largest,
which means that the magnetic flux leakage phenomenon of
winding is the most serious. Continuing, the maximum tap
condition is simulated in the 3D mode.

FIGURE 8. Stray loss distribution of simulations results at back direction.

FIGURE 9. Stray loss distribution of simulations results at front direction.

The stray loss of simulation result in the tank is shown in
Fig. 8, Fig. 9 and Fig. 10. The simulation results show that the
stray loss distribution is concentrated on the tank above and
below the junction between the windings, and the stray loss
distribution is concentrated around the magnetic shielding
and seam of the magnetic shielding.

FIGURE 10. Stray loss distribution of simulations results at bottom
direction.

FIGURE 11. Stray loss distribution of simulation results in the structural
parts.

The stray loss of simulation results in the structural parts
shown in Fig. 11. The stray loss distribution is concentrated
above and below the core fix plate, and the stray loss of the
outer core fix plate is lower. The stray loss distribution is
concentrated in the middle of the core clamp, which is above
and below the junction between the winding.

The core loss of simulation results in the magnetic
shielding is shown in Fig. 12. The core loss is concentrated
middle in the magnetic shielding.

FIGURE 12. Core loss distribution of simulation results in the magnetic
shielding.

The simulation results data about stray loss and magnetic
shielding loss are shown in Table 6. The simulated total loss
is 120845W, in which the percentage of the core fix plate loss
is 11.20 %, the percentage of the core clamp loss is 36.50 %,
and the percentage of tank loss is 51.04 %, the percentage
of magnetic shielding loss is 1.26 %. stray loss and core loss.
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The above simulation results are the temperature of structural
material at 20 ◦C.

TABLE 6. Simulation results stray loss and magnetic shielding loss.

According to the (18) and temperature coefficient in
Table 1, the temperature factor is considered in the stray
loss. The simulation results of the tank and structural parts
under different temperatures are shown in Fig. 13. When the
temperature parameter is higher, the stray losses of the tank
and structural parts are higher.

FIGURE 13. The simulation results of tank loss and structural parts loss
under different temperatures.

IV. EXPERIMENTAL RESULTS
The proposed finite element model of eddy currents is
validated by the experimental results of short circuit tests
in this section. First, the 350 MVA power transformer is
subjected to short circuit test experiments, which measured
the actual data. The actual data includes per unit impedance
and load loss. The measured per unit impedance as shown
in Table 7. In the maximum tap condition, the measured per
unit impedance is 18.31 %, and the error is 4.10 %. In the
rated tap condition, the measured per unit impedance is 17.37
%, and the error is 3.68 %. In the minimum tap condition,
the measure per unit impedance is 16.31 %, and the error
is 2.70 %.

TABLE 7. Experimental results of per unit impedance.

The measured load losses are composed of winding
losses, structural stray losses, tank stray losses, and magnetic
shielding core losses. The measured stray loss is defined as

TABLE 8. Experimental results stray loss and shielding loss.

not considered the winding loss. The measured stray loss of
the power transformer under maximum condition as shown
in Table 8. The stray loss of experimental result is 131654 W.
According to the proposed equations, when temperature is
20 ◦C, 40 ◦C, 60 ◦C and 80 ◦C, the simulation error is 8.21%,
5.02%, 2.20%, 0.03 %.

FIGURE 14. The simulation results of error under different temperatures.

The measured temperature of insulating oil is about 61 ◦C
in the short circuit test experiment. In fact, the components
with energy consumption are the source of the temperature,
which is higher than the temperature value of insulating oil.
The simulation results of the error as shown in Fig. 14.
According to the simulation results, the error is lowest at
temperatures 80 ◦C.

V. CONCLUSION
In this paper, the stray loss of power transformer is simulated
based on finite element method, and the simulation results are
verified by the short circuit experimental results of 350 MVA
power transformer. The proposed finite element analysis
model includes the leakage inductance reactance model, stray
loss model and magnetic shielding core loss model. The
nonlinear magnetic material factor, mass density, thickness
and operating frequency are considered in the magnetic
shielding core loss model. The stray loss model adopts the
surface impedance method, which has the advantage of fast
calculation speed. It has considerable advantages for complex
structural parts and tank in the 3D models. In addition, this
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paper also considers the temperature coefficient in the surface
impedance method, which makes the simulation results more
accurate. Moreover, through the 2D axisymmetric finite
element analysis model, the influence of the tap condition can
be quickly obtained from the leakage inductance. According
to the 3D finite element analysis model, the stray loss
distribution is on the tank above and below the junction
between the windings, and the stray loss distribution in the
core clamp is also having the same trend. Based on the
simulation results and experimental results, the minimum
error per unit impedance is 2.70 %. The minimum error
total stray loss is 0.03 % under 80 ◦C. Finally, according
to the proposed finite element analysis model, the stray loss
distribution is accurately predicted in the structural parts and
tank. It is helpful for transformermanufacturers to understand
the loss ratio and loss distribution in the structural parts and
tank, which optimizes the design of the magnetic shielding
core, and improve the efficiency and reliability of the three-
phase five-limb transformer.

APPENDIX
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