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ABSTRACT Loss and temperature increase due to DC bias occurring in power transformers may lead to
damage and reduced lifespan. To study the influence of different levels of DC bias on the temperature rise in
transformer structural components, 0, 8, and 16 ADCwere introduced into theMV side of a test transformer.
A 2D axisymmetric finite element model was also established to calculate and analyze the distribution of
winding loss under DC bias. Combined with the 3D field-circuit coupling model, the core loss under DC
bias was calculated on the basis of the half-wave average algorithm. The eddy loss of the steel structure was
also obtained using a 3D field-circuit coupling model. On the basis of the thermal-fluid coupling model,
the transient temperature changes of typical points were simulated. Results showed that the calculation error
of loss and temperature are small when the DC current is 0 A. Moreover, the error of loss and temperature
increases when the DC current is 8 or 16 A. The methods used in this study lay the foundation for subsequent
research on the temperature rise of large-capacity power transformers under DC bias, especially for the single
phase transformers with ONAN cooling mode.

INDEX TERMS DC bias, loss, thermal-fluid coupling, temperature rise.

I. INTRODUCTION
Geomagnetic storms, unipolar asymmetric operation of high
voltage direct current (HVDC) transmission projects, and
nonlinear power electronic components in the power grid
will lead to the flow of DC through the transformer in the
power grid, which will cause the DC bias of the transformer.
Given the long transmission distance and small resistance of
conductors, transformers with higher voltage grade become
susceptible to DC bias [1]–[5].

After DC bias, half-wave saturation occurs in the core,
and magnetic flux leakage and structural loss increase, which
can lead to local hotspots on the structure. In the area seri-
ously affected by magnetic leakage, non-magnetic materials
or electromagnetic shielding is used to reduce local loss, and
a large margin is reserved in the temperature design to ensure
safe and stable operation of the transformer under abnormal
conditions such as DC bias.
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The winding of transformers is in a nonuniform magnetic
field, and winding loss is usually calculated by the analytic
approximation method or the finite element method (FEM).
For a 10 kW, 0.5/2.5 kV, 1 kHz transformer, the winding loss
under different winding layouts is calculated and analyzed
on the basis of Dowell’s methods [6], [7]. As magnetic field
intensity is less distorted in winding designs with a high
porosity factor, Dowell’s basic equation yields fairly accurate
results at medium frequency. However, for special cases, such
as DC bias, the coremodel in the FEMmodel has an influence
on the magnetic field distribution in the winding area, and
more accurate results can be obtained by using the FEM
method.

For calculating hotspot temperature of structural parts
under normal operation of transformers, magnetic-thermal-
fluid-coupling method [8]–[10] or heat dissipation coeffi-
cient [11] is used. A closed-loop iterative framework was
formulated by coupling the analytical model (based on elec-
tromagnetic analysis) and CFD (based on thermal-fluid anal-
ysis) to address the temperature dependence in reference [7].
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The determination of heat dissipation coefficient is diffi-
cult, and an inaccurate heat dissipation coefficient causes
a large calculation error. Thermal-fluid-coupling simulation
should be performed to obtain an more accurate temperature
distribution.

Existing literature has focused more on the test and cal-
culation of the transformer winding hot-spot and top oil
temperature [12]–[15] and the test of hot-spot temperature
rise [16] under DC bias and less on the calculation of hot-spot
temperature rise under DC bias. The key and difficulty of
temperature rise calculation under DC bias of transformers
lie in the accurate loss calculation model and temperature
calculation model.

Based on the customized single-phase, four-column auto-
transformer test model, the temperature rise test under DC
bias was performed in this paper. The calculation model
of loss and temperature rise of the test transformer was
established, and the correctness of the calculation model was
verified by comparison with the test results.

II. TEST PLATFORM
Table 1 shows the rated parameters of the single-phase
four-column autotransformer studied in this paper. Fig. 1(a)
displays the physical diagram of the test transformer. The
following studies were all aimed at this test transformer.
Fig. 1(b) depicts the connection mode of the inner winding
of the transformer. The low-voltage (LV) winding is com-
posed of two parallel coils LVI and LVII, medium-voltage
(MV) winding consists of two parallel coils MVI and MVII,
and high-voltage (HV) winding comprises four parallel coils
HVI1, HVI2, HVII1, and HVII2.

TABLE 1. Parameters of the test transformer.

LVI, MVI, HVI1, and HVI2 were arranged on the core main
column I from the inside to the outside. LVII, MVII, HVII1,
and HVII2 were arranged on the core main column II from the
inside to the outside.

Fig. 1(c) shows the circuit diagram of temperature rise test
under DC bias. The function of capacitance C in Fig. 1(c) is
to prevent the DC entering the power source side.

FIGURE 1. Test platform. (a) Physical diagram of the test transformer.
(b) Winding connection mode. (c) Test wiring diagram.

In the test and simulation analysis in the following part,
the HV side (A-X) applied a rated voltage (us), MV side
(Am-x) applied a resistance–inductive load (parallel between
resistance R and inductance L), and LV side (a-x) applied no
load. The DC source was in series with the load inductor L,
and DC was introduced from the load side.

Table 2 shows the temperature rise test process. The test
can be divided into four test stages lasting for 24 h. To analyze
the temperature change caused by different sizes of IDC (DC
current), IDC of 0, 8, 16, and 0Awere successively introduced
into the MV side of the test transformer. Transitioning from
the cold state to the thermal stable state takes a long time;
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TABLE 2. Test process.

thus, a continuous application of IDC can shorten the total test
time.

Fig.2 illustrates the arrangement of temperature measuring
points, and Table 3 displays only the measuring points at
typical positions. A PT100 temperature sensor was arranged
at each measuring point, and the temperature data were col-
lected in a computer every 1 minute by the acquisition equip-
ment. The ambient temperature was measured by PT100 tem-
perature sensors inserted into four 1000 mL suspended metal
oil bottles, and the average value was obtained as the ambient
temperature.

FIGURE 2. Arrangement of temperature measuring points. (a) Partial
temperature measuring point arrangement. (b) Arrangement of
temperature measuring points on the core surface.

TABLE 3. Temperature sensor number and location description.

The total loss of the transformer and temperature change
curve of each measuring point under DC bias were measured.

The loss and temperature results are shown in the simulation
section below.

III. SIMULATION AND ANALYSIS OF LOSS UNDER
DC BIAS
In this section, the loss of each structure under DC bias is
calculated, and the correctness of the loss calculation model
was verified by comparison with the total loss measured by
the test.

A. 3D FIELD-CIRCUIT COUPLING MODEL
The field-circuit coupling (FCCP) method is widely used in
the calculation and analysis of DC bias problem of transform-
ers. The circuit model was established on the basis of the
actual circuit connection mode of DC bias test (Fig. 3(a)).
The 1/4 FEM model was established based on the geometric
dimensions and structural symmetry of the test transformer

FIGURE 3. Field-circuit coupling model for loss simulation. (a) Circuit
model. (b) 1/4 FEM model. (c) B - H curve of cored silicon steel sheet.
(d) B - P curve of cored silicon steel sheet.
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(Fig. 3(b)) (the mesh of transformer oil filled between the
structural parts is hidden). The transient magnetic field was
simulated based on the FCCP model [17], and the distribu-
tions of magnetic field and eddy loss in each structure were
obtained.

The boundary conditions of the FEM model were as fol-
lows: the magnetic normal boundary condition was applied
to the exterior side of faces, where x equals 0 in the model
(Fig. 3(b)). And themagnetic parallel boundary conditionwas
applied to the other five outer faces.

The following assumptions were made in the FEM model:
1) The coil was constructed as a block conductor.
2) The material type of core silicon steel sheet was

B23R85, and the core block model was constructed. The
magnetic properties of the core were characterized by the DC
magnetization curves of the silicon steel sheet.

3) The material types of steel structure parts (tie plate,
clamp, oil tank and support parts) were Q235A, and the struc-
tural parts were subdivided into multilayer mesh considering
the skin effect.

B. CORE LOSS
The magnetic flux density waveform of point n0 in Fig. 3b
within a period was extracted, as shown in Fig. 4. In the fig-
ure, themagnetic flux density waveform of the coremoved up
as a whole under DC bias, but its shape is almost unchanged.
That is, the waveform is mainly composed of a 50 Hz sinu-
soidal component and a DC component. In this section, the
half-wave average algorithm in references [18], [19] was used
to calculate the core loss under DC bias. The main ideas
of the half-wave average method are introduced as follows:
The part above the x-axis of the waveform of each period is
approximated as a sine wave with a frequency of 50 Hz and
an amplitude of Bp(at time tp). The part below the x-axis is
approximated as a sine wave with a frequency of 50 Hz and
an amplitude of Bb(at time tb). In the FEM model (Fig. 3(a)),
the magnetic flux density Be of each element in the core
was extracted at time tp; the loss pe (W/kg) of each element
was obtained by interpolating the B–P curve of silicon steel
sheet without DC bias (Fig. 3(d)). Then, using (1), core
body loss Ptp at the time tp can be obtained. In (1), ksym

FIGURE 4. The magnetic flux density waveform of n0 point in one period
under different IDC.

is the symmetry coefficient (value is 4), ρ is the density of
silicon steel sheet (kg/m3), and Ve is the element volume
(m3). Similarly, the core body loss Ptb can be obtained at
time tb. The periodic average body loss Pcore of the core can
be obtained by averaging the losses at time tp and tb, as shown
in (2). The core loss under different IDC is shown in Table 4.

Ptp = ksymρ
∑Ne

e=1
peVe (1)

Pcore = (Ptp + Ptb)/2 (2)

C. WINDING LOSS
Numerous harmonic components are involved in the wind-
ing current under DC bias. The skin, proximity and edge
effects of winding should be considered to obtain an accurate
winding loss. The winding loss under DC bias was calculated
based on the 2D axisymmetric FEM method. Given the large
number of winding turns, the computation cost of winding
loss directly based on three-dimensional (3D) FEM model
was extremely large. The 3D, four-column structure should
be equivalent to the 2D axisymmetric structure to reduce the
calculation amount. Fig. 5 shows the geometric model of the
2D axisymmetric structure.

FIGURE 5. Geometric model of 2D axisymmetric structure.

The equivalent method of 2D axisymmetric FEM model
is as follows: the length and cross-sectional area of E–F,
F–G, G–H, and H–E segments of 2D model are equal to
those of A–B, B–C, C–D, and D–A respectively in the
3D model (Fig. 2 (b)). Similar to the simulation method
of 3D FCCP model, the winding current under DC bias can
be obtained based on the 2D axisymmetric FEM model.
Fig. 6 shows the comparison of the winding current under
IDC of 16 A. Fig. 6 also reveals that the winding current
waveforms obtained by 2D axisymmetric FEM model and
3D FCCP model were in good agreement with the measured
winding current waveforms, thus verifying the correctness of
the 2D axisymmetric FEM model.

Fig. 7(b) displays the magnetic flux density (B) vector line
distribution and the winding conductor loss contour distribu-
tion of 2D axisymmetric FEM model at time tp. Fig. 7 shows
that the conductor at the end of the coil was greatly affected
by transverse magnetic flux leakage, and the internal loss
distribution of each turn of conductor was uneven.
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FIGURE 6. Comparison of winding current under IDC of 16 A. (a) HV
winding current. (b) MV winding current.

FIGURE 7. Distribution of B vector line and wire loss at time tp under IDC
of 16 A. (a) Loss distribution of partial MV coil conductor at time tp. (b) B
vector line distribution at time tp. (c) Loss distribution of HV1 coil
conductor at time tp.

Based on the 2D axisymmetric FEM model, the average
body loss of windings under different IDC was calculated
(Table 4).

D. STRUCTURAL PART LOSS
The material type of the steel structure parts (tie plate,
clamp, oil tank, and support parts) of the test transformer is
Q235A. Q235A has a nonlinear magnetization characteristic
curve. The losses of steel structure with irregular shape in
time-varying magnetic field mainly includes eddy loss and
hysteresis loss. Under DC bias, the saturation of the core,
the magnetic flux leakage, and the loss of the steel structure
increase. The 3D FCCP model shown in Fig. 3 was also
used to simulate the eddy loss of steel structure. Given that
the current mainstream electromagnetic field FEM software
cannot simulate the hysteresis loss of the steel structure under
DC bias, this study does not calculate the hysteresis loss of the
steel structure and only calculates the eddy loss of the steel
structure.

Table 4 summarizes the calculated periodic average body
loss of each structure.

As shown in Table 4, the relative errors of total loss
between the simulation and test values under IDC of 0, 8,
and 16 A were 3%, 4%, and 8%, respectively. When no DC

TABLE 4. Periodic average body losses.

bias was present, the calculation error of the total loss, which
mainly consisted of winding and core losses, was small.
The losses in the core, main column tie plate, and winding
increased under DC bias. At the same time, the proportion
of hysteresis loss in the total loss increases. At this point,
ignoring the hysteresis loss of the steel structure leads to the
increase in the error of the total loss and the increase in the
calculation error of the temperature in section IV.

Given that the total loss is measured in the test, the loss of
each substructure cannot be separated; thus, the calculation
accuracy of the loss of each substructure cannot be analyzed
in detail.

IV. SIMULATION AND ANALYSIS OF TEMPERATURE
DISTRIBUTION UNDER DC BIAS
In this section, a 3D thermal-fluid coupling (TFCP) model
is established on the basis of FEM software to simulate and
analyze the transient temperature change of each measuring
point.

A. FLOW STATE ESTIMATION
The flow state, fluid-momentum-boundary-layer thickness
and fluid velocity of transformer oil must be estimated first
to select a suitable fluid-field-calculation method and estab-
lish an accurate fluid-field-calculation model. The cooling
mode of the test transformer in this paper is oil natural–air
natural. Buoyancy was generated by heating the transformer
oil, which drove the flow of oil. The velocity and temper-
ature gradient of the fluid varied greatly in the momentum
boundary layer. The distance from the surface of the structure
to the peak value of oil flow velocity can be estimated using
the momentum boundary layer thickness δM. When defining
the fluid FEM mesh, the mesh within δM must be refined, for
example, inserting three to five elements within δM.

The expression of δM is shown in (3), where u is the esti-
mated typical velocity of fluid (Equation (4)), Ra is Rayleigh
number (Equation (5); a dimensionless number), and Gr
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is Glasshoff number (Equation (6)). L is the characteristic
dimension of the structure surface, g is the acceleration of
gravity, and β is the thermal expansion coefficient of trans-
former oil. 1T is the temperature difference between the
surface temperature Tw of structural parts and temperature To
of transformer oil. k , v,Cp, and ρ are the thermal conductivity,
viscosity, specific heat capacity, and density of transformer
oil, respectively. The thermal property parameters of trans-
former oil were calculated at a temperature of (Tw+ To)/2.

δM ≈
L√
ρuL
ν

(3)

u =
k

ρCpL

√
Ra (4)

Ra =
cpL31gβρ

21T

kν
(5)

Gr =
L31gβρ

21T

ν2
(6)

The thermal property parameters of the transformer oil
(k , υ, Cp, and ρ) vary with temperature (Table 5).

TABLE 5. Thermal properties of transformer oil.

We set L at 0.386m (core height) and To at 10◦C; the ranges
of δM, u, and Gr were calculated in accordance with (3), (4),
and (6), respectively, when 1T changed from 0◦C to 20◦C
(Fig. 8). The physical values calculated here are estimates of
the order of magnitude.Gr is used to assess the flow situation
for natural convection. Flow can be regarded as laminar flow
when Gr is less than 1e9.

Fig. 8 shows thatGr and u increased, whereas δM decreased
with the increase in temperature difference. Throughout the
temperature range, δM was greater than 0.02 m, u was less
than 0.02 m/s, and Gr was less than 1e9 (transformer oil flow
was laminar).

B. THERMAL–FLUID COUPLING MODEL
The 1/4 TFCP model was established based on symmetry
(Fig.9). In the model, the x = 0 and y = 0 faces were
set as symmetric boundaries. The top of the oil pillow tube
in Fig. 9 was set as an open boundary to simulate the expan-
sion or contraction of the oil volume with the temperature
change.

Based on the method mentioned in III.B, the loss of each
element of the core under DC bias can be obtained. The file
containing the coordinates of the center point of each element
and the loss of each element can be extracted. Given that
the mesh of the FEM model for the thermal-fluid coupling
calculation differs from that of the FEM model for the loss

FIGURE 8. Estimation of transformer oil flow parameters at different
temperature differences. (a) Momentum boundary layer thickness.
(b) Velocity of oil. (c) Glasshoff number.

calculation mentioned above, after the loss file was imported
into the TFCP model, the FEM software was used to obtain
the heat source distribution by interpolating the spatial coor-
dinates.

Given the small size of coils and tie plates of the test trans-
former and the relatively uniform loss distribution, the losses
were assumed to be uniformly distributed in the coils and tie
plates. The uniform loss density can be obtained by dividing
loss by volume.

The air outside the oil tank was not established in the TFCP
model to reduce the computational scale. Instead, the radia-
tion rate of the outer surface of the tank was given the equiv-
alent of thermal radiation effect of the tank surface on the
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FIGURE 9. The 1/4 FEM model for thermal-fluid coupling calculation.

environment. The calculation formula of the heat dissipation
coefficient of the external surface of the oil tank was given
an equivalent of the cooling effect of air flow on the oil tank.
The ambient temperature in the simulation was set to be the
same as that measured by the previous temperature rise test.

The mathematical description of thermal radiation is
shown in (7), where q is the radiated heat, ε is the emissivity of
the oil tank surface, A is the radiation area, σ is the blackbody
radiation constant, Ttank is the surface temperature of the oil
tank, and Tamb is the ambient temperature.

q = εAσ
(
T 4
tan k − T

4
amb

)
(7)

The four outer surfaces of the tank in contact with air in
the 1/4 FEM model were respectively recorded as ‘‘Bottom
face,’’ ‘‘Side face 1,’’ ‘‘Side face 2,’’ and ‘‘Top face’’ (Fig. 9).
The average surface heat dissipation coefficient of ‘‘Side
surface 1’’ and ‘‘Side surface 2’’ (vertical wall) of the oil tank
is shown in (8) [20], where the characteristic length L1 is the
height of oil tank.

h1 =
k
L1

0.825+ 0.387R1/6a

/(
1+

(
0.492k
νCp

) 9
16
) 8

27


2

(8)

The average surface heat dissipation coefficient of the
‘‘Top face’’ of the oil tank is shown in (9)[20]], where the
characteristic length L2 is the ratio of the area to the perimeter
of the ‘‘Top face.’’

h2 =


k
L2

0.54R1/4a ,
(
104 ≤ Ra ≤ 107

)
k
L2

0.15R1/3a ,
(
107 ≤ Ra ≤ 1011

) (9)

The average surface heat dissipation coefficient of the
‘‘Bottom face’’ of the oil tank is shown in (10) [20], where the

characteristic length L3 is the ratio of the area to the perimeter
of the ‘‘Bottom face.’’

h3 =
k
L3

0.27R1/4a ,
(
105 ≤ Ra ≤ 1010

)
(10)

The heat dissipation coefficients h1, h2, and h3 of the outer
surface of the oil tank changed with temperature. The FEM
software considers the heat dissipation coefficient as one of
the unknown variables to calculate the temperature field.

Table 6 shows the thermal property parameters of each
structure of the test transformer.

TABLE 6. Thermal property parameters of each structure.

C. TEMPERATURE SIMULATION RESULTS AND
COMPARATIVE ANALYSIS
Based on the TFCP model, the transient temperature of each
position was obtained by simulation. Fig. 10 gives the com-
parison between the simulation and measured values of the
transient temperature of each measuring point.

As shown in Fig. 10, after DC bias, the temperature of each
measuring point increased rapidly at first and then slowed
down; the results under IDC of 0 and 8 A exhibited a smaller
error between the simulated results and the experimental
findings. Given that the total loss of simulation under 16 A
DC bias was lower than the actual total loss of measurement,
the simulation temperature of each measuring point under
16 A DC bias was lower than the test temperature.

The velocity vector diagram on the symmetrical plane
at 22 h was obtained by simulation (Fig. 11). As shown
in Fig. 11, the oil moved upward, driven by buoyancy after
heating, but moved downward after cooling by the tank wall.
The maximum velocity of oil was approximately 1.5 cm/s,
which is in accordance with the order of magnitude of the
estimated value in (4). The oil flow velocity near the top of the
core and the tank wall was higher than that in other locations.

The cloud diagram of temperature distribution at 22 h
was obtained by simulation (Fig. 12). As shown in Fig. 12,
the middle position of the upper surface of the yoke of the
core and the temperature of the main tie plate were high. The
maximum and minimum temperatures of the surface of the
structure were 29.9◦C and 19.6◦C, respectively.
The heat flux cloud image of the structure surface at 22 h

was obtained by simulation (Fig.13). Fig. 13 shows that
the heat flux cloud diagram is similar to the temperature
distribution cloud diagram, and the heat flux is large where
the temperature is high.

VOLUME 9, 2021 32841



M. Li et al.: Temperature Rise Test and Thermal-Fluid Coupling Simulation of an Oil-Immersed Autotransformer Under DC Bias

FIGURE 10. Transient temperature comparison. (a) Temperature of top oil.
(b) Temperature of bottom oil. (c) Temperature of HV coil surface
(measuring point 1). (d) Temperature of main column tie plate surface
(measuring point 2). (e) Temperature of core surface (measuring point 3).
(f) Temperature of core surface (measuring point 4).

FIGURE 11. Velocity vector diagram on the symmetrical plane at
22 h (m/s).

V. DISCUSSION OF RESULTS
In this study, the loss of each structure and the transient
temperature of typical measuring points under DC bias are

FIGURE 12. Cloud diagram of temperature at 22 h (◦C).

FIGURE 13. Heat flux cloud diagram at 22 h (W/m2).

calculated. The main calculation methods used in this study
and the results are discussed below.

A 2D axisymmetric FEM model is used to calculate the
winding loss in this study. This model can simulate the
influence of core saturation to obtain more accurate results.
Moreover, the method can be easily extended to calculate the
winding loss of large-capacity transformers.

The half-wave average method is used to calculate the core
loss under DC bias in this study. To use this method, the mag-
netic field distribution in the core and the B − P curve of
the silicon steel sheet under normal conditions are used. The
magnetic field distribution in the core can be obtained by the
3D FCCPmodel, and the B−P curve of the silicon steel sheet
can usually be obtained from the manufacturer. Therefore,
the half-wave average method can be easily applied to the
calculation of the core loss of large-capacity transformers
under DC bias.

For small-capacity power transformers, the steel structure
parts (tie plate, clamp, and oil tank) mostly use a magnetic
steel plate. For large-capacity power transformers, nonmag-
netic steel plates are often used in the tie plate near the
core, and electromagnetic shielding is installed in the area
with serious magnetic leakage. The loss in magnetic steel
plate mainly includes eddy loss and hysteresis loss. Current
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mainstream FEM software cannot calculate the hysteresis
loss of steel structures with irregular shape under DC bias.
The calculation of hysteresis loss of steel structure needs
further study to improve the calculation accuracy.

On the basis of the TFCP model, the transient temperature
of typical points is calculated and analyzed. Compared with
the temperature distribution under a steady state, the compar-
ison of transient temperature can better illustrate the correct-
ness of the model.

The cooling structure inside the winding and the structure
of the external cooler of large-capacity power transformers
are more complex than that of small-capacity power trans-
formers; thus, the TFCPmodel of large-capacity transformers
is much more complex than the model in this study.

VI. CONCLUSION
This study calculates and analyzes the loss and temperature
variation of single-phase four-column test transformer mod-
els under DC bias. When no DC bias occurs, the calcula-
tion model in this study can obtain more accurate loss and
temperature results.

After DC bias, the winding current waveform is distorted,
the half-wave saturation occurs in the core, the magnetic flux
leakage increases, and the loss of all structures increases.
In this study, the winding loss under DC bias is calculated
on the basis of the 2D axisymmetric FEM model, the core
loss under DC bias is calculated on the basis of the half-wave
average method, and the eddy loss of steel structure under
DC bias is calculated on the basis of the 3D FCCP model.
After DC bias, the loss of the core, main tie plate, andwinding
increase substantially. The relative errors of total loss under a
DC bias of 0, 8, and 16 A are 3%, 4%, and 8%, respectively.

With the loss results taken as the heat source of the TFCP
model, the transient temperatures of typical points are cal-
culated and analyzed. After DC bias, the temperature of the
core, main tie plate, andwinding increase substantially.When
no DC bias occurs, the error between the simulation and
experimental results is small, verifying the correctness of
the TFCP model. The increase in the error of temperature
calculation results at 8 and 16 A is due to the loss calculation
error.

Online condition monitoring interfaced with dynamically
controlled transformer cooling could be used to detect and
mitigate the potential temperature increase in large-capacity
transformers due to DC bias.
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