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Abstract: The core excitation saturation and vibration caused by DC bias are one of the important
considerations in the design of high-frequency transformer (HFT). This paper studies the electromag-
netic vibration characteristics of DC biased HFT with different winding structures. The vibration
mechanism of iron core and winding under DC bias is analyzed. The optimal topology size of HFT is
determined by area product (AP) method. In addition, the electromagnetic vibration multi-physical
coupling model of a 500 V HFT under DC bias is established. At the same time, the electromagnetic
vibration characteristics of interleaved winding and continuous winding of HFT are compared. The
research shows that the current fluctuation of interleaved winding is smaller than that of contin-
uous winding because of its ability to withstand impulse voltage. In addition, the average loss
and maximum vibration displacement of HFT with entanglement winding are reduced in different
degrees. The above research rules have guiding significance for the design of HFT and the method of
suppressing DC bias.

Keywords: high-frequency transformer; DC bias; vibration mechanism; multi-physics coupling

model; interleaved winding; continuous winding

1. Introduction

High-frequency transformer (HFT) is an important part of transmission and distribu-
tion system, and its security and stability are critical to the stable operation of power grid [1].
With the continuous development of the power industry and high-voltage DC transmis-
sion technology, the current of DC transmission system under monopolar ground circuit
operation flows through the neutral point of HFT, causing DC bias of transformer [2—4].
DC bias increases the noise and local overheating, which is extremely unfavorable to the
safe operation of power grid [5,6]. Therefore, the DC bias phenomenon of HFT is widely
concerned. It is necessary to analyze the winding vibration characteristics under different
DC bias level.

DC bias is caused by the following factors: When DC transmission is operated
in monopolar earth loop mode or bipolar unbalanced mode, DC current invades the
AC system. The grounding transformer generates DC bias [7-9]. Furthermore, the
geomagnetic storm causes the geomagnetically induced current, which produces DC
bias in grounding transformer [10,11]. Therefore, DC bias becomes an urgent problem in
power system. In order to reduce the influence of DC bias of transformers, it is important
to choose the winding type and winding mode suitable for transformer reasonably to
restrain DC bias. Because there are differences in capacity and voltage of transformer,
the structure characteristics of winding are also different. Generally, the winding of
transformer can be divided into two different forms, one is layer type and the other is
pie. Among them, the inner shielded winding is inserted into capacitive winding, which
has a wide application range. Spiral winding is mainly used for low-voltage winding of
transformer due to its low voltage and large current. Continuous winding is simple and
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easy to operate, but it has the low series capacitance and the poor voltage distribution
effect under the impact voltage. The biggest difference between interleaved winding
and continuous winding is that the inter-turn capacitance is larger, and the applicable
voltage level is higher [12-14]. In addition, the research on the electromagnetic vibration
characteristics of transformers under DC bias are studied widely. In [15], a single-phase
transformer simulation model is established, and the influence of DC bias component on
transformer excitation characteristics through harmonic analysis is studied. In [16], a
two-dimensional model in which two mass elements are used to represent a winding is
put forward, and the elements are connected by springs. However, this model can only
consider the elastic characteristics of the pad when it is equivalent to a spring, and it fails
to consider the material characteristics of the pad and the influence of winding geometry
on vibration. This leads to an error with the actual winding vibration. The other solution
is to use a finite element to model and analyze. In [17], the electromagnetic vibration
characteristics of transformer under rated load by using finite element model are studied,
and are verified by experiments. In [18], the short-circuit electromotive force in short
circuit and the winding stress characteristics under the influence of electromotive force
are calculated, and the stress distribution at different positions of winding is obtained.
In [19], the vibration and noise spatial distribution of transformer core are studied, and
the maximum value of vibration and noise appeared at the joint of the core is found.
In [20], the influence of DC bias on the core magnetic density and magnetostrictive is
studied by establishing a three-dimensional model of single-phase transformer. In [21],
an experimental study on the transformer under the condition of DC bias is conducted,
and DC bias would accelerate the saturation of transformer core. Besides, the noise
would increase and tend to saturation with the increase of DC bias. However, when
studying the electrodynamic force of the winding, the existing research is less about
the vibration characteristics of the winding when a short-circuit fault occurs under DC
bias. When the transformer is under the influence of magnetic bias for a long time,
even if the magnetic bias current is not large, its mechanical stability is affected in
the long run. Meanwhile, the probability of winding damage increases when a short
circuit fault occurs. Above all, a large number of facts show that the current research
on the suppression mechanism of transformer winding structure to DC bias and the
electromagnetic vibration characteristics under DC bias is not perfect, and there are still
some problems to be solved [22-24].

In this paper, a single-phase high-power HFT is designed to research electromagnetic
vibration characteristics with interleaved winding and continuous winding. Based on the
field circuit coupling finite element method (FEM), the multi-physics coupling models of
electromagnetic and stress field are established. Furthermore, the electromagnetism and
vibration characteristics of HFT based on interleaved winding and continuous winding
under different DC bias levels are calculated and compared. The transformer vibration
characteristics under different DC bias is analyzed, and the vibration law of interleaved
winding and continuous winding under DC bias are studied.

2. Electromagnetic Vibration Mechanism of High-Frequency Transformer under DC Bias
2.1. Electromagnetic Field

The magnetic flux path of the single-phase transformer is shown in Figure 1. In
the Figure, @, is the main magnetic flux of the transformer, @, is the leakage flux of the
transformer primary winding, U; and Uyg are the primary winding applied voltage and
secondary winding no-load voltage, respectively, ¢; and e; are the induced electromotive
force (EMF) of the primary and secondary winding, respectively, and iy is the no-
load current.
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Figure 1. Single-phase HFT magnetic flux diagram.

According to Kirchhoff’s voltage law, the voltage equations of the primary and sec-
ondary windings at no-load can be obtained:

, 1
Uy = ey = —No 92 @

{ Uy = i1oR1 — e = i1oRy + Ny &2
where R; is the primary winding resistance. Ny and N are the turns of the primary winding
and secondary winding, respectively. @ is the interlinkage flux with the primary winding,
and it is related to the frequency of the AC source.
Assuming that the average length of the magnetic circuit of the iron core is /, according
to Ampere’s law, the magnetomotive force balance equation under DC bias can be obtained

as follows:
Np(i1p+ Ipc) = HI = El = 31 (2)
1 ” 1S
where Ipc is the DC current applied to the primary winding, the DC bias magnetic flux
generated is @y, and the total main magnetic flux of iron core is ® = &g + Py.
The above electromotive force and magnetomotive force balance equations can be

sorted out to obtain the magnetic circuit coupling equation as follows:

N? diyg

= R / —_—
(05} 1i10 + T 3)

where Ry, = Pis is the magnetoresistance, which is nonlinear. The B-H curve of nanocrys-

talline material FT-3W is shown in Figure 2. The density of nanocrystalline material is
7.25 g/cm?, the saturation magnetic density is 1.18 T, and the strip thickness is 18 um.

2.2. Stress Field

Through the transient analysis of electromagnetic field above, the transient value of
electromagnetic force on iron core and winding with time can be obtained. The strain
of iron core and winding material can be transformed into excitation force by using the
principle of elasticity. Considering that the silicon steel sheet of iron core is isotropic, the
volume force density fj of the iron core under magnetic field force is

fo=J]B- %sz’ + %v (HZTSZ), 4
where | is the current density. B is the magnetic induction intensity; H is the magnetic
field intensity. i’ is the medium permeability. T is the volume density of the medium. DC
bias causes forced vibration of transformer windings. Since the electromagnetic force on
the windings is proportional to the square of the current, the electromagnetic force F and
displacement Z on the transformer windings are, respectively,
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where Ag = ftgﬁT i(t)dt. T is the sinusoidal power supply cycle. b is the proportional
coefficient of electromagnetic force and current. I, is the amplitude of sinusoidal power
supply. M is the coil mass. C is the vibration damping coefficient. K is the insulation
stiffness coefficient.

1400

12004

H (A/m)
Figure 2. B-H curve of nanocrystalline material.

3. Modeling and DC Bias Design of High-Frequency Transformer

In order to analyze the physical and operating characteristics of HFT under DC bias,
the model of single-phase 500 V HFT is established, and the corresponding DC bias external
circuit is built. The HFT with continuous winding is shown in Figure 3a. For the purposes
of suppressing the external impulse voltage, the HFT with interleaved winding is presented
as shown in Figure 3b.

(a) (b)

Figure 3. HFT model. (a) Interleaved windings; (b) Continuous windings.
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3.1. Design of Winding

Due to the skin effect inside the wires, the inner conductive area is mainly concentrated
on the surface. The effective cross-sectional area inside the wires is reduced, and the
equivalent resistance is increased, which ultimately increases the winding loss. Therefore,
it is very important to analyze the skin depth inside the windings, and the calculation
method of the skin depth is as follows:

1

7
T @)

where f (=10,000 Hz) is the power supply frequency, and u (=47 x 10~7 H/m) and
o (=6 x 107 S/m) are the permeability and conductivity of copper, respectively.

According to the calculation results, it can be determined that the skin depth is
0.65 mm. The skin effect caused by high-frequency current should be fully considered
when the HFT windings are designed. Therefore, the winding diameter is generally set
within two times of the skin depth. The conductor QZ-2 thick insulated polyester enameled
flat copper wire can meet the requirements. Specific parameters are shown in Table 1.

o=

Table 1. Wire Specific Parameters.

Item Unit Value
Model / QZ-2
Cross-sectional area mm? 3.55
Resistivity Q'm 1.67 x 1078
Length mm 3.55
Width mm 1.00

The winding method of the interleaved winding is basically the same as that of the
continuous winding, except for the difference in the connection of turns. The interleaved
winding is intertwined by the two adjacent sections of wire cakes in the continuous winding.
In addition, the number of shunt wound wires is twice that of the parallel wires that
constitute the turns. The continuous winding consists of several wire cakes made of paper-
wrapped flat wires, and each wire cake is continuously wound by several turns in sequence.
The winding model and its outspread diagram are shown in Figures 4 and 5, respectively.
The inter-turn capacitance of interleaved winding cake is large, which compensates the
capacitance-to-ground current. The interleaved winding is able to evenly distribute the
impact voltage to each turn and wire cake under external impact such as DC bias, which is
an advantage that the continuous winding does not have.

= = T

"

\\

[

\\\

/

(a) (b)

Figure 4. Grid side winding model. (a) Interleaved windings; (b) Continuous windings.



Processes 2023, 11, 1185

6 of 13

|
Reverse cake
Resx:;r;fe;a}[ke 3 | 7 | 2 | 6 | ! | segment > 4 3 2 !
- . Double-cake
Coillchannel § Pouble-cake Coil channel .
.\ unit .. unit
Positive cake Positive cake
[s]a]o]5][10] 6 7 8 9 10
segment segment
Coil channel Coil channel
Reverse ce;kel 13 | 17 | 12 | 16 | 11 | Reverse Cike 15 14 13 12 11
segmen segmen
. Double-cake -
Coillchannel Ouunit a Coil channel Doublg tcake
. . uni
Pos1t1vecake| Is | m | o | 15 | 20 | Positive cake 7 18 19 20
segment I segment
(a) (b)

Figure 5. Outspread diagram of winding. (a) Interleaved windings; (b) Continuous windings.

3.2. HFT Model

Since C-type iron core has the advantages of small air gap, light weight, and high
material utilization rate, C-type iron core structure is selected, which is made by docking
two C-type structures. The specific structure diagram is shown in Figure 6.

ejli A,

| - |
~ ~NT
c Aq d
f
- 3
| . |

Figure 6. Schematic diagram of C-core, where, “a” and “c” are the length and height of iron core
window, respectively. “b”, “e” and “d” are the length, width and height of core, respectively. “f” is
the width of magnetic circuit. Ac is cross-sectional area of iron core. Ad is area of iron core window.

For HFT, the area product method (Ap) is used to calculate the iron core parameters,

as follows: )

Sx10* \ T
o= (20N .
Ky fwBwKy4
where S is the apparent power of HFT. K, is the waveform coefficient. f, is the operation
frequency. By is the operation magnetic flux density. Ky is the iron core window coefficient.
x is a constant related to the iron core. By substituting the correlation coefficient, A, (Fe-

based nanocrystalline) is 262.4 cm*. The specific parameters of C-core shown in Figure 4
are calculated as follows:
{ Ag=a-c

Ac=e-(a-b) "’ ©)

The above calculation results are shown in Table 2.
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Table 2. Structure parameters of C-type Fe-based nanocrystalline iron core.
Item Unit Value Item Unit Value
a mm 141 e mm 25
b mm 190 f mm 25
c mm 40.5 Ac cm? 6
d mm 90 Aq cm? 57.1

3.3. DC Bias Model

A series DC voltage source is used to simulate the intrusion of DC components.
The circuit diagram is shown in Figure 7. The effects of different DC components on
the electromagnetic vibration characteristics of HFT with different windings are studied,
respectively. The DC bias coefficient Hg. of HFT is defined as the ratio of DC voltage peak
value to AC voltage peak value: Hy. = 100 U4,/ Uae. The effective value of AC voltage
source is kept unchanged, and different DC bias coefficients H. are selected as 0, 0.2, 0.4
and 0.6 for excitation current experiment.

. , o

Grid side Valve side Grid side Valve side
Internal Internal
4 DC resistance A4 pcC resistance
T source source
- T - - |_ - - T "
| | | | |
Interleavec{ % I I g Continuous Continuoué | : IContinuous
winding (! | winding winding | | winding
ny) AC | (! I ny) AC l 1! I
source L L d__4 source L -y ——=
—o
(a) (b)

Figure 7. Coupling circuit structure under DC bias. (a) Interleaved windings; (b) Continuous windings.

In the muti-physics field calculation of HFT, the FEM adopts sequential coupling
method to calculate the vibration of HFT. The multi-physics field coupling simulation
process is shown in Figure 8.

HFT
Core Magnetic AC Voltage
( Magnetostriction Density

Stress Field

C Lorentz Force )/'

Figure 8. Multi-physics field coupling calculation flow chart of HFT.
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4. Analysis of Electromagnetic Vibration Characteristics under DC Bias
4.1. Electromagnetic Characteristics

Since HFT has a high operating frequency and large coil reactance, its current wave-
form is unstable at the initial moment, resulting in local oscillation. The excitation current
in continuous winding tends to be stable at 0.0348 s. However, the interleaved winding can
suppress the oscillation caused by external impact, so its current stabilization time is shorter
at 0.012 s. The current waveform is strictly symmetric about the timeline. Figure 9 shows
the time-domain waveform of excitation current under different DC bias coefficients Hc.

0.5 0.6 —// s : : i
[ ] —— Hy=0
0.4 / \ 05 |- \ S \ 40 {]
o oal %l o : —— Hy=02]
0.3 .
—~ \ = I 63.41% /\ —— Hy=0.4
2 2 Vs < o03f g _ , SR
g / E o2} N\ ]46443% 7\ —— Hy 06
S 014 // S’:‘{ r 0\15 - //\\ y//
=] / L i
S 3 ™ A\ N y
0.0 00 L \ // ]
-0.1 4 0.1 -_ \i‘f? \7§§7‘ _
-0.2 i ; ; 02 Lyp I I 1 %1072
0 1.200 1.205 1.210 0 3.480 3.485 3.490 3.495 3.500
t(s) t(s)
(a) (b)

Figure 9. Schematic diagram of excitation current under different DC bias coefficients. (a) Interleaved
windings; (b) Continuous windings.

Both HFT models mentioned above are excited by voltage source. The excitation
current is obtained by simulation. Interleaved windings are wound together with two
wires, and then the taps are welded. Compared with continuous winding, the inter-turn
connection of interleaved winding is more complicated. Interleaved winding adopts
wire transposition. Therefore, the copper consumption of winding is more than that of
continuous winding. Under the no-load condition without DC bias, the excitation current
is slightly smaller. With the increase in DC bias component, the positive peak value of
excitation current increases gradually, and the negative peak value decreases gradually.
When the DC bias coefficient Hq. increases to 0.6, the positive peak value of the continuous
winding excitation current is 0.55 A, about four times of the peak value of rated no-load
current. In addition, the positive peak value of the interleaved winding excitation current
is 0.46 A, about 3.5 times that of the peak value of rated no-load current. It is slightly
less than the growth ratio of continuous winding, and the same rule is also true under
other DC bias coefficients. It can be seen that the interleaved winding can suppress the
increase in current more than continuous winding, thereby suppressing saturation of the
iron core. However, with the increase in applied voltage, both have different degrees of
“positive half-cycle saturation and negative half-cycle attenuation”. It is mainly caused by
the nonlinear magnetic characteristics of iron core.

Fourier transform is performed on the excitation current test results under different
DC bias coefficients to obtain the excitation current spectrum as shown in Figure 10. When
there is no DC supply, the excitation current is mainly odd harmonics, and even harmonics
content is very small. With the increase in DC voltage, the harmonics in excitation current
increase continuously. This is because when the DC magnetic flux in the iron core continues
to increase, the positive half wave increases sharply, and the negative half wave decreases
slowly. The saturation of the iron core increases, resulting in more and more serious
distortion. It can be seen that DC bias increases the harmonic components of each frequency
in the excitation current, and the excitation current shows a spike wave.
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Figure 10. Excitation current spectrum analysis. (a) Interleaved windings; (b) Continuous windings.

Figure 11 shows the magnetic flux density distribution of iron core under a different
DC component. When the DC current increases to saturation, the DC magnetic flux density
increases gradually. Compared with continuous winding, the interleaved winding has
advantages of suppressing applied voltage, which makes the core magnetic density increase
more slowly. Before the DC component is added, the magnetic flux is mainly distributed in
iron core limb. The magnetic flux density of the upper and lower yokes is not consistent.
With the increase in DC component, the distribution of magnetic flux density becomes
disordered, and the magnetic flux density is distributed in each position of the iron core.
This is because the corresponding change in magnetic flux of HFT is sinusoidal without DC
bias. When the DC bias occurs, the magnetic flux density curve is no longer symmetrical
with time, and the length of its positive and negative half waves is different, resulting in
different equivalent frequencies.

max:1.13T max: 1.28 T max:1.38 T [T]
1.5

1.2
0.9
0.6
0.3
0

H,=0.4 Hy=0.6

(a)

max:1.23 T max:1.34 T max: 1.41 T [T} S

1.2
0.9
0.6
0.3

(b)

Figure 11. Magnetic flux density distribution. (a) Interleaved windings; (b) Continuous windings.
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Table 3 summarizes the electromagnetic characteristic parameters including loss den-
sity of iron core and windings of HFT at a different DC component. For the HFT with
continuous winding, as the DC bias coefficient increases from 0 to 0.6, the iron loss increases
from 3.58 x 10° W/m? to 8.69 x 10° W/m?3. In particular, when the DC bias coefficient
increases from 0.2 to 0.6, the iron loss density increases dramatically. This is because the
positive half wave peak value of magnetic flux density curve increases continuously under
the effect of DC bias. The iron core gradually reaches saturation, and the operating point of
iron core constantly approaches the saturation area of hysteresis loop, which makes the
leakage flux and loss of HFT rise sharply. When the DC bias coefficient increases from 0 to
0.6, the loss density of windings increases from 1.40 x 10® W/m?3 to 2.19 x 106 W/m?3. On
the one hand, this is because the heating caused by the increase in excitation current. On
the other hand, because the iron core is saturated, more excitation power is required. The
same is true for HFT with interleaved winding, but its loss is smaller than that of HFT with
continuous winding,.

Table 3. Electromagnetic parameters with different DC bias.

Winding H Maximum Magnetic Average Core Loss Average Winding
Type de Flux Density (T) Density (W/m®) Loss Density (W/m3)

0 1.05 3.43 x 10° 1.12 x 100
Interleaved 0.2 1.13 425 x 10° 1.54 x 100
winding 0.4 1.28 5.80 x 10° 1.86 x 100
0.6 1.38 8.39 x 10° 1.91 x 100
0 1.12 3.58 x 10° 1.40 x 100
Continuous 0.2 1.23 4.39 x 10° 1.91 x 100
winding 0.4 1.34 6.16 x 10° 2.11 x 10°
0.6 1.41 8.69 x 10° 2.19 x 100

4.2. Vibration Characteristics

Table 4 summarizes the vibration characteristic parameters of HFT at different DC bias
component. It can be seen that there are two different stress and deformation distribution
patterns before and after increasing the DC component. The stress points become more and
more disordered under the influence of DC component. For the HFT with continuous wind-
ing, the maximum stress on iron core increases from 9.21 x 10° N/m? to 3.94 x 10° N/m?
with the increase in DC component. In addition, the maximum stress on windings increases
from 5.31 x 10° N/m? to 1.82 x 10® N/m?, which is determined by the current flowing
through windings. The distribution of Lorentz force in windings becomes wider and wider.
Similarly, the HFT with interleaved winding also has the distribution patterns mentioned
above, but the stress is reduced in different degrees.

Table 4. Vibration parameters with different DC bias.

Windine Tvpe H Maximum Iron Maximum Winding = Maximum Iron Core =~ Maximum Winding
& 1yp de Core Stress (N/m?) Stress (N/m?) Deformation (m) Deformation (m)

0 891 x 10° 496 x 10° 428 x 107° 1.01 x 10~°

Interleaved 0.2 1.86 x 106 8.49 x 105 6.79 x 10~ 296 x 107°
winding 0.4 3.39 x 106 1.53 x 100 9.97 x 10~ 6.29 x 10~°
0.6 4.03 x 10° 1.78 x 106 1.07 x 10~ 7.99 x 107

0 9.21 x 10° 5.31 x 10° 439 x 107° 1.03 x 10~°

Continuous 0.2 1.97 x 106 8.64 x 10° 6.97 x10~° 3.29 x 10~°
winding 0.4 3.56 x 10° 1.63 x 10° 1.03 x 1073 7.36 x 107°
0.6 3.94 x 100 1.82 x 10° 1.18 x 107> 8.22 x 10~

Figure 12 shows the overall deformation of HFT with interleaved winding.
Figures 13 and 14 show the deformation characteristics of iron core and winding under
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a different DC component. The deformation law corresponds to the stress distribution,
that is, the deformation increases with the increase in DC component. For the HFT with
continuous winding, the maximum vibration displacement of iron core without DC bias is
4.39 x 107® m. When Hy_. increases to 0.6, the maximum vibration displacement reaches
1.18 x 107> m, about 2.7 times that of the peak value of displacement without DC bias.
It can be seen from the winding deformation characteristic diagram that the maximum
vibration displacement of windings without DC bias is 1.03 x 10~® m. When Hy increases
to 0.6, the maximum vibration displacement is 8.22 x 10~® m, about 8.0 times that of
the peak value of displacement without DC bias. For the HFT with interleaved winding,
the core magnetic density and excitation current are smaller than those of the HFT with
continuous winding at the same DC bias level, so the displacement of core and winding
is smaller.

max: 4.28x10° m max: 6.79x106 m max: 9.97x10°m max: 1.07x10° m x107%[m]
10
8
6
4
2
0
Figure 12. Overall deformation distribution of HFT with interleaved winding.
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Figure 13. Iron core deformation characteristics. (a) Interleaved windings; (b) Continuous windings.
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Figure 14. Winding deformation characteristics. (a) Interleaved windings; (b) Continuous windings.
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5. Conclusions

In this paper, the characteristics of HFT with different winding structures are com-
pared by establishing a multi-physical coupling model of 500 V HFT under DC bias. The
electromagnetic field and stress field of transformer under no load are simulated, and the
short-circuit current, loss, magnetic flux density, vibration stress and displacement of HFT
with different windings are obtained. The electromagnetic vibration law of iron core and
winding is effectively simulated. The following conclusions are drawn:

With the increase in the DC bias coefficient, the excitation current amplitude of positive
half cycle increases, the amplitude of negative half cycle decreases, and the harmonic
components of each excitation current frequency gradually increase. The distribution of
main magnetic flux density is gradually distorted, and its amplitude increases gradually.
When the DC bias coefficient increases to the core magnetic density saturation, the increase
in magnetic flux density is no longer obvious. The core loss increases sharply. On the
contrary, the winding loss increases slowly.

The stress and displacement of iron core and winding increase with the increase in
DC component, but the increasing amplitude of the stress and displacement of iron core
decreases after saturation. Under the same DC bias level, the current fluctuation and
vibration in interleaved winding are smaller, which proves that the interleaved winding is
more capable of resisting external impulse voltage than the continuous winding.
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