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Finite Element Simulation and Experimental
Study on Vibration Characteristics of Converter
Transformer Under DC Bias

Hao Wang, Li Zhang, Youliang Sun, and Liang Zou

Abstract—To clarify the electromagnetic, vibration,
and loss characteristics of the internal components of a
converter transformer under DC bias conditions and their
influencing mechanisms, a series of studies are conducted
using the finite element method and model experiments.
This paper quantifies the influence of different DC con-
tents on the magnetic flux density, force, and displace-
ment distribution characteristics of the iron core and
winding and analyzes the internal relationship between
various indicators. The inflection point of the DC bias
coefficient on the vibration is obtained and the contribu-
tion mechanism of the different responses of the iron core
and winding to this inflection point is explained. The value
of the DC bias coefficient for changing the main vibration
frequency is determined. When the DC bias coefficient is
1.0 and 1.5, the main frequency of vibration moves to the
right to 250 Hz and 350 Hz. Based on the principle of
similarity, a DC bias vibration experimental platform for
converter transformers is developed, and DC bias mag-
netic experiments are conducted to verify the reliability of
the simulation results.

Index Terms—DC bias, converter transformer, finite
element and experimental analysis.

I. INTRODUCTION

As the core large-scale power equipment in
high-voltage direct current (DC) engineering, the
safe and stable operation of converter transformers is
directly related to the power quality and the safe and
stable operation of ultra-high-voltage transmission
[1]-[9]. The operation of a converter transformer is
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accompanied by a high transmission voltage and nu-
merous DC and harmonics, resulting in special elec-
tromagnetic and vibration characteristics [10]-[12]. In
particular, the DC bias effect can easily result in rapid
unidirectional saturation of the core, resulting in local
overheating, vibration, noise, and even operational ac-
cidents [13], [14]. Scholars have conducted effective
research on the DC bias problem in transformers. Ref-
erence [15] designs a passive negative reluctance
structure that can effectively suppress the influence of
DC bias through a bandpass filter with variable fre-
quency reluctance characteristics, but the structure is
only suitable for small capacity transformers. Reference
[16] studies the effect of DC bias on zero sequence
impedance of 220 kV transformers, and proposes a relay
friendly capacitive isolation method to suppress the DC
bias in 220 kV transformers. Reference [17] designs a
magnetoresistive model to analyze the impact of DC
bias on the loss factor of three-phase five column
transformers and provides the law of the impact of DC
bias on the maximum load capacity of the transformer.
From the above research cases, it can be observed that
owing to the high working voltage and cost of converter
transformers, relatively little research exists on the vi-
bration and loss characteristics of converter transform-
ers under DC bias conditions. The mechanism of the
impact of the DC bias on the vibration and loss of the
internal components of converter transformers requires
further quantitative research [18].

The mature application of finite element technology
has brought great convenience to the electromagnetic
and multifield coupling simulation of high-power
equipment, providing an experimental platform for
conducting and verifying experiments that are difficult
to perform in practical engineering applications [19],
[20]. In [21], a three-dimensional finite element analysis
model is established for power transformers, which
simulates the effect of shielding on stray loss distribu-
tion using the surface impedance method, and obtains
the temperature field distribution characteristics of the
rising flange based on the magneto thermal coupling
method. Reference [22] conducts simulation experi-



WANG et al.: FINITE ELEMENT SIMULATION AND EXPERIMENTAL STUDY ON VIBRATION... 111

ments using the finite element method (FEM) and
proposes a method for calculating the DC bias voltage
using the reactive power loss of the converter trans-
formers. The reactive power loss is quantified and the
feasibility of the algorithm is verified. However, the
design of most converter transformer models has
shortcomings, particularly in terms of the winding mode,
distribution of support buffer blocks, and differences
between various components of the winding, which are
crucial for the performance of winding vibration char-
acteristics [23]-[25].

This paper uses FEM to optimize the design of a
full-size model of the electric-magnetic-force mul-
ti-field coupling of the converter transformer based on
the design and operating parameters provided by the
manufacturer of the converter transformer. A compre-
hensive analysis is conducted on the impact of the DC
bias on the electromagnetic, loss, and vibration char-
acteristics of converter transformers, and the coupling
relationship between the electromagnetic, force, and
loss characteristics of converter transformers under a
DC bias is clarified. An experimental DC bias platform
for converter transformers is designed and constructed
based on the similarity principle. By testing the vibra-
tion characteristics under a DC bias, the effects of dif-
ferent DC components on their main frequency, wave-
form, and amplitude are quantitatively analyzed. Finally,
based on the conclusions of this paper, suggestions for
the design and operation of converter transformers are
proposed.

II. DC BIAS EFFECT

The DC magnetic bias effect is caused by the ab-
normal working state of the converter transformer core.
Its occurrence conditions may include an imbalance in
the trigger angle of the converter valve, earth circuit
operation of the DC transmission system, and solar
storms, which can be explained by the nonlinear mag-
netization curve under the condition of core saturation.
The excitation characteristic curve and measured cur-
rent waveform change when a DC current is introduced
into the converter transformer winding are depicted in
Fig. 1.
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Fig. 1. Mechanism of DC magnetic bias.

The solid line shown in Fig. 1 (a) represents the
magnetic flux curve under normal excitation conditions,
and the dotted line represents the magnetic flux curve
with the DC component. Figure 1 (b) illustrates the
nonlinear excitation curve, the OA section is the linear
working area, the 4B section is the saturated working
area, and the real and dotted lines in Fig. 1 (c) show the
excitation current waveform curves under normal con-
ditions and in the presence of DC, respectively. In the
design of the magnetic circuit of a converter transformer,
the working point of the ferromagnetic material is often
located near the knee point to obtain a larger magnetic
flux with a smaller magnetomotive force. The main flux
operates at point 4 at the end of the linear zone under the
rated working conditions. When the DC current enters
the converter transformer winding, a DC magnetic flux
offset is generated, and the AC and DC magnetic fluxes
overlap, causing the magnetic flux curve to deviate from
the time axis. The operating point of the converter
transformer moves from the unsaturated region of the
magnetization curve to the nonlinear region at the end,
where it is in a half wave saturated state. Thus, the ex-
citation current is distorted, and the peak value in the
half cycle in the same direction as the DC magnetic bias
increases, whereas the other half cycle gradually de-
creases to zero. The positive and negative half waves of
the excitation current are asymmetric, and odd and even
harmonic components are generated.

III. MODELING

Based on the structure and operating parameters of
the 500 kV operating converter transformer
(ZZDFPZ-415000/500-800) provided by Shandong
Electric Power Equipment Co., Ltd., a three-dimensional
physical model of the electric magnetic force multi field
coupling of the converter transformer is established, as
shown in Fig. 2. This paper aims to elucidate the
mechanism of the influence of the DC bias on the elec-
tromagnetic and vibration characteristics inside con-
verter transformers, including the coupling relationship
between them. This requires distinguishing the model
design from general simplified models in previous
studies [20]-[22]. The transformer models used in these
studies and analyses typically simplify the iron core into
a combination of fully connected cylinders, and the
windings are concentric circular cylinders. This makes
geometric modeling easy to implement but is only ap-
plicable to the study of electromagnetic field distribu-
tion characteristics. It is difficult to accurately reflect
the mechanical characteristics of transformers when
studying the coupling between electromagnetic fields
and solid mechanics. The coupling of electromagnetism
and vibration originates from the electric force of the
winding under an alternating current and the magneto-
striction of the iron core under an alternating magnetic
field. Considering the winding as an example, the spa-
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tial distribution of the electric field and electric force
received by the spiral-structure winding and continu-
ous-type winding are completely different, and the
structure of the model determines its modal shape,
which greatly affects the final vibration form. Therefore,
when designing a winding, the winding should be as
consistent with the actual structure as possible.

TABLEI
MEASUREMENT PARAMETERS OF 23RK 085 SILICON STEEL SHEET

B (T) 1(A/m) B (T) 1(A/m) B (T) 1(A/m)
0.499 9.4 1.577 29.1 1.747 58.8
0.599 10.5 1.587 29.8 1.757 63.5
0.698 11.7 1.597 30.6 1.766 67.9
0.799 12.8 1.608 314 1.776 73.9
0.898 14.0 1.616 322 1.786 80.6
0.998 15.2 1.626 332 1.796 89.0
1.097 16.2 1.637 343 1.806 98.8
1.197 17.7 1.647 35.6 1.815 108.5
1.297 19.5 1.657 36.9 1.826 121.9
1.398 21.8 1.666 38.2 1.836 138.4
1.497 25.0 1.677 399 1.846 157.8
1.516 25.8 1.687 41.7 1.857 182.1
1.526 26.3 1.696 437 1.865 207.3
1.537 26.8 1.707 46.1 1.875 244.6
1.547 27.4 1.716 48.4 1.886 291.6
1.558 27.9 1.726 514 1.896 350.3
1.566 28.4 1.736 54.9

The overall approach of this paper for model design is
to balance computational accuracy and efficiency,
simplify structures that are weakly related to the topic,
and strengthen the precision and rationality of the main
research objects for research purposes. Fans and insu-
lation support materials with relatively small DC bias
effects are simplified, and the main role of the DC bias
effect is to restore the structure of the iron core and
winding as much as possible. The iron core design
adopts a six-step lamination form for overlap with a
9-level iron core lamination structure that decreases in
size and area from the middle iron core level to both
sides. An oriented, pressed silicon steel sheet (model
23RKO085) is used as the iron core material. The meas-
urement parameters of this type of silicon steel sheet are
sequentially imported into the H-B curve node of the
iron core material to restore the working characteristics
of the iron core. The magnetic characteristics of this
type of silicon steel sheet are listed in Table 1. The
winding is designed as a structure with tangled ends on
the high-voltage side, a continuous middle, and an
overall spiral on the low-voltage side. The advantage of
using an entangled type at the end of a high-voltage
winding is that when the surge voltage invades the
transformer type, and the voltage is often concentrated
at the end of the winding, which is known as the end
effect. This structure can effectively improve the uni-
form distribution of voltage and reduce the impact of the
surge voltage on the winding. An epoxy resin cushion
block structure is installed between the cake and the
cake of the high-voltage side winding to simulate the
supporting vibration reduction structure between the
actual winding cakes. The fuel tank is composed of
ordinary structural steel, and the surfaces of the front
and back fuel tanks are replaced with rectangular steel
plates of the same material as the reinforcing rib struc-
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ture. The material parameters of the model are listed in
Table 1.

TABLE II
MATERIAL SETTINGS FOR FINITE ELEMENT MODEL COMPONENTS

Name Core  Winding Spacer Insulating oil Air
Density (kg/m®) 7870 8940 1120 901 1.29
Young’s modulus (GPa) 5.8 13.1 1
Poisson’s ratio 0.46 035 039 0
Conductivity (S/m)  1.13x107 5.98x107 1 1 1
Relative permittivity 1 1 1 1
7 i i R
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Fig. 2. Multiphysics simulation coupled finite element simula-
tion platform for converter transformer.

Figure 3 (a) describes the principle of “field circuit
coupling.” Figure 3 (b) gives the injection method of
DC current, where R, and R, represent internal re-

sistance, I/U represents the winding coil admittance, AC
and DC represent the AC source sequence and DC
source sequence, respectively. Upon connecting to the
DC power supply, the circuit still satisfies the trans-
former voltage equations (1) and (2). The harmonic data
contained in the AC power supply originate from the

on-site collection of the operating converter transformer;
the specific data are presented in Table III, and the de-
sign details of the winding structure are shown in Fig. 3 (c).
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where u, , i, , i,, ¢, and N, denote the primary
voltage, current, resistance, electromotive force, and
turns of the transformer, respectively; and u,,, e,, and
N, denote the secondary voltage, electromotive force,
and turns, respectively.

TABLE III

ACTUAL COLLECTION OF HARMONIC FREQUENCY AND CONTENT
OF CONVERTER TRANSFORMERS

Harmonic  Frequency = Amplitude  Harmonic  Frequency —Amplitude
order (Hz) (A) order (Hz) (A)
5 250 708.26 29 1450 27.32
7 350 447.06 31 1550 23.13
11 550 184.81 35 1750 17.24
13 650 119.40 37 1850 15.82
17 850 62.01 41 2050 14.38
19 950 47.84 43 2150 13.56
23 1150 41.27 47 2350 10.92
25 1250 37.66 49 2450 9.56
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Fig. 3. Coupling circuit. (a) Field circuit coupling principle. (b)
DC circuit diagram. (c) Overall structure of winding.

The multi field coupling finite element calculation of
converter transformers is used to solve the equation for
the changes in the internal operating parameters of
converter transformers over time and space, including
the electromagnetic field and solid mechanics at any
finite element point, as well as the coupling effect be-
tween them, to experimentally solve the problem of
unobservable physical phenomena.

The finite element dynamic equation of winding and
iron core structure is:

Ms(t)+Cs(t)+ Ks(t) =0(t) 3)

where § and § represent the node acceleration and
velocity vectors, respectively; M denotes the mass ma-
trix of the model; C represents the damping matrix of
the model; K represents the stiffness matrix; and Q(t)
represents the load vector. Ignoring the influences of
damping and external forces, the above equation can be
further simplified as:
M5 +Cs(t)=0 @)
This is the free vibration equation of the system and is
also known as the dynamic characteristic equation.
Using this equation, the natural frequencies and vibra-
tion modes of the system can be solved.
Under the alternating magnetic field generated by the
alternating current, the winding is subjected to a radial
electric force F. and an axial electric force F, gener-

ated by the axial and radial magnetic flux leakages:

F.=iB, -2nr 5)

F =iB, -2nr (6)

The vibration model of silicon steel sheet under al-
ternating magnetic field is

4 4 4 .

DY A AR B 7T N

Ox ox“oy- oy Al 02

where D, denotes the bending stiffness of the silicon

steel sheet; v is the Poisson’s ratio of the material; x and
y indicate the transverse and longitudinal dimensions of
two-dimensional silicon steel sheet, respectively; @

denotes the angular frequency; ¢ is the time; /. denotes
the elongation; E indicates the elastic modulus of the

material; 4. is the axial magnetostriction coefficient;

and V indicates the volume element.

Currently, the gaps between the silicon steel sheets in
the iron cores used in converter transformers are be-
coming increasingly smaller, and the stacking method is
becoming more advanced. The Maxwell stress between
the silicon steel sheets can be ignored; therefore, the
main contribution of the iron core vibration is the
magnetostrictive effect of ferromagnetic materials un-
der alternating electric fields. The magnetostrictive
force caused by the magnetostrictive effect in the par-
allel and vertical directions can be expressed as:

F =F, _ sin2ot= O.SV(Hzrag—'u) (8)
T

€ max

where F, signifies the magnetostrictive force; F,

denotes the amplitude of the electromagnetic force
caused by magnetostriction; and 4 is the magnetic

permeability.

TABLE IV
NATURAL FREQUENCIES OF WINDINGS AND CORES

Natural frequency

Winding

7746 13455 178.76 250.83 291.62 352.01
(Hz)
Core
(Hz) 77.53  128.78 164.64 247.79 288.62 349.78

The model mode shape of the converter transformer
reflects its inherent structural vibration form, and the
characteristic frequency distribution of the model can be
solved using (2), regardless of the external excitation. In
the finite element software, only the geometry, material,
and solid mechanics are considered separately, and
modal calculation is performed on the winding and core
to obtain their natural frequencies. Table IV lists the
first six natural frequencies with the most significant
vibrations of the model. When designing converter
transformers, it is usually necessary to consider whether
the main mode resonates at a possible excitation fre-
quency. The distribution of each mode of the converter
transformer model established in this paper is designed
reasonably [26]. Based on the principle of field-circuit
coupling, different DC components of different sizes are
applied to the model winding, and DC bias experiments
are simulated. The DC component content is determined
using the DC bias coefficient, which is defined as the
ratio of the peak DC current to the peak no-load current.
The DC bias coefficients used in the DC bias simulation
experiments are 0, 0.5, 1.0, and 1.5.

IV. ANALYSIS OF SIMULATION RESULTS

Previous research has typically focused on the effects
of DC bias on electromagnetic characteristics, such as
excitation current, spatial magnetic field strength, losses,
and harmonics, which are the most direct and easily
observable characteristics of DC bias [29], [30]. How-
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ever, few scholars have fully considered the electro-
magnetic, vibration, and loss characteristics of the DC
bias, including their mutual influence. The DC bias is
not simply an electromagnetic disturbance problem. It
presents many negative effects, such as increased noise,
increased losses, and a shift in operating characteristics.
However, explanations for these physical phenomena
have rarely been studied. The interior of a converter
transformer is a complex and massive electromagnetic
system, and all internal components constitute and af-
fect the system. Therefore, it is not only necessary to
analyze them separately, but also to analyze the cou-
pling relationship between them to systematically ex-
plain the mechanism of DC bias on the overall effect of
the converter transformer. Figures 4(a)—(d) depict the
force distribution of the core at each Kq. value. As the
DC component increases, the distribution range of the
stress on the core widens, and the distribution of the
stress application points becomes more disordered. As
the K4 increases from 0 to 1.0, the force of the core
increases from 3.12X 103 Pa to 2.37 X 10° Pa. Magne-
tostriction refers to the extension or shortening of
magnetic domains in the magnetization direction of
silicon steel sheets [27], [28]. However, as K4 increases
from 1.0 to 1.5, the rate of increase in the force on the core

decreases sharply. This is because Kqc is approximately
1.0, the core approaches saturation, and it is close to the
flat area of the hysteresis loop. Table V summarizes the
changes in the magnetic flux density, force, displace-
ment, and loss parameters of the core and winding for
different K.

Figures 4 (e) and (f) show the displacement distribu-
tion characteristics of the core for different DC contents,
and their displacements correspond to the force distri-
bution. The deformation characteristics exhibit two
completely different forms, before and after an increase
in the DC component. When Ky is 0, the deformation
amplitude of the core is 2.56 x 10*m, and when K. is
0.5, 1.0, and 1.5, the deformation amplitude increases to
7.41 x 108 m, 2.33 x 107 m, and 3.12 x 107" m, respec-
tively. Although the DC bias exacerbates core vibration,
the overall form of the deformation distribution remains
unchanged. However, the DC bias magnetization in-
creases the force at some points in the core, particularly
at the junction of the main column and upper yoke,
causing changes in the deformation characteristics of
the core at this point after increasing the DC component.
As the core approaches saturation, the distortion be-
comes more pronounced; this simulation result is con-
sistent with the conclusion of [31].

TABLE V
MAGNETIC FLUX DENSITY, FORCE, DISPLACEMENT, AND LOSS PARAMETERS AT DIFFERENT Kpc
K Magnetic flux ~ Core stress Winding Core deformation Winding defor- Core loss density ~ Winding loss density

4 density (T) (Pa) stress (Pa) (m) mation (m) (W/m?) (W/m?)

0 1.52 3.12x10° 1.29x10° 2.56x107 1.43x1077 42 069 10 541
0.5 1.58 8.38x10° 4.68x10° 7.41x10°8 5.12x1077 45 538 16 383
1.0 1.72 2.37x10° 7.31x10° 2.33x1077 8.33x1077 58 708 18 593
1.5 1.76 3.76x10° 5.47x10° 3.12x1077 2.86x107° 73 446 19 768

«10° Pa %10° Pa %10° Pa %10° Pa
3.0 8 35
7 2.0 - 3.0

6

5

4

3

2

1

Fig. 4 Force and displacement distribution of iron core under different DC contents. (a)—(d) Stress distribution and displacement
distribution. (e)—(f) Characteristics of core under different DC components.



WANG et al.: FINITE ELEMENT SIMULATION AND EXPERIMENTAL STUDY ON VIBRATION...

Figure 5 summarizes the loss characteristics, force
displacement, and magnetic flux loss relationships of
the core and winding for different Kq. values. It can be
observed from Fig. 5 (a) that the overall change trend of
the force on the core and the displacement is consistent,
but after K4 reaches 1.0, the rate of increase of the core
displacement decreases, which is contrary to the expe-
rience. We believe that the vibration and noise of con-
verter transformers will increase significantly after the
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core is saturated, which should be reflected in the dis-
placement of internal components at the micro level
[32]. A possible explanation here is that after the core is
saturated, the increase in harmonics makes the natural
frequency of the converter transformer body coincide
with it, thus generating overall resonance and increasing
the overall noise of the converter transformer, rather
than originating from the core alone.
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Fig. 5. Variation relationship between parameters under different DC contents. (a)—(b) Force displacement relationship. (c)—(d) Loss
characteristics. (e)—(f) Magnetic flux loss relationship under different Kqc.
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Figures 6 (a)—(d) depict the force characteristics of
the windings at each Kac. As Kqc increases from 0 to 1.5,
the force amplitude of the winding increases from
1.29 x 10°Pa to 5.47 x 10°Pa, based on (16) and (17),

which is related to the current and magnetic flux leakage.

As the DC offset coefficient increases, the direction of
force at each point of action of the winding does not
change much, but the distribution of force on the
winding changes, and the distribution range of force
intensity points increases. Under the action of DC bias,
the magnetic flux density increases, increasing the es-
tablished leakage flux density value. Once the core
saturates, the loss of the core increases, which is re-
flected in the increase in magnetic flux density on the
winding, oil tank, and fixture. Concurrently, after the
core is saturated, harmonic currents are generated,
which act on different force points of the winding at
different angular frequencies. From Figs. 6 (e)—(f), it
can be observed that the displacement amplitude of the
front core without adding a DC source is 1.4x10~" m. At
Kqgc 1s 0.5, 1.0, and 1.5, the maximum winding dis-
placement increases to 5.12x107"m, 8.33x107m, 8.33 x
107 m, and 2.86x107° m, respectively. It can be ob-
served from Figs. 5 (e)—(f), with the increase of Ky,
the change trend of winding shape variable and stress is
basically consistent, which is different from that of core.
Upon reaching the saturation point of the core, the
leakage magnetic flux increases significantly, which
acts on the displacement distribution of the winding and
increases the displacement amplitude of the winding.

%107 m

[ 4] [=)) ~N o0

(3]

—

i 5
(h) 0

Fig. 6. Force and displacement distribution of windings under different DC contents. (a)—(d) Stress distribution. (e)—(f) Displacement
distribution characteristics of windings under different DC components.

(=)

Figures 5 (c)—(d) describe the loss characteristics of
converter transformers at different K4 values. As the Kqc
increases from 0 to 1.5, the core loss increases from
42069 W/m? to 7 3446 W/m?>. Specifically, after the Kqc
is greater than 1.0, the core loss sharply increases,
which corresponds to harmonic and eddy current losses
after the core is saturated. The leakage magnetic loss
characteristics of the winding are relatively synchro-
nous, as shown in Figs. 5 (e)—(f). The K. increases from
0 to 1.5, and the winding loss increases from 10 541 W/m?3
to 19 768 W/m?. At a Kg of 1.0, the magnetic flux
density loss characteristics of core and winding undergo
different changes, reflecting the different ways in which
DC bias affects the core and winding. In addition to the
influence of its own electrodynamic force, the vibration
and loss characteristics of the winding vary with the
operating characteristics of the iron core, which depend
on the changes in the movement trajectory of electrons
in the vertical leakage direction of the winding [33].

Figures 7 (a) and (b) illustrate the vibration accelera-
tion spectra at the centers of the core and winding sur-
faces, respectively. As the Ky value increases, the
complexity of the vibration spectra at the same finite
element point of the core and winding change signifi-
cantly. The increase in the DC content leads to an in-
crease in the number of secondary frequencies of vi-
bration acceleration, with a significant increase in the
frequency doubling peak at 50 Hz and the onset of even
frequency peaks. When Ky. increases to 1.0, the main
frequency position shifts to 250 Hz, and the secondary
frequency peaks, except at 100 Hz, increase sharply,
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which is closely related to the operating state of the core
at this time, with the core approaching saturation. When
the K4 value reaches 1.5, the core becomes excessively
saturated and the amplitudes of each secondary fre-
quency continue to increase, with the main frequency
shifting to 350 Hz. The rightward shift of the main
frequency of the two vibrations is related not only to the
increased main magnetic flux and leakage harmonic
caused by the saturation of the core, but also to the
modal vibration mode of the model [34]. As shown in
Table I, the main natural frequencies of the model are
distributed at 250 Hz and 350 Hz, which directly ampli-
fies the vibration performance under the corresponding
excitation.

i
-
4—‘: 0 1 1 1 1 ‘&,/
0 200 400 600 800 1000
Frequency (Hz)
(a)
05
= 04
< 03
£ 02
= 0.1
2 _/

0 200 400 600 800 1000
Frequency (Hz)
(b)

Fig. 7. Frequency domain distribution of vibration acceleration
under different DC components. (a) Iron core. (b) Winding.

V. EXPERIMENTAL ANALYSIS

The DC bias experiment on converter transformers is
complex and requires two transformers of the same
model to form an experimental platform and a
large-capacity DC power supply. Therefore, in previous
studies, only simulation research is conducted, making
it difficult to obtain practical verification of the research
conclusions [21], [35]. Derivations are prevalent in
some engineering practice theories, particularly re-
garding the complex structure of converter transformers
and the large number of nonlinear phenomena in inter-
nal electromagnetic connections. Therefore, corre-
sponding experiments must be designed to verify the
reliability of the simulation conclusions. Based on our
previous research [36] and the similarity principle, we

design and prepare two 1:5 scale model prototypes of
the same type of the converter transformer as the ex-
perimental platform to further verify the evolution law
of the converter transformer vibration characteristics
under the DC bias effect, as shown in Fig. 8. DC bias
tests are conducted with DC bias coefficients K4=0, 0.5,
1.0, and 1.5. The high-voltage terminals of the two
transformers are connected using corona-free conduc-
tors. The rated AC voltage is applied to the low-voltage
side of Prototype 1 and directly excites the high-voltage
side of Prototype 2 through the high-voltage side of
Prototype 1. A DC power supply is connected in series
between the neutral points of the two prototypes and an
adjustable resistor RT is used to adjust the DC current.
The wiring diagram used in the experiment is shown in
Fig. 9, where RT refers to the adjustable resistor, B1
denotes the intermediate transformer, T1 is Prototype 1,
and T2 is Prototype 2.

The vibration characteristics of the prototype with dif-
ferent DC components are measured and analyzed using
an AD-LINK-USB-2405 data acquisition card combined
with a YD30 piezoelectric sensor. The distribution of the
measurement points is shown in Fig. 10, with six points on
the front, two on the side, and two on the top. Points 1-4
primarily reflect the longitudinal vibration perpendicular
to the main column and winding of the core, points 7—8
reflect the transverse vibration of the core and winding,
and points 9-10 reflect the axial vibration. Generally,
owing to the pretightening method of the fasteners, the
axial vibration is slightly smaller [37].

BI

Fig. 9. Wiring diagram for DC bias experiment.



118 PROTECTION AND CONTROL OF MODERN POWER SYSTEMS, VOL. 9,NO. 4, JULY 2024

Amplitude (m/s°)

Fig. 10. Description of measurement point location.

The two prototypes are subjected to load tests under
different DC components using the post-short-circuit
method to determine the winding vibration characteris-
tics under the DC bias effect. Figures 11(a)—(j) present
the time-domain diagram of the vibration acceleration
of the load experiment at points 1-11 for different DC 01 02 03
components. Considering the average value of the vi- Timie(s)
bration acceleration amplitude, K4 increases from 0 to @
0.5. The vibration acceleration amplitude of measure-
ment points 1-6 increases by 11.2%, the vibration ac-
celeration amplitude of measurement points 7-8 in-
creases by 10.7%, and the vibration acceleration am-
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Fig. 11. Time domain distribution of load vibration acceleration
under DC bias. (a)—(j) Time-domain distribution of vibration
acceleration at measurement points 1-11.

The frequency-domain distribution characteristics of
the vibration acceleration in the load experiments at
points 1-11 under different DC components are ob-
tained by performing a fast Fourier transform on the
time-domain signal of the vibration acceleration, as
shown in Figs. 12 (a)—(j). It can be observed from the
figures that when K. increases from 0 to 0.5, the main
frequency of the winding vibration remains at 100 Hz,
but the frequency distribution increases at 50 octaves,
such as 50 Hz, 150 Hz, 250 Hz, 350 Hz, etc., which is
similar to the test results in [31]. When Kgc increases
from 0.5 to 1.0, there is no significant change in the
frequency distribution. However, the main frequency
increases from 100 Hz to 250 Hz, and the peak accel-
eration at 350 Hz increases more significantly. When
K4 increases from 1.0 to 1.5, and 350 Hz becomes the
new dominant frequency, the amplitude of the vibration
acceleration remains high at 100 Hz and 250 Hz.
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Fig. 12. Frequency domain distribution of load vibration accel-
eration under DC bias magnetic field. (a)—(j) Frequency domain
distributions of vibration acceleration at measurement points
1-11, respectively.

The two prototypes are subjected to no-load tests un-
der different DC components, and the time-domain dia-
grams of the core vibration characteristics under the DC
bias effect are obtained, as shown in Fig. 13. Figures 13
(a)—(j) correspond to measurement points 1-11, respec-
tively. The Kq. increased from 0 to 0.5, and the average
vibration acceleration amplitude of measurement points
1-6 increased by 13.6%. The vibration acceleration am-
plitude of measurement points 7—8 increased by 10.7%,
and the vibration acceleration amplitude of measurement
points 9—-10 increased by 8.8%. With the addition of the
DC component, the no-load vibration acceleration
changes from a neat “rectangle” to a “comb” shape,
corresponding to a uniform harmonic growth, a phe-
nomenon that has not been reported previously.
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Fig. 13. Time domain distribution of no-load vibration acceler-
ation under DC bias. (a)—(j) Time-domain distribution of vibra-
tion acceleration at measurement points 1-11.

Figures 14 (a)—(j) show the frequency-domain distri-
bution characteristics of the load experimental vibration
acceleration at measurement points 1-11 for the different
DC components. The main frequency band of the core
vibration acceleration changes with the DC component,
similar to the winding, primarily within a frequency band
of 1000 Hz [38]. The frequency doubling of the vibration
acceleration at 50 Hz increases with Kqc. The main fre-
quencies of the vibration acceleration are 100 Hz, 100 Hz,
250 Hz, and 350 Hz at K4 =0, 0.5, 1.0, and 1.5, respec-
tively. These rules are consistent with the vibration fre-
quency domain characteristics of the core and winding in
the simulation at different Kq. values.

Based on the simulation and experimental results, it
can be concluded that a K4 of 1.0, which is an important
reference point, and the corresponding DC content are
sufficient to cause the following qualitative changes in
the vibration characteristics:

1) Change the working characteristics of core to
quickly saturate it, thereby increasing its loss and vi-
bration.

2) Increasing the leakage magnetic field strength of
the winding exacerbates winding vibration and in-
creases heat loss.

3) The frequency domain distribution characteristics
of the vibration are changed to shift the main frequency
of the vibration to the right.

4) The failure of the modal design that intersects with
the operating vibration frequency increases the proba-
bility of resonance, as indicated in Table I, exacerbating
the overall vibration noise.
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Fig. 14. Frequency domain distribution of no-load vibration
acceleration under DC bias magnetic field. (a)—(j) are the fre-
quency domain distributions of vibration acceleration at meas-
urement points 1-11, respectively.

Therefore, based on the experimental conclusions of
this paper, it is recommended that the upper limit of the
DC content during the operation of the converter
transformer should not exceed a Kg4. of 1.0, and the
modal design of the converter transformer should also
consider the vibration acceleration peaks at 250 Hz and
350 Hz.
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VI. CONCLUSION

Simulation and experimental platforms for the DC
bias of converter transformers are designed and devel-
oped using the finite-element method and similarity
principle. The vibration, electromagnetic field, and loss
characteristics under different K4 values are analyzed,
and the following conclusions are drawn:

1) The DC bias increases the harmonic content of the
excitation current, primarily manifested as an increase
in the even harmonics, resulting in changes in the in-
ternal vibration and magnetic characteristics. The DC
bias voltage increases the magnetic flux density, vibra-
tion, and displacement amplitude of the core and
winding, reaching a turning point when K. is 1.0.

2) As the DC component increases, the core and
winding exhibits different vibration and loss character-
istics. The K4 value increases from 0.0 to 1.0, the force,
loss and displacement of the core and winding are pos-
itively correlated; when Ky reaches 1.0, the core ap-
proaches the saturation point, at this point, K4c continues
to increase, the rate of increase in the main magnetic
induction intensity slows down, and the core loss in-
creases sharply, while the leakage flux continues to
increase rapidly, exacerbating the winding loss.

3) Under both experimental conditions, the time-domain
amplitude growth rate of the vibration acceleration is
approximately 10%. The DC bias significantly in-
creases the odd frequency component of the 50 Hz vi-
bration acceleration of the converter transformer. When
the DC component reaches a certain proportion, it
changes the dominant frequency of the vibration. When
Kyc reaches 1.0 and 1.5, the main frequencies of the
converter transformer become 250 Hz and 350 Hz, re-
spectively.
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