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Analysis Of Transformer Bias Vibration Based On
"magnetic-mechanical" Coupling
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The large-scale application of flexible DC power transmission technology leads to DC bias in transformer cores,
and the vibration analysis of transformers under the influence of DC bias is becoming a hot topic. In this paper,
based on the "electromagnetic-mechanical" coupling model, we propose a bias vibration analysis method for
large power transformers. The electromagnetic forces calculated in the electromagnetic field are mapped to
the surfaces of structural members and tanks in the structural force field by means of a grid mapping method,
facilitating the direct calculation of transformer vibration displacements under DC bias conditions. Finally,
based on the coupled magnetic-structural analysis, the maximum deformation of different structures of the
transformer under different DC bias magnetism is studied. The vibration response band of the transformer is
above 100Hz, where the DC input of 25A per phase causes the maximum displacement deformation of 39.06mm
in the transformer tank, which provides the analysis basis for the safe operation of the transformer.
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1. Introduction

With the wide application of high-voltage DC transmission
system, it will make the transformer neutral point DC bias
magnetization phenomenon, DC bias magnetization will
lead to abnormal transformer vibration, noise intensifica-
tion, long-term under the influence of bias magnetism will
occur in the transformer winding deformation, loosening
and other fault probability increased, affecting the stable
operation of the transformer [1]. Therefore, it is necessary
to study and analyze the vibration characteristics under
DC bias magnetism. The vibration source of transformers
mainly comes from the core and winding, and long-term
operation will lead to vibration on the surface of the tank
[2]. However, the core vibration will directly lead to the vi-
bration and deformation of the pulling plate and clamped
parts. Therefore, this paper will focus on the vibration
displacement of the structural parts and tank of the trans-

former under different DC bias magnetism by combining
the transformer core, pulling plate and clamped parts as
the research object [3] .

At present, the study of transformer performance from
vibration analysis, its research process can be divided into
two directions, one is the study of transformer vibration
mechanism, Peiyu Jiang et al. measured the hysteresis
expansion and contraction characteristics of oriented sil-
icon steel sheet in the condition of with and without DC
bias magnetization, measured the core vibration with laser
vibrometer, and established a model to verify the effec-
tiveness of frequency domain decomposition algorithm
[4]; Xingmou Liu et al. introduced DC excitation at the
neutral point and measured the transformer excitation and
vibration characteristics and proved that DC bias magneti-
zation has a large influence on the direction and symmetry
of magnetostriction [5]; Second, the study of transformer
vibration monitoring. Shuhan Jin et al. analyzed the three-
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phase three-column transformer noise data based on the
abnormal noise data, and concluded that the transformer
noise is caused by the small DC current flowing about 1A
through the neutral point of the transformer by testing and
spectral analysis [6]; Zhendong Zhang et al. used a single-
phase three-column transformer for no-load and partial-
load DC bias tests to measure the time domain waveforms
of transformer excitation current and vibration noise and
their spectral distributions to provide a reference for DC
bias tolerance under actual operating conditions [7]. Most
of the current researchers directly study the transformer
vibration under different DC bias based on transformer
models or actual transformers [8–10], without linking the
changes of transformer excitation state under DC bias with
the vibration characteristics.The method proposed in this
paper is based on the magnetic-mechanical coupled field
theory to calculate the bias magnetic vibration of transform-
ers, which can not only accurately reflect the frequency and
energy change of the vibration signal with time, but also
realize the simulation analysis of the whole process of the
vibration response of the core excited by electromagnetic
force during the operation of transformers.

2. Mathematical model of transformer magnetic
field coupling

If a DC current idG is passed into the secondary winding
of a single-phase transformer, which produces a DC bias
flux of Φ0, the total closed flux of the core is: Φ = Φ0 + Φm.
Let the average length of the core’s magnetic circuit be
1 . According to Ampere’s law of loops, the equation of
magnetic potential balance can be obtained as [11].

N (iac + idc) = Hl (1)

A bias electromagnetic field will be formed when a bias
current is passed through the transformer winding. Estab-
lishing a mathematical model of the magnetic field force of
the core is the basis for studying the vibration of the core,
and it is known from the full current law that the magnetic
field strength at DC bias magnetization is

H =
Ni
l

=
N (iac + idc)

l
= Hac + Hdc (2)

which: H is the magnetic field strength, i is the current
rms value, 1 is the main magnetic circuit length, N is the
number of turns of the coil, iac, idc are the AC and DC
current rms values, Hac, Hdc are the AC and DC magnetic
field strengths, respectively.

To obtain the analytical expression of the electromag-
netic force on the core, the excitation model of the trans-
former is simplified and the magnetic field volume force

density of the linear, isotropic ferromagnetic material is
obtained based on the electromagnetic field theory.

f = J × B − 1
2

H2∇2µ +
1
2

(
H2τ

∂µ

∂τ

)
(3)

where f is the magnetic force bulk force density, J is
the circuit density vector, B magnetic induction intensity
vector, H is the magnetic field strength, µ is the magnetic
permeability of the material and the material, and τ is the
bulk density. In addition, the first term in Eq. character-
izes the Lorentz force, the second term characterizes the
material bulk force, and the third term characterizes the
magnetostriction.

The magnetic field can be divided into x, y and z direc-
tions in the silicon steel sheet and the expressions for each
of the three directions are listed according to Eq. (3) . For
the convenience of analysis in this paper, the deformation
in the z-direction is the main feature of the deformation
of the silicon steel sheet in the excitation state, so the bulk
force density in the z-direction in Eq. (2) is written as

fz =
∂

∂z

[
µH2

z −
H2

2

(
µ − τ

∂µ

∂τ

)]
+

∂

∂x
(µHx Hz) +

∂

∂y
(
µHy Hz

) (4)

Neglecting the local leakage, the magnetic flux can be
considered to be concentrated in the magnetic circuit of
the core. Taking into account the symmetry of the core
structure, the x and y coordinate planes are chosen as the
symmetry planes. If the direction of x-axis is parallel to the
direction of magnetic field, there is

H = Hx(y, z), Hy = Hz = 0 (5)

Substituting Eq. (5) into Eq. (4) , obtain Eq. (6)

fz =
∂

∂z

[
− H2

2

(
µ − τ

∂µ

∂τ

)]
(6)

Then the magnetic field force F in the z-direction can be
expressed as

F =
∫

V
f zdV = k

∫
V

fzdV

= k
∂

∂z

[
− H2

2

(
µ − ∂µ

∂τ

)]
dxdydz

(7)

Where k is the curvature of its middle surface in the x and
y directions after bending the silicon steel sheet.

3. Modeling of the transformer

3.1. Finite element modeling of transformer

The magnetic simulation is mainly to solve the MagNet
equation system by the finite element method to get the
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Fig. 1. Transformer structural parts geometry model

distribution and size of the required parameters such as
magnetic flux density, electromagnetic force and current
density [12]. Large experiments have been conducted to
prove that the vibration of the core in the no-load condition
is larger than that of the winding in the short-circuit condi-
tion, so this paper takes the no-load condition as the analy-
sis condition, when the vibration displacement is mainly
generated by the core hysteresis. The simulation calcula-
tion of electromagnetic field and electromagnetic vibration
is realized by MagNet , and the simulation calculation of
vibration displacement is realized by Simcenter 3D. The
model material settings for the application transformer core
and oil tank are shown in Table 1.

A three-phase, five-column transformer with a capacity
of 420 MVA and a voltage level of 354 kV is used to calcu-
late the inherent frequency and modal vibration pattern of
the structural components. Considering the small mass of
the clamping and fixing parts compared to the transformer
core, the clamping parts can be omitted in the process of
vibration analysis of the transformer after setting the cor-
responding preload on the contact surface of the clamping
parts and the silicon steel sheet to simplify the calculation
model. Therefore, the geometric model of the simplified
3D solid structural parts of the power transformer is shown
in Fig. 1.

Under the action of a magnetic field, the ferromagnetic
material forming the core of a transformer undergoes a di-
mensional change called the magnetostriction effect. Mag-
netostriction is one of the main causes of transformer core
vibration [5]. Therefore, in this paper, we only study the
effect of the paramagnetic vibration of structural compo-
nents driven by the hysteresis characteristics of the core,
and the effect on the end winding and insulation structure
is not analyzed for the time being. Due to the symmetry of
the transformer model, the oil tank is simplified to one-half
model for calculation. In addition, geometric boundary
conditions need to be imposed on the simulation model,
i.e., the core-structural member and the bottom of the tank
are fixed constraints.

Fig. 2. Calculation steps of transformer bias vibration

3.2. Electromagnetic force-mapping loading

The main calculation flow of transformer vibration re-
sponse under different DC bias magnetism is shown in
Fig. 2, where the mapping of electromagnetic forces loaded
onto the structural grid of the transformer core and tank is
an important part of the transformer bias vibration calcula-
tion.

Since the vibration analysis is performed in the fre-
quency domain, a harmonic response analysis is required
in order to calculate the electromagnetic force node dis-
tribution conditions of the transformer core, tie plate and
clamp members and other structural components. Firstly,
the transformer finite element model was loaded with off-
street electromagnetic force load by using the electromag-
netic simulation and analysis software Magnet. Then, the
electromagnetic force load file obtained from the analysis
is imported into the Nastran solver in Simcenter 3D, and
the excitation force loading of the structural finite element
model can be realized. Due to the consistent distribution
of mechanical mesh and structural mesh nodes, the electro-
magnetic force can be accurately mapped to the surface of
the core and oil tank. The mesh mapping of transformer
structural parts is shown in Fig. 3.

Based on the calculated electromagnetic force magni-
tude and point distribution of each transformer component
in the electromagnetic field, the output electromagnetic
force is a time-domain value, and it is necessary to import
the electromagnetic force data into the FFT module for
transformation to obtain the amplitude and phase angle
of the main harmonics after DC bias magnetization before
mapping. The corresponding frequency amplitudes and
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Table 1. Material properties of transformer components

Parts Materials
Density
kg/m3

Elastic modulus
pa Poisson ratio

core 27ZH095 7650 2 × 1011 0.3
tank Carbon steel Q345b 7850 2 × 1011 0.3

Fig. 3. Mesh mapping of transformer structural
components

phase angles are applied equally to each node on the sur-
face of the structure and tank, thus forming a closed loop
for coupled iterative calculations. As an example, the am-
plitude of the main harmonics of the transformer in the DC
bias condition is shown in Table 2 for a DC input of 20 A
per phase at the neutral point of the transformer.

4. Transformer vibration displacement calculation
analysis

4.1. Vibration calculation of core-structure parts

In order to find out the electromagnetic force distribution
of the transformer under different DC bias conditions, it is
necessary to input DC currents of 0A, 15A, 30A, 45A, 60A
and 75A into the neutral point of the transformer in the elec-
tromagnetic field in turn, and it is solved that DC 75A is the
maximum DC current that this transformer can withstand.
In the vibration analysis, ignoring the electromagnetic com-
ponent force of small amplitude, the FFT transform results
of the dominant component force are shown in Fig. 4. Ac-
cording to the experimental results, it is found that the
electromagnetic forces under different DC bias magnetiza-
tion are transformed by FFT to obtain the displacements at
five different frequencies, which are 181.82Hz, 363.64Hz,
545.45Hz, 727.27Hz and 909.09Hz, thus proving that the
vibration signal frequency of the transformer under the
action of DC bias magnetization contains not only the even
harmonic components, but also the odd harmonic compo-
nents rising in different degrees.

The main response band of this core-structure member
is above 100Hz, and the amplitude spectrum energy is
mainly concentrated around 200Hz, 700Hz, and the vibra-
tion displacement tends to become larger as the DC current
increases, although the amplitude at the main vibration fre-

Fig. 4. Vibration displacement of a structural member
under DC bias magnetism

(a) 0A 30A (b)

(c) 60A (d) 75A

Fig. 5. Vibration displacement of structural parts at 200Hz
under different DC bias magnetism

quency fluctuates within the normal electromagnetic force
range, but the fluctuation is small, about 8.13E-04mm.Based
on the values of vibration displacement at each frequency
under different DC bias magnetism, a polynomial curve
can be fitted, and the vibration displacement versus fre-
quency can be expressed by Eq. (8), where f represents the
frequency and D represents the vibration displacement.

D(x) = −1.507e − 11 × f 3 + 2.563e − 08 × f 2

− 1.279e − 05 × f + 0.001935
(8)

According to the relevant research data, the transformer
vibration frequency under normal condition is within
600Hz, so this paper only analyzes the transformer vibra-
tion displacement at 200Hz and 550Hz, and the maximum
amplitude is up to 5.71E-04mm. As shown in Fig. 5.
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Table 2. Transformer electromotive force at 60A DC for each harmonic

Frequency
(Hz)

Von-Mises
(
N/m2)

( Isoelectric force)
Average stress(

N/m2) Maximum principal
stress

(
N2/m2) Minimum principal

stress
(
N/m2)

181.82 0.0426 0.0276 0.0528 0.0139
363.64 0.0225 0.01033 0.0234 0.002542
545.45 0.0225 0.0103 0.0234 0.00379
727.27 0.0921 0.0552 0.1166 0.025
909.09 0.0956 0.0668 0.0387 0.1172

(a) 0A 30A (b)

(c) 60A (d) 75A

Fig. 6. Vibration displacement of structural parts at 500Hz
under different DC bias magnetism

Under the different DC bias , the vibration displace-
ment of the transformer structure at 200 Hz, the deforma-
tion is mainly located in the core column at the clamped
parts, and the corresponding clamped parts deformation in
the B-phase core column is larger than the corresponding
clamped parts deformation in A and C. This is due to the
magnetic flux concentration in the core column, and the
magnetic induction intensity in the middle is larger than
the magnetic induction intensity at both ends. The larger
stress in the core is mainly distributed at the connection
between the core column and the yoke. As the input DC
current increases, a certain degree of deformation occurs in
the center of the transformer core side column.

As shown in Fig. 6, the deformation of the vibration
displacement of the transformer structural parts at 500 Hz
is mainly located in the middle of the upper clamped parts
of the transformer and the left and right sides of the lower
clamped parts surface, and the displacement caused by
the deformation is fluctuating, and the maximum range
of displacement reaches about 2µm.Asymmetry appears
at the left and right ends of the clamp, indicating that the
deformation of the upper surface of the core exerts a force
on the clamp.

Fig. 7. Vibration displacement of tank under bias magnetic
condition

4.2. Vibration calculation of fuel tank

The results of the core-structure vibration displacement
of the transformer show that the autotransformer mainly
exhibits vibration at 200Hz under no-load condition. Input
different DC currents, the vibration displacement curve of
the transformer tank can be seen from Fig. 7.

The main response frequency band of this tank is above
100Hz, the amplitude spectrum energy is mainly concen-
trated in the vicinity of 200, 700Hz, and the structural parts
of the amplitude spectrum of deformation of the same
range, from the value of the maximum deformation of
39.06mm, at the moment of 25A DC per phase for the trans-
former core is saturated; in the neutral point Input DC 30A
transformer tank deformation began to change abruptly,
and with the increase of input DC current, the transformer
tank by the electromagnetic force caused by the deforma-
tion displacement also gradually increased, in the normal
electromagnetic force range, its main vibration frequency
fluctuations are small, about 1.352mm.Likewise, polyno-
mial curve fitting of each bias vibration data of the tank
yields the fitting equation, i.e., the relationship between
tank vibration displacement and frequency expressed in
Eq. (9), which plays an active role in controlling the sta-
ble operation of the transformer when subjected to bias
magnetism.

D = −2.674e − 07 × f 3 + 0.4629e − 03 f 2

− 0.2418 f + 39.63
(9)

As shown in Fig. 8, the deformation of the transformer
tank under DC bias at 200Hz mainly occurs at the cover and
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(a) 0A 30A (b)

(c) 60A (d) 75A

Fig. 8. Vibration displacement of tank at 200Hz under
different DC bias magnetism

(a) 0A 30A (b)

(c) 60A (d) 75A

Fig. 9. Vibration displacement of tank at 550Hz under
different DC bias magnetism

box, the deformation of its cover is larger, the maximum de-
formation is the vibration displacement of 25.91mm at DC
75A, the box wall also has different degrees of vibration de-
formation, which A, B, C three phase core vibration signal
are transmitted to the transformer tank with transformer
oil as the medium, causing the surface of the transformer
tank vibration.

In the case of frequency of 550Hz, as shown in Fig.9, in
the frequency of vibration deformation mainly occurs in
the box surface of the middle of the upper position, the
vibration displacement of the maximum value of 7.25mm,
which is due to the lower part of the transformer body fixed
constraints, so the vibration generated by the core from the
bottom up to the heart column - upper yoke - tank cover in
order to conduct.

5. Conclusion

1. This paper analyzes the vibration characteristics of
transformer core-structure parts and oil tank under dif-
ferent bias magnetism for a three-phase five-column
transformer transformer DC bias magnetism vibra-
tion, which shows that the main response band of
transformer bias magnetism vibration is above 100Hz,
and is affected by DC bias, due to the transient com-
ponents contained in the excitation current, the trans-
former components contain both even and odd fre-
quency components in their vibrations, of which the
maximum vibration displacement occurs near 200Hz,
with displacement 5.71E-04mm.

2. Secondly, based on the polynomial recursive fitting,
the vibration displacement data of the transformer
under different bias magnetism are analyzed to obtain
the relationship between vibration displacement and
frequency, which provides a more direct prediction
method for the preliminary analysis of transformer key
components deformation under DC bias magnetism
in engineering.

3. Finally, based on the magnetic-mechanical coupling
analysis, the maximum vibration displacement occurs
in the middle of the core upper clamp in the struc-
tural parts of the transformer body; and the oil tank
is prone to the maximum deformation at the cover,
which needs to be considered in the vibration reduc-
tion design.
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