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ABSTRACT To improve the transformer vibration analysis accuracy, a numerical vibration model of
transformer, including the damping effect, is proposed in the paper. According to power transformer
structure, the Rayleigh damping model is used to indicate the transformer damping effect. The damping
coefficients can be got by analyzing and testing the transformer structure. The modal measurement system of
the prototype is constructed and tested to improve and verify the modal analysis method, which can be used to
analyze the engineering power transformer that the modal measurement should not be achieved. According
to the Rayleigh damping parameters, the vibration and noise of damped and undamped transformers are
calculated respectively. Then the effect of the damping on the vibration and noise can be obtained. At last,
the vibration and noise of the transformer were tested and compared with the analytic results. Comprehensive
analysis shows that the analysis results considering damping can be improved, and are closer to the measured

results.

INDEX TERMS Damping effect, vibration noise, transformer, modal analysis, Rayleigh damping.

I. INTRODUCTION

It is well known that transformers play a vital role in power
energy transmission. The vibration and noise of the trans-
former will affect not only the normal operation and service
life of the transformer, but also the normal life of human
beings.In recent years, reducing audible noise from trans-
former core has become the key to high-quality living envi-
ronment. Therefore,the vibration and noise of transformers
has attracted extensive attention, which becomes one of the
indicators for evaluating performance of transformer. Thus,
it is of great significance to study the vibration and noise of
transformer [1], [2], [3].

The main source of transformer noise is its body vibra-
tion and cooler. The vibration and noise of the transformer
is related to the transformer load, silicon steel sheet mate-
rial, core structure, magnetic flux density and other factors
[4]. In recent years, in order to better design low-noise
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transformers, the academic community has paid more and
more attention to improving the accuracy of transformer
vibration and noise calculation [5], [6]. By combining the
electromagnetic field theory with the elastic theory, a math-
ematical model of transformer electromagnetic vibration is
established [7], [8]. Reference [9] studied the magneto-
mechanical effects of core transformers with different struc-
tures, and experiments verified that transformers have high
vibration strength. [10], [11] established the electromagnetic
mechanical vibration coupling mathematical model consid-
ering the magnetostrictive characteristics of the transformer,
and simulates the vibration and noise of the transformer.
Reference [12] proposed to obtain the quantitative relation-
ship between the magnetostriction characteristics of the core
reactor and the noise by systematically evaluating the noise
and vibration shape of the simple small transformer core.
[13] obtained the relationship between magnetostriction of
grain oriented electrical steel (GOES) coils and no-load noise
of power transformer (PT) by experiments. [14] analyzed
the winding electromagnetic vibration of AIHS converter
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transformer in HVDC transmission system. It is revealed that
the ATHS converter transformer and its corresponding filter
can improve the performance by reducing the winding vibra-
tion in real HVDC applications. The existing researches on
transformer vibration and noise mainly focus on the magnetic
characteristics of transformer and the analysis method of
vibration signal, but ignore the damping effect of transformer.
Damping, as one of the characteristics reflecting energy dis-
sipation in vibration process, is an important factor affecting
the vibration response of structure. In order to further accurate
numerical model of transformer electromagnetic vibration,
it is of great significance to consider damping effect.

In order to improve the accuracy of transformer vibra-
tion analysis, a numerical model of transformer vibration
considering damping effect is proposed in this paper. Based
on the model of SGB-10KVA three-phase transformer, the
modal measurement system of the prototype is constructed
and tested. According to the test results, the modal anal-
ysis method is improved and verified, which can be used
to analyze the engineering power transformer whose modal
measurement cannot be realized. In addition, the damping
parameters are calculated according to the modal measure-
ment results, and the vibration and noise of the transformer
with and without damping effect are calculated and analyzed.
Finally, the vibration and noise of the transformer are tested
and verified.

Il. MODAL DAMPING SELECTION
Damping, as one of the dynamic properties reflecting the
energy dissipation during structural vibration, is different
from other dynamic properties such as structural mass and
stiffness that can be described directly and accurately, and
usually needs to be abstracted into a mathematical model
in the calculation. Rayleigh, Caughey and Clough have pro-
posed models for the calculation of damping such as Rayleigh
damping, Corsi damping and Clough damping respectively.
Rayleigh damping is usually used to approximate the
damping effect of a structure with equivalent single damping
characteristics. The main damping coefficients are calculated
as:

[C]=a[M] + BIK] ey

where [C] is the damping matrix, [M] is the mass matrix, [K]
is the stiffness matrix, and « and g are the coefficients of the
mass and stiffness matrices respectively.

Using the orthogonality of the damping array about the
vibration pattern, the vibration pattern of the structure [¢] is
related to the mass matrix and the stiffness matrix as follows:

[#1" IM1[p] = (1]
o
)

617 [K1[gp] = o 2)
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The expressions of transformer mass matrix and stiffness
matrix coefficients are obtained by numerical calculation:
” = 2AY. Eifw) Y 0} —nY wiE] 3)
Y (/)Y w? —n?
_2AX (/o) Y wisi —n Y (Eifwd]
B Y (1 /op) Y wf —n?

Ill. THEORETICAL ANALYSIS OF TRANSFORMER
VIBRATION NOISE

Transformer vibration noise mainly comes from noise caused
by core vibration, that is, magnetostrictive effect of core
silicon steel sheet and electromagnetic attraction caused
by magnetic leakage between the joint of silicon steel
sheet and disk. In addition, when transformer is run-
ning, winding current will generate magnetic leakage in
space. Winding under alternating magnetic field will be
affected by Lorentz force and cause winding vibration and
noise [14].

Damping, as one of the characteristics of energy dissipa-
tion in vibration process, is also an important factor affecting
the vibration response of transformer.

Proceed from vibration analysis, this paper comprehen-
sively interprets the vibration and noise of the transformer
through modal analysis, magnetic-mechanical coupling
analysis and acoustic field analysis of the prototype
transformer.

“)

A. MODAL THEORY ANALYSIS
Modal analysis is the process of replacing the original finite
element node coordinates with vibration coordinates. The fre-
quency response function of a given input and output position
is expressed by modal parameters:
m * ok ok
hij(jeo) = Z (C{k Uik Ujk + ?k”zk”ﬂ; ) )
= Jjo—pk  jo—p;

In this paper, the motion equation of the prototype trans-
former’s N-degree-of-freedom system is simplified into a
finite element elastic system with mass, elasticity and damp-
ing in the vibration coordinate system, and its motion equa-
tion is shown in (6):

[MUX (D)} + [CHX (D)} + [KEX ()} = {F (1)} (6)
Take the special solution:
x(t) = x sinwt
Then:
(K] =’ M])x = f' )
Draw into formula:
Z(@) = (K]~ o’ [M]) ®)

where Z(w) is the dynamic stiffness equation of the system
and is invertible, with the inverse matrix, H(w) is called
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the displacement frequency response function matrix of the
system:

H(w) =Z "(w) = (K] — o*[M])™! )

Solving the generalised eigenvalue equations for the sys-
tem matrices K and M:

(K] — o’ [M])p =0 (10)

Solution of (10) w? (i = 1,2,3,...,n) called the i-th
eigenvalue. w; (i = 1,2,3,...,n) is called the i-th order
intrinsic circular frequency. From (10), it can be seen that
the intrinsic circular frequency is only related to the stiff-
ness matrix [K] and the mass matrix [M]. The relationship
between the intrinsic frequency f; and the intrinsic circular
frequency is

wj
T 2w

Satisfying (10) corresponds to wj; the i-th feature vector
{gi}. It is called the ith-order intrinsic modal or modal,
or simply the i-order modal.

Ji (11)

B. THEORETICAL ANALYSIS OF MAGNEO-MECHANICAL
COUPLING

The vibration of transformer body is mainly periodic vibra-
tion caused by magnetostriction of silicon steel sheet of
iron core, that is, when ferromagnetic material is in a peri-
odically changing magnetic field environment, the magne-
tostriction effect of material will also periodically change
with the magnetic field. Macroscopically, it is manifested
as periodic elongation and shortening of material size,
thus forming periodic vibration related to magnetic field
frequency. Because magnetostriction changes twice in a
period of magnetic field change, the frequency of the
main vibration of electromagnetic vibration is usually twice
that of the excitation frequency. As the excitation fre-
quency is power frequency, the noise characteristics of core
vibration caused by magnetostriction effect are also based
on 100Hz.

In addition to magnetostrictive effect, there are also vibra-
tion caused by electromagnetic attraction between joints and
lamination and winding caused by leakage field. Vibration is
a coupling problem of circuit, magnetic field and structure
field.

In the magnetic field, the governing equation for the mag-
netic vector is

V x (y,glu;lv xA) =7 (12)

where A is the magnetic vector potential, J is the cur-
rent density, po indicates vacuum permeability, u, Indi-
cates the relative magnetic permeability of the material
medium.

The relationship between the magnetic induction strength
B and the strength of the magnetic field can be shown to be
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related to the current density J by
B = pouH=V xA (13)

In the structural force field, the relationship between stress
and strain is

o=¢eD (14)

During the operation of a power transformer, the trans-
former produces electromagnetic vibration due to the inter-
action of electromagnetic fields, among which the main force
is the Maxwell force Fymax of the core and the magnetostric-
tive force Fyns, and the Lorentz force F; generated by the
windings. The electromagnetic force is calculated according
to (15), and the obtained results are analyzed in combina-
tion with solid mechanics, so as to realize the magnetic-
mechanical coupling:

F = Fypax + Fyps + F

= /TdS—i—/ovmst—F/J x BdV (15)
N S Vv

Among them:
Oyms = D€y

where T represents Maxwell stress tensor; oy,,,s magnetostric-
tive stress; D represents elastic tensor, which can be obtained
from Young’s modulus and Poisson’s ratio of silicon steel;
&yms 18 the magnetostrictive strain tensor, which is obtained
by interpolating the measure B — A, curve; F is the volume
force in the structural field.

The node vibration equation is:

L 16

az Teg = (16)

where M is the mass matrix, C is the damping matrix, K is the
stiffness matrix.

Combined with the virtual work displacement method,
the finite element method is used to discretize the solu-
tion element, and all the subdivision elements are collected.
The magnetic mechanical coupling model can be written as
follows:

SA =] (17
Mii +Cii+Ku = F (18)

where S is the electromagnetic matrix; u is the displacement
to be determined; A is the magnetic vector potential to be
found. When the damping effect is not taken into account,
the damping term in the vibration equation of the structure
is 0.

C. SOUND FIELD ANAYSIS

Transformer vibration to produce sound waves, is essentially
a silicon steel sheet in the micro-element movement to pro-
duce a certain displacement, which is reflected in the trans-
mission of waves, vibration displacement as an intermediate
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amount, combined with solid mechanics with the acoustic
propagation control equation can be expressed in the acoustic
transmission process (19):
5 3%u
nVu+m+ArVV.-u=p—

o2 (19)

where p is the density of the medium, »n is shear modulus,
A is the elasticity constant.In order to obtain the distribution
of the sound field around the transformer, the sound pressure
level energy of the resulting waveform needs to be calculated
to determine the noise level distribution.
Transformer-generated acoustic waves propagate through
air, and the conventional finite difference method combined
with the immersed boundary method is used to derive the
acoustic propagation control equations for acoustic waves
containing complex boundaries and moving boundaries:

ap

oy TV (V)= 0 (20)

In the formula, V = (a,b,c) is the vector form of the proton
velocity. The sound wave propagation process should satisfy
the continuity equation, momentum conservation equation
and energy conservation equation of the sound wave, and the
above equations can be solved with (19) and (20) to find the
sound field propagation equation.

Based on the results of the pre-sequential magnetic field
and solid mechanics calculations, the energy W,,, at any point
m of the sound energy around the power transformer is
obtained according to (21):

2 2
W, = ,0c1<n¢ vidSe. = pocokn Zvi’k&,kcos@n
S n

= p0cokn Y _ (It k /31)*Se kcosy (21)

n

where pgco is the characteristic impedance of the air medium;
k, denotes the sound radiation coefficient on the nth side;
v; denotes the root mean square velocity of the vibration
perpendicular to the contact surface of the air medium; S i is
the area of the intersection of the power transformer surface
unit k£ and the surrounding medium, u,  is the displacement
of the surface cell k on the nth side, cos 6, indicates surface
unit dS, x the angle between the two and the analysis point .

Using the formula (20) the sound pressure level in the
sound field around the transformer can be calculated as
follows:

Lpm = 101g (Wi /Wo) — 1gR — Q (22)

where Wy = 10~12W, W is the reference reference energy,
R, is the actual distance between measuring point m and
transformer core; Q is the degree of freedom coefficient of
the surrounding sound field, where the value of the free sound
field is 11, and the value of the semi-free sound field is 8.
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TABLE 1. Material parameters for transformer components.

Modulus of Densi
Components elasticity Poisson's ratio ker.lsﬁy
(GPa) (kg-m™)
Core 205 0.29 7650
Clamp 200 0.3 7850

FIGURE 1. 1/2 Schematic diagram of transformer model grid generation.

IV. U EXPERIMENTAL ANALYSIS OF TRANSFORMER
VIBRATION

In order to verify the correctness of the above numerical
calculation, the prototype transformer needs to be modeled
in the software first. The model established in this paper
is based on the actual size of the SGB-10kVA prototype
transformer. The finite element model mainly considers the
core, clamp, winding and other components of the trans-
former. The parameters of the prototype are shown in the
Table 1:

Due to the symmetry of the structure of the prototype
transformer, the whole transformer model is simplified to a
1/2 model, which can simplify the model and improve the cal-
culation efficiency. Then mesh them, including 7454 domain
elements, 3839 boundary elements and 944 edge elements.
The results are shown in Figure 1.

Since the magnetic properties and magnetostrictive prop-
erties are inherent properties of the material, the data of
the magnetic properties and magnetostrictive properties of
the silicon steel sheet when the transformer is running are
brought into the model for calculation. First, the input exci-
tation of the transformer is set by the current calculated
from the no-load rated voltage provided by the prototype
transformer manufacturer. In this paper, the 26A AC power
supply is used as the input excitation of the transformer, and
the windings are set to be uniform and multi-turn. Because the
prototype works at power frequency, the frequency domain
is set to 50Hz. After the designed circuit meets the operating
conditions of the transformer, carry out numerical simulation
of electromagnetic vibration and noise.

Through the modal experiment platform and electromag-
netic vibration measurement platform, the modal parame-
ters, electromagnetic vibration and noise of the three-phase
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FIGURE 2. Parameters of the modal test system.

TABLE 2. Equipment composition and main parameters of the modal test
system.

Equipment

name Type Main parameters
Collection
AMETEK-VTI-CMX09 16Access
systems
Analysis DSP SIMO Modules
systems
Maximum sine thrust
Shaker DC6000 >220N-pk
Force . . Sensitivity
Sensors Piezoelectric 29mv/N
. Sensitivity
Ichcrglz_rz)éilts)n Piezoelectric X:5.141mvig
Sensors Y:5.077mv/g
Z:5.170mv/g

transformer prototype are measured and analyzed when it is
running without load.

A. MODAL EXPERIMENTAL ANALYSIS

The AMETEK-VTI-CMXO09 signal analysis and acquisition
system used in this paper was developed by AMETEK,
a US company, which is capable of both modal vibration
data acquisition and instant analysis of the collected data.
X-MODAL software on the PC side can be imported to
analyse and calculate the collected data. The system com-
ponents are shown in Table 2 and the modal test system for
transformer specimens is shown in Figure 2.

In order to simulate the “free-free” experimental condi-
tions of the modal, the transformer specimens were flexibly
suspended from a steel test frame by means of a less damped
and less sensitive suspension rope. In order to match the
experimental modal with the actual model characteristics,
60 measuring points, 12 measuring points and 84 measuring
points were set up on the core, winding and complete surface
of the transformer respectively. The test site is shown in
Figure 3.

In this study, the modal state of the transformer under study
was first calculated using analysis software. Since the first
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(a)Coil (b)Transformer core (c)Overall

FIGURE 3. Sketch of transformer components.

x107
20
18
16
14
12
10

onN & @

(b)2nd order

(c) Third order (d) Fourth order

(e) Fifth Order

(f) Sixth Order

FIGURE 4. Calculated modal vibrations of the first six orders of the
transformer core.

few orders of modal state have a more significant effect on
the system vibration, the first six orders of modal frequency
were taken as the main object of study in this paper. The first
six orders of the transformer are shown in Figure 4.

Combined with the simulated experimental calculation
data, after the modal test completed the data acquisition at
each measurement point, the collected excitation force signal
and the response signal collected by the three-way acceler-
ation s-ensor were imported into the X-MODAL/DSP signal
proces-sing system respectively, and the first six orders of the
transf-ormer calculated and measured eigenfrequencies were
collat-ed asshown in Table 3.
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TABLE 3. First six order characteristic frequency table.

complete machine

Modal order (Hz) calculate measure
modal 1 2684.3 2147.1593
modal 2 2695.0 2424.0889
modal 3 3007.8 2570.0427
modal 4 3146.2 2873.8606
modal 5 3178.4 3046.1883
modal 6 3196.0 3281.1961

From the test obtained the transformer’s intrinsic fre-
quency, damping ratio and vibration type, the results are
brought into (3) and (4) to obtain the actual damping matrix
stiffness coefficient and mass coefficient. The obtained
transformer stiffness coefficient is 1.036 x 10~* and the mass
coefficient is 3.689 x 103. The obtained transformer mass
matrix coefficient and stiffness matrix coefficient provide
data support for the subsequent vibration and noise experi-
mental analysis.

B. TRANSFORMER VIBRATION NOISE EXPERIMENTS AND
SIMULATION ANALYSIS

In order to determine the actual vibration noise of the trans-
former, we needed to carry out an experimental analysis of
the prototype transformer under air. The 10k VA three-phase
transformer experimental platform used in this paper consists
mainly of the test prototype, an adjustable voltage three-phase
AC power supply and a vibration test system. The prototype
transformer is powered by the adjustable voltage three-phase
AC power supply, and the excitation is applied in the trans-
former working winding. 50 Hz AC power is used to ensure
the normal operation of the transformer, while vibration data
is collected using the SQuadriga_II. The vibration and noise
data acquisition analyser SQuadriga_II used in this exper-
iment is a multi-functional portable system which can be
collected by sensors to The SQuadriga_II is a multifunctional
portable system that can collect vibration and noise data
from the prototype through sensors and store them, and then
import them to the PC for analysis and processing through the
frontend mode. The prototype vibration and noise test site is
shown in Figure 5.

The complex vibration is decomposed into a number of
resonances of different amplitudes and frequencies by the
FFT transform, and the resonance amplitudes are arranged by
frequency to obtain a vibration spectrum. A three-way accel-
eration sensor was used to measure the transformer vibration,
with the X, Y and Z directions of the three-way sensor probe
corresponding to the three channels of the vibration analyser
in turn. The experimentally obtained vibration spectrum of
the prototype is shown in Figure 6.

The electromagnetic vibration of transformer is mainly due
to the periodic vibration of core caused by magnetostriction
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FIGURE 5. Field view of the prototype vibration and noise measurement
experiment.

-~

120

T
dBun/s)
100

A
=/ \VRRTTA
60 \'J \/ H\/\ﬁ, i
m ;i T
k)

b

hd
Cnd
—ns

W 8 100 200 500 1000 2000 5000 10000 20000 F/Hiz 50000

FIGURE 6. Vibration spectrum.

with the change of excitation frequency. By analyzing the
electromagnetic vibration of a 10kVA/380V three-phase
transformer, the electromagnetic vibration of transformer
under different damping conditions is studied in this paper.

To reflect the influence of modal damping on vibration it
is first necessary to carry out a vibration analysis of the trans-
former. On the basis of a correct calculation of the magnetic
field, the analysis of electromagnetic vibration is started.

The specific parameters of the experimental prototype first
need to be entered into the simulation software to calcu-
late the core flux density and coil current density in the
magnetic field in the transformer prototype as shown in
Figure 7.

Based on the calculations obtained in the magnetic field,
the magnetostrictive strain is converted into magnetostrictive
stress using the stressstrain relationship of elastodynamics,
which is brought into the vibration calculations as a load,
resulting in the vibration of the transformer as shown in
Figure 8.

This paper is based on the magneto-mechanical cou-
pling model, which is further extended to establish an analyt-
ical model of the sound field of the prototype. The purpose
of the model is to accurately calculate the magnitude of
the vibration noise generated by the prototype transformer.
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(a)Core flux density

(b)Coil current density

FIGURE 7. Results of the magnetic field distribution of the transformer
calculation model.

‘ “.4‘

|

(a)Fixed constraints

(b)Total displacement

FIGURE 8. Analysis of the solid mechanics of the transformer.

FIGURE 9. Sound field distribution of power transformers.

Figure 9 shows a schematic diagram of the transformer noise
sound pressure level.

V. COMPARISON AND ANAYSIS OF RESULTS

According to the calculation results of the damping coefficie-
nts in the previous section, the calculated mass matrix
coeffi-cient o and stiffness matrix coefficient g are brought
into the finite element numerical analysis software. By mod-
ifying bo-undary conditions and setting solvers, the over-
all damping e-ffect is considered for calculation.After the
analysis and com-parison, points A and B with clear vibra-
tion waveforms are selected as the main comparison points.
Figure 10 shows the comparison between simulation and
experiment on vibration under each condition.

From the above figure, it can be seen that the simulation
value of the transformer vibration without considering damp-
ing effect is greater than the actual experimental values, and
the simulation value without considering damping effect is
closer to the experimental values, and the partially damped
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(b)B vibration comparison chart

FIGURE 10. Comparison of experimental and simulated vibrations.

FIGURE 11. Schematic diagram of the distribution of measurement
points.

line is closer to the experimental values.Therefore, it is easy to
draw a conclusion that the electromagnetic vibration analysis
of transformers is affected by damping effect to some extent,
and considering damping effect can make the calculation of
electromagnetic vibration more accurate.

In order to verify the influence of damping on transf-ormer
noise, this paper selects three points around the transformer
C, D and E as reference points (as shown in Figure 11).
According to the calculation of transformer noise in the pre-
vious section, the change of transformernoise after adding
damping effect is analyzed.First of all, use the transformer
noise model to calculate the soun-d pressure level distribu-
tion of undamped transformer noise and the sound pressure
distribution after dampin-g, as shown in Figure 12.
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Isosurface: sound pressure level (dB) Surface: sound pressure level (dB)

(a)Transformer noise distribution before adding damping

Surface: sound pressure level (dB) Isosurface: sound pressure level (dB)
d8 d8

pmale2

[od3S

-—"Fo

(b)Transformer noise distribution after adding damping

FIGURE 12. Distribution of transformer noise sound pressure levels.

TABLE 4. Noise values at measurement points.

Measpring Measured values Undam-ped (}:rtgg Elg
points (dB) (dB) (dB)
C 3233 40.72 32.73
47.17 53.95 48.26
E 40.82 48.79 41.14

From the data in the chart, it can be seen that the noise
range of the transformer is 1.048 dB ~ 61.926 dB before the
damping parameter is added, but it is 3.426 dB ~ 73.428 dB
after the damping parameter is added.It is not difficult to draw
a conclusion that the noise of the transformer will be affected
by the damping in simulation calculation.

Then, through the simulation calculation of the noise
model, the noise decibels in three cases are obtained, and
compared with the data obtained from the noise experiment.
The comparison data are shown in Table 4.

The data in the table show that the noise values of the mea-
surement points without damping is higher than the actual
measurement values, while the noise values of the measure-
ment points with damping is lower than that without damping,
and closer to the actual measurement values. This proves once
again that the damping effect not only affects transformer
vibration analysis, but also affects the vibration and noise
analysis to some degree.
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VI. CONCLUSION

In this paper, the first six main vibration modal of the test
transformer and their corresponding damping ratios and nat-
ural frequencies are quantitatively calculated by using the
finite element simulation software, and the accuracy of sim-
ulations is verified by modal experiments. The mass matrix
parameters and stiffness matrix parameters corresponding to
the selected Rayleigh damping are calculated by using the
simulation results.In addition, the results are brought into the
damping module of the simulation software to participate
in calculations, and the results of electromagnetic vibration
and the noise distribution of the transformer are obtained.
By comparing the vibration acceleration with noise sound
pressure level, the following conclusions are drawn.

1) Under condition of transformer normal working, the
vibration noise of transformer will be affected by
damping effect.

2) The accuracy of calculation will be improved with the
addition of damping effect.

In this paper, the distribution of electromagnetic vibra-
tion and noise of transformer considering damping effects
is studied. These opinions play an important role in improv-
ing the calculation accuracy of transformer electromagnetic
vibration and noise, accurately predicting the noise level of
transformer products, and researching more effective method
of vibration reduction and noise reduction.
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