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Analysis of Load Noise Components in Small
Core-Form Transformers

Keiko Yoshida , Takashi Hoshino, Seiichi Murase, Hiroshi Murakami, and Tatsuya Miyashita

Abstract—We propose load noise analysis components for small
core-form transformers (1 MVA–20 MVA) using computational
fluid-structure coupled calculations that consider the electromag-
netic force, transformer structure and fluid (oil). The proposed
technique has two beneficial aspects: coil modeling using shell
elements of the finite element method (FEM), and acoustic noise
analysis using a combination of boundary element method trans-
mission path simulation and FEM structural simulation. The shell
element model, which includes structural bending information, is
less computationally intensive for simulations than solid models
because it uses larger element sizes. Lighter simulations enable
easier redesign for noise reduction. Additionally, division of the sim-
ulation process into individual structural vibrations, transmission
paths, and radiation processes makes it easier to find a remodeling
point without performing a complete simulation. We illustrate the
importance of avoiding coincidence of the natural frequencies of
the coils and the electromagnetic force and present a practical
noise reduction study. This technique can be implemented using
a light simulation that was proposed to confirm the remodeling
effects. Using the proposed analysis method along with a ray tracing
method, we can construct a frontloading design simulation tool
to determine the transformer specifications and the substation’s
geographical features.

Index Terms—Acoustic noise, vibration, electromagnetic force,
power transformer, design for quality.

I. INTRODUCTION

FROM the environmental impact viewpoint, the demand for
low noise transformers has been increasing. It is essential

to make the noise levels of these transformers conform to their
surrounding environment, particularly in heavily populated ar-
eas. The small core-form transformer has a rating that is under
20 MVA. This type of transformer is often used in relatively
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small substations, which are generally constructed in the open
air without sound-insulating walls and are sometimes located
near residential areas. This rating class of transformers is used
in larger numbers than transformers with ratings of more than
20 MVA. The design of power transformers with this rating
should thus be regular routine work rather than custom work.
Therefore, we should have conventional simulation tools for the
transformer noise levels.

Transformer noise mainly originates from the following
sources [1]: (a) no-load noise caused by magnetostrictive strain
of the core laminations; (b) noise produced by fans or oil
pumps; and (c) load noise caused by the Lorentz forces that
result from interactions between the magnetic stray field of
one current-carrying winding and the total electric currents
within the conductors of the other winding. These forces cause
vibrations in the windings that result in acoustic radiation at
twice the line frequency (100 or 120 Hz).

The countermeasure for noise source (b) depends on the fan or
pump devices used [2]. In addition, the frequency band of noise
source (b) is a broad band, but noise sources (a) and (c) produce
noise peaks at certain frequencies that tend to cause complaints
within the neighborhood of the substation.

In the past, the dominant factor in causing the noise was the
magnetostrictive vibration of the core [3]–[5], but following the
development of 6.5% silicon steel sheets [6], [7] and step-lap
cores composed of silicon steel [8], that type of noise has been
greatly reduced.

In addition, the electromagnetic vibration of the coils had
typically been considered to be the major factor behind vertical
directional displacement. Therefore, a simple one-dimensional
mass-spring analysis was used, in which the coils were modeled
as mass points and the spacers used for electrical isolation
between the coils were modeled as springs [9].

However, we have found that radial direction accelerations
cannot be ignored because the coil vibration modes move in
three dimensions, like those of disks or cylinders. Therefore,
rather than use the simple mass-spring analysis, we proposed a
numerical simulation using a 3D model [10]. Some other papers
also proposed 3D model simulations of the transformer noise
[11]–[14].

In [11], the electromagnetic vibrations of the coils were
analyzed using a 3D solid finite element method (FEM) model.
This solid model made it possible for the analysis to simulate the
vertical and radial directional vibrations, but also requires high
computing power, so it is unsuitable for use for regular routine
works of small core-form transformers.
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In [12] and [13], the cores, the winding coils, the insulation
oil, and the tank were analyzed using a 3D solid FEM model, so
a huge number of model elements would have to be calculated
for regular routine works of small core-form transformers..

In [14], to reduce the number of FEM elements, a two-
dimensional (2D) finite element model based on axisymmetric
elements was used for the coil vibrations. However, the coil
model was still overly large for inclusion in a full model that in-
cluded a tank vibration analysis. The oil was also modeled using
a solid mesh, so the tank vibration calculation involved a huge
number of elements. The number of numerical elements is very
important as an analysis target because the calculations must be
light enough to enable design by trial and error of the natural
frequency, which must not coincide with the electromagnetic
force frequency.

Consequently, we proposed to model the coils using an FEM
shell model to enable analysis of the electromagnetic noise
characteristics of the small core-form transformer, from which
substations are often constructed near residential areas, with
minimal simulation times [10]. In the case of the coil model
constructed using solid elements, each element size must be
smaller than 1/3 of the coil’s thickness to express the bending
vibration. In contrast, in the case of the coil model constructed
using shell elements, in which the elements include the factor for
the bending vibration, it is not necessary to divide the elements
in the thickness direction, and the mesh size becomes very
much larger than that in the solid elements case. The number
of model elements when using shell elements becomes less than
1/100 of that of the model using solid elements. In addition, the
calculation speed is proportional to the square of the number
of elements because the modal analysis matrix calculation size
is the square of the number of elements. With regard to our
considerations described in Chapters II and III, it is important
to avoid having natural frequencies that coincide with the elec-
tromagnetic force frequency. Therefore, the natural frequency
design must be based on light calculations that designers are
able to repeat easily and quickly. We will present an example of
the acceleration response calculation required for noise design.

We also proposed vibration propagation analysis of the oil
fluid path between the coils and the tank using the boundary
element method and vibration analysis of the tank using the
FEM [10]. It appears that there are more processes than in the
simulation performed using the FEM solid model containing
all the elements, which include the coils, the cores, the oil,
and a tank. However, the process can be automated and the
modeling can be simplified using a size changing tool formatted
in Microsoft Excel form that can translate the model to the
FEM model, so the engineers have less work to perform for
redesigns and can obtain the required answers quickly with light
calculation loads. If all elements, including the coils, cores, oil,
and tank, are made into the FEM solid model and the vibration
and vibration transmission processes of each element are solved
using a single FEM process, it is then very difficult to determine
the main reason for the acoustic noise and thus find the point
at which to remodel. Additionally, if the designers do find the
point at which to remodel, they must then repeat the simulation
with a model with a huge number of elements. Therefore, we

recommend a simulation process that is divided into solving for
the vibration responses of the coils, the vibration transmission
path of the oil to the tank, and the noise radiation from the
tank; this allows the remodel points to be found quickly and the
improvements to be confirmed by the remodels.

We demonstrate our proposed noise analysis process steps
and the analytical technique for the load noise for two practical
transformers in this paper. We also show the noise propagation
to the site boundary line, which is the focus of the environmental
impact analysis.

II. VIBRATION OF COILS

A. FEM Shell Modeling for the Coils and Tank

A small core-form transformer mainly consists of cores, wind-
ing coils, insulation oil, and a tank. High voltage (HV) coils are
formed disks by rolling a wire like a worsted yarn, and piled up
while inserting spacers. Low voltage (LV) coils, in contrast, are
wound up singly to form cylinders.

These types of structure, in which the coils are shaped as
disks or cylinders, often include bending vibration modes. If
we describe the mode shapes using solid elements, we must
then mesh more than three layers in the thickness direction. In
addition, if we include the influence of the fluid acting toward
the tank, we must use a small solid mesh for the fluid and the
sizes of the structural meshes, e.g., those of the coils, cores, or
tank, must be adjusted to the size of the fluid mesh. As a result,
a huge number of FEM meshes is required.

To solve this problem, we use shell elements for the coils’
bending vibration modes and the tank’s vibration modes that
affect the fluid mass.

B. Basic Theory of Electromagnetic Forced
Vibration Response

First, we obtain the vibration modes of the structure using
the shell FEM model of the coils. The acceleration frequency
response can be expressed using the well-known expression
given in [15]:

{a (f)} =
N∑
r=1

1

mr

{φr}T {F (f)} {φr}(
fr
f

)2

− 1 + jηr

(
fr
f

) , (1)

where f is the frequency; a(f) is the acceleration frequency
response; {a(f)}is the acceleration frequency response at each
point; mr is the rth mode mass; φr is the rth mode shape
displacement; fr is the rth mode natural frequency; ηr is the
rth mode loss factor; F (f) is the force at frequency f; {F (f)} is
the force at frequency f at each point; and {}T is the transpose
of a matrix.

The electromagnetic force of a coil is calculated using the
Lorentz force, which is given by the well-known expression

�F =
−→
I �B, (2)

where �F is the electromagnetic force; �I is the electric current;
and �B is the magnetic flux density.
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Fig. 1. Accelerometer mounting conditions used for each coil to investigate
the amplitude and phase between the coil positions.

Fig. 2. Comparison of the two vibration directions of the coils. The vertical
axis is the amplitude of the acceleration. The horizontal axis represents the sensor
positions shown in the photograph on the right.

The electromagnetic force appears in the right angle direction
of the magnetic field and the electric current. The HV coil disk
is formed using three layers of induction coils. Because �B in (2)
is generated by

−→
I , �F thus has dimensions given by the square of−→

I . In addition, the frequency f in (1) must be twice the current
frequency, i.e., if the current frequency is 50 Hz, then f in (1)
must be 100 Hz.

C. Vibration Response Example of Practical Transformer

We investigated the coil vibration of the transformer through
electrical current testing and numerical simulations. A relatively
small transformer (66 kV, 3 MVA) was used because the ac-
celerometers had to be attached to the coils directly using double-
sided tape and because larger transformers may have suffered
some electrical isolation problems when the same installation
scheme was used for the accelerometers.

We did not use a 3D laser Doppler vibrometer in this case
because we wanted to measure the vertical and horizontal direc-
tional accelerations on the curved surfaces of the coils.

The accelerometer mounting conditions for each of the coils
are shown in Fig. 1.

As shown on the left side of Fig. 1, the transformer consists of
three phase coils. By considering the symmetry of the mechan-
ical form, we measured the accelerations of the top half of one
phase coil. The right-hand side of the figure shows the setting
used to perform the axial direction acceleration measurements.
The radial direction accelerations were measured by varying the
directions of the accelerometers.

A comparison of the two directional vibrations is provided in
Fig. 2. We have found that accelerations in the radial direction

Fig. 3. Numerical models of the transformer coils used for the finite element
analysis simulations.

cannot be ignored. The simple mass points -spring analysis, in
which the coils are modeled as mass points and the spacers
used for electrical isolation between the coils are modeled as
springs in the axial direction only, is not able to detect the radial
vibrations.

Fig. 3 shows the numerical 3D simulation model of the
transformer shown in Fig. 1. We modeled the coil disks and the
cylinders using shell elements. Only the high voltage (HV) coils
are visible in Fig. 1, but low voltage (LV) coils are also located
inside these HV coils. It is difficult to measure the acceleration of
the LV coils, so we used the experimental acceleration results for
the HV coils shown in Fig. 1 for comparison with the simulation
results. The LV coils are shaped like cylinders and each contains
a single roll of 99 stacked copper wires wrapped by insulation
paper, which total thickness is 9.1 mm. The outer diameters of the
first, second, and third layers of the LV coils are 356.8 mm, 389.4
mm, and 399.2 mm, respectively. The HV coils are shaped like
74 stacked disks containing triple rolls of copper wires wrapped
by insulation paper, which total thickness is 8.6 mm. The outer
diameter of the HV coils is 584 mm. The LV and HV wires have
a Young’s modulus of 117 GPa, a Poisson ratio of 0.34, and
density of 8900 kg/m3. 12 spacers, which are 40 mm wide and
106 mm long, are inserted between each HV coil disk pair for
insulation. The spacer thickness T varies within the 3.5 mm ≤ T
≤ 12.6 mm range, depending on the cooling or wiring setup. The



YOSHIDA et al.: ANALYSIS OF LOAD NOISE COMPONENTS IN SMALL CORE-FORM TRANSFORMERS 2697

Fig. 4. Mode shapes at the natural frequency of 97.1 Hz of the coils of the
transformer obtained by finite element analysis simulations.

spacers between the HV coils were modeled to have the effects
of springs in both the axial and radial directions. The spring
constant of each spacer among the HV coils was calculated using
the spacer’s Young modulus of 11 kgf/mm2 [10] multiplied by
the area and divided by the thickness. Our models using the shell
elements were verified using the experimental mode analysis
presented in our earlier paper [10].

The electromagnetic force frequency is twice the value of
the rated frequency. In the case of this transformer, the rated
frequency was 50 Hz, so the response must be simulated at
100 Hz. We should note here that the calculation results for
the natural frequencies of such high-order modes (more than
30 modes within 100 Hz) usually include an error rate of more
than 10%. In this case, the noise levels of the 80 Hz–120 Hz
frequency range are calculated.

All vibration modes below 200 Hz must be considered in (1)
to examine the effects of the higher mode residual flexibilities
[16].

Examples of the vibration mode simulation results obtained
from this model using the FEM software NASTRAN are shown
in Figs. 4 and 5. We selected representative results near the
electromagnetic force frequency of 100 Hz. The vibration modes
of all the coils shaped the bending vibration modes of the
cylinders.

The electromagnetic forces for each layer of the HV coils
that were calculated using the electromagnetic field analysis are
shown in Fig. 6. We selected the tap position where the current
was lowest because the electrical noise effect there was the
lowest during the acceleration measurements, so some coils had
no current flow. By considering the vibration with respect to the
whole structure as being influenced by the LV coils, as in Fig. 3,
we included the LV coils in the acceleration response calculated
using (1) and calculated the electromagnetic forces of the LV
coils as shown in Fig. 7. In Figs. 6 and 7, the horizontal axis is the
coil number, where a lower number represents a higher position
in Fig. 3. The vertical axis represents the force, where a negative
value means that the phase of vibration of the coil is opposite

Fig. 5. Mode shapes at the natural frequency of 99.3 Hz of the coils of the
transformer obtained by finite element analysis simulations.

Fig. 6. Electromagnetic force for each layer of the HV induction coils. The
coils are numbered in order from the low positions. (a) Axial direction. (b) Radial
direction.

to that of another coil. For example, in the axial direction forces
of the HV coils, the force between the upper coils with numbers
higher than no. 36 and the lower coils with numbers lower than
no. 39 have an opposite-phase relationship. In the radial direction
forces of the HV coils, the force between the upper coils with
numbers higher than no. 35 and the lower coils with numbers
lower than no. 40 have the same phase relationship.

The vibration response is obtained by substituting the elec-
tromagnetic forces from Figs. 6 and 7 for F(f) in (1) and the
loss factor for each of the modes, defined as 0.01, is shown in
Fig. 8. In Fig. 8, the experimental data in each direction are
the same as those shown in Fig. 2. The vertical axis represents
the acceleration level. The conventional model calculation data
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Fig. 7. Electromagnetic force for each layer of the LV induction coils. The
coils are numbered in order from the low positions. (a) Axial direction. (b) Radial
direction.

shown in Fig. 8(a) were calculated using the model in which
the coils are modeled as mass points and the spacers used for
electrical isolation between the coils are modeled as springs
in the axial direction only. There are no data from this model
shown in Fig. 8(b) because the model cannot consider the
radial directional force. In Fig. 8(a), the proposed calculation
data are closer to the experimental data than those obtained
from the conventional model, and the accuracy of our proposed
calculation model is higher than that of the previous model in the
axial direction. However, the accuracies at points A, B, and N
became worse than the corresponding values at the other points.
The simulation models used were only the coils shown in Fig. 3,
which do not consider the top pressboard boundary condition.
In fact, the coils, including the pressboard, were set on the cores,
so the vibration was suppressed by the core.

In the frequency range of interest, the vibration modes are high
enough for the bending wavelength of the coils to be shorter than
the coil height. Therefore, the acceleration at the other points can
be used to express the vibration levels and shapes.

The calculated data tend to be the same as the experimen-
tal data in the radial direction, as shown in Fig. 8(b). This
demonstrates that the proposed model can express the coil model
vibrations more accurately than the previous method. There are
24 vibration modes in the range between 80 Hz and 120 Hz
and each of these vibration modes have an effect on the 100 Hz
vibration response. The vibration mode calculation error has a
significant effect on the vibration amplitude calculation error, as
shown in (1).

For consideration of this error, the acceleration response
indicator, aind(f), is calculated using the acceleration frequency
response calculation results from (1) when assuming a one
input–one output system, and the electromagnetic force, where

Fig. 8. Comparison of HV induction coil vibration responses between the
experimental data and calculated data. (a) Axial direction. (b) Radial direction.

Fig. 9. Acceleration response indicator results calculated using (3).

the mode mass is 1, which is defined as in (2).

aind (f) =

N∑
r=1

1
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In this case, aind(f) is as shown in Fig. 9. In Fig. 9, the bold
black line represents the amplitude of the calculation response
obtained using (3), and the other lines are the components of
each of the natural frequencies fr from the summation of (3).
The black bold line also represents the acceleration results in
the case where the natural frequencies are calculated with errors
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Fig. 10. Numerical model of the coils and cores for the finite element analysis
simulation.

with respect to the true natural frequencies. For example, if all
the calculated natural frequencies agree with the actual natural
frequencies, the acceleration response becomes 75.3 m/s2 at
100 Hz. However, if all the calculated natural frequencies have
a 3 Hz error with respect to the values of the actual natu-
ral frequencies, the acceleration response becomes 357 m/s2,
because there are five natural frequencies (96.2 Hz, 96.9 Hz,
97.07 Hz, 97.09 Hz, and 97.9 Hz) that are concentrated near
the electromagnetic force frequency. The difference between
the maximum and minimum values of the black bold line rep-
resents the possibility of an acceleration simulation error being
caused by the natural frequency calculation error. Fig. 9 also
shows the risk of matching of the natural frequency with the
electromagnetic force frequency.

If a transformer is calculated for which some frequencies
are concentrated near the electromagnetic force frequency, we
can then adjust these natural frequencies to be apart from the
electromagnetic force frequency by changing the area of the
spacers between the HV coils or the diameters of the LV coils.
The spring constant of each spacer between the HV coils is
proportional to the spacer area. The mode shapes at each natural
frequency, like those shown in Fig. 4 or Fig. 5, are also helpful
in finding the structure that must be changed.

We designed this transformer to prevent the natural fre-
quencies from occurring near the electromagnetic frequency
of 100 Hz. As a result of this design, the noise level of this
transformer was so low that it could not be heard over the 40 dB
background noise of the factory.

D. Vibration Response Simulation of Second Practical
Transformer (Relatively Larger Device)

Fig. 10 shows the numerical 3D simulation model of a second
transformer that is larger than that in Section C. This model
involves 4 LV coils shaped as cylinders and 1 HV coil shaped
as a disk, like those shown in Fig. 3. This model involves the
core structure for consideration of the top pressboard boundary
condition.

The LV coils are cylindrical and each coil contains a single
roll of 99 stacked copper wires wrapped by insulation paper,
which total thickness is 13.5 mm. The outer diameters of the
first, second, third, and fourth layers of each LV coil are 499
mm, 537 mm, 575 mm, and 613 mm, respectively. The HV
coils are shaped like 84 stacked disks containing four rolls of
copper wires wrapped by insulation paper, which total thickness

Fig. 11. Mode shapes at the natural frequency of 119.9 Hz of the coils of the
transformer produced by finite element analysis simulation.

is 11.4-mm. The outer diameter of the HV coils is 830 mm. The
moduli of the wire and spacer materials are the same as those
of the previous transformer. 16 spacers, which are 40 mm wide
and 150 mm long, are inserted between each HV coil disk pair
for insulation. The thickness T of the spacers varies within the
2.9 mm ≤ T ≤ 12.3 mm range, depending on the cooling or
wiring.

In the case where the rated frequency of this transformer is
60 Hz, the response must be simulated at 120 Hz. We should note
here that the calculation results for the natural frequencies of
such higher order modes (more than 100 modes within 120 Hz)
usually include an error rate of more than 10%. In this case,
noise levels of 100 Hz–140 Hz were calculated.

Examples of the vibration mode simulation results obtained
for this model using NASTRAN FEM software are shown in
Figs. 11 and 12. We selected representative results near the
electromagnetic force frequency of 120 Hz. There are 203 modes
of the LV and HV coil vibrations in the range up to 140 Hz,
where the mode at 119.9 Hz is the 106th mode and the mode at
120.0 Hz is the 107th mode. The vibration modes of all the coils
are shaped like the bending vibration modes of cylinders. The
number of bellies in the vibration modes is higher than those in
Fig. 4 and Fig. 5. A larger transformer has more vibration modes
than a smaller transformer within the same frequency range.

In a similar manner to Fig. 9, the results for the acceleration
indicator aind(f) calculated for this case using (3) are shown in
Fig. 13. In Fig. 13, the acceleration levels are likely to remain at
higher levels than those in Fig. 9 because of the number of natural
frequencies that exist close together within the narrow frequency
band. A small transformer like that in Section C is easy to
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Fig. 12. Mode shapes at the natural frequency of 120.0 Hz of the coils of the
transformer produced by finite element analysis simulation.

Fig. 13. Acceleration response indicator results calculated using (3).

design with a natural frequency that avoids the electromagnetic
force frequency but in this case, it is not easy to design the
transformer with a natural frequency that avoids coinciding
with the electromagnetic force frequency because there are too
many natural frequencies within the operating frequency band.
However, if the natural frequency calculation error is less than
±20Hz, the largest error is less than 20 dB because the highest
level is 575.3 m/s2 and the lowest level is 55.5 m/s2, as shown
in Fig. 13. This vibration level error influences the noise level
error, which will be described in Chapter VI. Additionally, in the
higher frequency band, there are so many natural frequencies,
i.e., the mode density becomes high, that the probability of an
acceleration response becomes rather higher than that in the
lower frequency band. It is important to construct the structures
of the coils, including the spacers, by increasing their rigidity.

III. NOISE ANALYSIS OF TRANSFORMER COILS

Next, we analyzed the noise around the transformer using the
coil vibrations obtained using our proposed shell model-based
FEM analysis technique, which was discussed in the previous
section. Before performing the noise analysis, we must first
obtain the vibration of the tank, which becomes the noise source
for the sound receiving points located around the tank as part
of the standard test at the factory or on the site’s boundary line.
There are two vibration propagation paths from the coil to the
tank, i.e., the oil and the mounting components between the
transformer and the tank.

Here, we use the transformer that was used in Chapter III,
Section D, which has a signal-to-noise ratio, i.e., the transformer
noise versus the background noise of the factory, that is higher
than that of the other transformer.

A. Basic Theory of Transmission Through Fluid by Boundary
Element Method (BEM)

We used the BEM to analyze the transmission from the coil
vibrations to the tank through the oil and from the tank vibrations
to the sound receiving points located around the tank as part
of the standard test at the factory. Rather than the BEM, the
ray tracing method (RTM) is used to analyze the transmission
to the sound receiving points on the site boundary line from
the vibrations of the tank or the sound insulation wall bodies
surrounding the tank. Because a substation includes multiple
obstacle constructions over the distance from the noise source
to the site boundary line, we can obtain the results more quickly
using the RTM than when using the BEM [17], [18]. The RTM
is a classical analytical method and is described in more detail
in Section D.

The BEM is a numerical computational method for solution
of linear partial differential equations that have been formulated
as integral equations. This method attempts to use the given
boundary vibrational conditions to fit the acoustic boundary
values into an integral equation. Using the Green’s function φ,
which satisfies the scalar wave equation, the sound pressure at
point q on a boundary area S is defined as [19]:

pq = − 1

2π

∫∫
S

{
φ
∂p

∂n
− p

∂φ

∂n

}
dS, (4)

where pq is the sound pressure at point q; ∂p
∂n is the partial dif-

ferential function of the sound pressure in the normal direction;
S is the boundary area; φ is the Green’s function, defined as
e−jkr

r ; r is the distance between point q and each point of S; k
is the wave number (ω/c); ω is the angular frequency; and c is
the speed of sound.

For the numerical simulations, (4) can be derived by discretiz-
ing the boundary area S into N elements, as

pl = − 1

2π

N∑
m=1

∂pm
∂n

∫∫
Sm

φlmdS − pm

∫∫
Sm

∂φlm

∂n
dS,

(5)
where pl is the sound pressure at element l; ∂pm

∂n is the partial
differential function of the sound pressure at element l in the
normal direction; r is the distance between elements; φlm is the
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Fig. 14. Coils, cores, and tank model of the transformer used for the acoustic
BEM numerical calculations. (a) Coils and cores. (b) Tank.

Green’s function of distance between element l and element m;
Sm is the area of element m; and ∂φlm

∂n is the partial differential
function of the Green’s function between element l and element
m in the normal direction.

∂pm

∂n is derived as an acceleration using (1), which multiplies
the partial mass of element m as follows:

∂pm
∂n

= −ρa(f) (6)

To calculate (5), we used the LMS International SYSNOISE
software that is integrated into the Siemens Simcenter software
system [20].

B. Numerical Model and Simulation Procedures for Acoustic
Noise Response Around Transformer

In this section, we focus on the acoustic noise response around
the transformer in the factory test performed before shipping.
The numerical model of the coils and the tank is shown in
Fig. 14. The models of the coils and cores from the vibration
simulation model of Fig. 10 were applied and the vibration
acceleration results are substituted for a(f) in (6). The width,
length, and height of the tank are 3418 mm, 1300 mm, and 2409
mm, respectively. The tank thickness is 9 mm and some parts
have reinforcement members with thickness T that varies within
the 9 mm ≤ T ≤ 12 mm range. The vibration acceleration of
each phase coil is given a phase difference of 120 degrees with
respect to each other. The coil washer is placed on the base of
the transformer and fixed at 6 degrees with respect to the tank.
The tank is made from steel (SS400) and is filled with oil with
a density of 900 g/m3. The tank is constructed from steel panels
with vibration modes that are influenced by the oil fluid mass
[14] [21], so the modal analysis of the tank is performed using a
fluid–structure coupled analysis. We used NASTRAN MFLUID
analysis [21] to perform the fluid–structure coupled analysis.

The simulation procedures for noise transmission via the oil
i.e., structure-fluid coupled sound, are described as follows.

1) The acceleration a(f) of the coils in (1) is calculated by
substituting for the electromagnetic forceF (f) calculated
using �F in (2).

2) The sound pressure of the oil at the tank wall boundary is
calculated using (6) based on the acceleration a(f) of the
coils.

Fig. 15. Mounting components between the transformer and the tank, which
is one of the vibration transmission paths from the coil to the tank.

3) The vibration modes, i.e., mr, φr, and fr in (1), for the
tank with oil are analyzed via the fluid–structure coupled
analysis.

4) The acceleration a(f) of the tank wall in (1) is calculated
by substituting for the acoustic pressure of the oil at the
boundary of the tank wall × the numerical mesh element
area calculated using �F in (2).

5) The sound pressure at the boundary of the sound receiving
point mesh, which is arranged around the tank at the
factory, is calculated using (6) with the acceleration a(f)
of the tank wall.

Additionally, the coil vibration propagates to the frame
through the mounting components, and the frame vibration then
propagates to the tank. The simulation procedures for noise via
the connecting structure (mounting components), i.e., structure-
borne sound, are described as follows.

1) The vibration modes, i.e., mr, φr, fr in (1), of the whole
model, including the coils, the frames, and the tank with
oil, are analyzed via the fluid–structure coupled analysis.

2) The acceleration a(f) in (1) for the tank wall is calculated
by substituting for the electromagnetic force F (f) in (1).

3) The sound pressure at the boundary of the sound receiving
point mesh is calculated using (6) along with the acceler-
ation a(f) of the tank wall.

The numerical model of the interior of the tank and the
mounting components between the transformer and the tank
(which is one of the vibration transmission paths from the coil to
the tank) is shown in Fig. 15. The steel core is connected to both
the upper and lower frames. The vibration of the steel core is not
considered in this case; only the mass and connection effects for
the frame are considered.

The actual noise simulation is led by the summation of the
noise caused by the tank vibration propagating from the coils
via the oil.

C. Simulation Results for the Noise Level in the Factory

Examples of the contour maps of the calculated results for
the sound pressure level (SPL) and the noise level (A-weighted
SPL) at the sound receiving points (called ‘the field point mesh’
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Fig. 16. Calculation results of the sound pressure level (SPL) contour map
and the maximum noise level (A-weighted SPL) at 120 Hz. (a) Structure-fluid
coupled sound at 120 Hz Max noise level: 75 dB). (b) Structure borne sound at
120 Hz (Max noise level: 64 dB).

TABLE I
MAXIMUM NOISE LEVEL CALCULATION RESULTS

Fig. 17. Noise level measuring points from top view for the transformer noise
level definition.

in SYSNOISE) at 120 Hz are shown in Fig. 16. The contour
maps of the vibration levels of the tank are also shown. The
maximum noise level at each frequency is shown in Table I.

The transformer noise level measurement points are shown
in Fig. 17. These points were measured at a distance of 30 cm
away from the tank wall. The heights of these measurement
points are at 1/3 and 2/3 of the transformer height. As such, the
sound receiving point mesh for procedure 3 is constructed on an
exterior plane located 30 cm away from the tank wall.

The noise level calculation points on the sound receiving
points of the simulations are shown in Fig. 18. These calcu-
lation points are located at almost the same positions as the
measurement points.

The measurement results for the noise levels at each point
in Fig. 18 are shown in Table II and a comparison between
the measurement results and the calculated results is shown in
Fig. 19. In Fig. 19, the measurement results exist within the range
of the calculation results from 100 Hz–140 Hz. To be on the safe
side, and because of the number of modes present, we recom-
mend in the actual noise design that the electromagnetic noise be
calculated within a frequency range of ±10% of twice the rated

Fig. 18. Noise level calculation points for the transformer noise level for
comparison with the measurement results.

TABLE II
NOISE LEVEL MEASUREMENT RESULTS (BACKGROUND NOISE: 43.8 dBA)

Fig. 19. Comparison of noise levels between measurements and calculations.
The horizontal axis represents the height ratio of the transformer.

frequency of the transformer. In Fig. 19, the dispersion range
of the noise levels of the calculated results is approximately
20 dB. This range is nearly equal to that of the acceleration
response shown in Fig. 13. If there are few natural frequencies
near the electromagnetic force frequency, such as those of the
transformer considered in Fig. 9 in Chapter II, Section C, we can
set the natural frequencies to be apart from the electromagnetic
force frequency through structural design. However, when there
are many natural frequencies near the electromagnetic force fre-
quency, it becomes more difficult to set these natural frequencies
apart from the electromagnetic force frequency. We must design
the transformer by assuming the worst case scenario and thus



YOSHIDA et al.: ANALYSIS OF LOAD NOISE COMPONENTS IN SMALL CORE-FORM TRANSFORMERS 2703

Fig. 20. Example noise calculation results for site boundary. Counters are
noise levels on the premises and the noise propagation characteristics.

recommend performing the simulation within a frequency range
of ±10% and also make the structures of the coils, including
the spacers, as rigid as possible. In the case of the transformer
considered here, the natural vibration frequencies in this range
are considered to have been calculated as being lower than that
of the practical transformer. In other words, the structures of
the coils and spacers of this transformer are constructed with
higher rigidity than in the assumption made in the simulation.
As a result, the measurement data became close to the lowest
noise simulation results attained at 100 Hz.

D. Noise Propagation for Site Boundary Line

The noise level on the site boundary line must be lower than
the environmental low level for each region. If the substation is
located near a residential area, some special treatment is required
for the environmental noise.

Usually, when the outdoor noise level measurement point is
located more than several meters away from the noise source,
it is analyzed using the ray tracing method (RTM), which is a
conventional computational calculation method [17], [18], [22],
[23] that is often used in architectural acoustics in particular and
considers the diffractions and reflections of acoustic waves.

The level of noise at the site boundary line that is caused by the
transformer is calculated using RAYNOISE [23]. This software
is integrated into the Siemens Simcenter software system [24].
An example of the noise calculation results at the site boundary
line is shown in Fig. 20.

If the transformer is covered using some sound insulation
walls, the noise source for the site boundary line is then con-
sidered to be the sound insulation wall. The vibration of the
sound insulation wall can be calculated in the same way that we
calculated the vibration of the tank (see parts A and B). The space
between the tank and the wall is filled with air, so the fluid in the
calculation in step 3 of the fluid–structure coupled analysis is air
and can be applied to perform an air–structure coupled analysis.
The analytical scheme for the transformer specifications and
the geographical features of the substation, including the sound
insulation walls, are shown in Fig. 21.

IV. CONCLUSION

For electromagnetic noise analysis of a transformer, we pro-
posed the use of a shell element-based FEM model for the numer-
ical model that enabled lighter computational simulations, and

Fig. 21. Diagnostic routine for transformer noise.

division of the simulation process into each structural vibration,
transmission path, and radiation process makes it easier to find
the remodel point than performing the complete simulation at
one time. We presented a calculation example that involved
designing the natural frequency to be apart from the electro-
magnetic force frequency. These noise reduction considerations
need to be calculated quickly during the design process.
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