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ABSTRACT This paper proposes a method for predicting the load noise of high-voltage (HV) transformers.
When the transformer is loaded, the electromagnetic force is generated by the interaction between electric and
magnetic fields. This force, the so-called Lorentz force, induces the vibration of the winding structure causing
the load noise of transformer. Therefore, calculating the Lorentz force plays a crucial role in predicting
the load noise. Herein, a 3-Dimensional equivalent magnetic circuit network (3-D EMCN) is applied to
calculate the Lorentz force, instead of 3-Dimensional finite element analysis (3-D FEA) to shorten the
computation time. Subsequently, considering the relationship between the sound pressure and the Lorentz
force, the calculated force can be applied in the equation for the sound pressure level (SPL), which represents
the relative sound pressure on a logarithmic scale. The formula for the sound pressure varies depending on
the sound source model. The source model of load noise can be represented as a dipole source because the
structure of the transformer windings is considered as an unbaffled speaker. The transformer parameters
identified to affect the load noise are additionally considered for more accurate prediction of load noise. The
parameters identified to increase the load noise are simply multiplied to the equation, whereas those with
the opposite effect are multiplied inversely. Finally, after this compensation process, the accuracy of the load
noise prediction equation is calculated as the standard deviation of the differences between the experimental

and calculated results.

INDEX TERMS 3-D EMCN, load noise, Lorentz force, sound pressure level, transformer.

I. INTRODUCTION

The rapid growth of the entire industry and recent interest
in sustainable development have increased the requirements
for electrical power supplies and demand for high-voltage
(HV) transformers. Furthermore, noise regulations have been
established owing to the increasing interest in improving
the quality of life. The noise generated by HV transformers
should be predicted to satisfy these standards in the design
process [1].

There are several kinds of transformer noise; load noise,
caused by the electromagnetic force generated by the inter-
action between electric and magnetic fields; core noise, pro-
duced by magnetostriction of the laminated core; cooling
noise, generated by the cooling components of transformers
such as cooling fans. Among these noise sources, load noise
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becomes the dominant source of total transformer noise with
an increase in the transformer power [2]-[4].

Previous studies on the noise generated by transformers
are as follows: The effect of harmonic loads on the audible
noise of transformers was analyzed in [5]. This study showed
the relationship between total harmonic distortion (THD) and
the change in load noise but did not predict the load noise.
On the other hand, electromagnetic, structural, and acoustic
analyses of noise, considering the windings and cores of
transformers are shown in [6], [7] by applying 3-Dimensional
finite element analysis (3-D FEA). This method may pro-
vide accurate predictions of load noise, but it is difficult
to expect results in a short time because its pre-processing
and computing times are relatively long. Reference [8], [9]
focused on core noise whereas the transformer noise was
measured and analyzed, using the sound intensity method
in [10]. R.Girgis et al. determined some causes of the dif-
ferences between on-site and factory measured noise [11]
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and predicted the noise of the transformer considering core
resonance [12].

For designers, it is helpful to predict load noise of trans-
former before construction, especially during the initial
design process. To predict the load noise of various trans-
former models, it is desirable to use an analytical equation,
as the computing time for prediction can be reduced com-
pared with that of FEA. In addition, the parameters that
contribute to noise generation can be identified while deriving
the load noise prediction equation.

Thus, this paper deals with the process of derivation of
an equation, that predicts the load noise of HV transform-
ers. First, the electromagnetic force, the so-called Lorentz
force which is the main source of load noise is calculated.
A 3-Dimensional equivalent magnetic circuit network (3-D
EMCN) is applied for this calculation process, resulting in
reductions of computing and pre-processing time. Subse-
quently, because the sound pressure is generated when the
Lorentz force causes the vibration of the transformer wind-
ings, resulting in load noise, the calculated Lorentz force is
applied to the equation of the sound pressure level (SPL)
to express the relationship between the Lorentz force and
load noise. The structure of the windings and legs of the
transformer core is simplified to an unbaffled speaker, which
can be described as a dipole sound source model. This deter-
mines the form of the sound pressure equation and provides
the basis for predicting the transformer load noise. In addi-
tion, to improve the accuracy of equation for predicting load
noise, additional transformer parameters that are identified to
affect the load noise are considered. Parameters confirmed to
increase the load noise are directly multiplied to the equation,
while those with the opposite effect are inversely multiplied.
The accuracy of the load noise prediction equation is cal-
culated as the standard deviation of the differences between
the measured and calculated results. The load noise levels
from 32 transformers are measured experimentally. Finally,
to verify the accuracy of the equation, the measured load
noise results from the additional transformers are compared
with the predicted results. Fig. 1 shows the overall process
of load noise prediction generated by HV transformers. The
contributions of this study are as follows:

Load Noise

Lorentz F .
orentz Force Experiment Results

r

Calculated by

3-D EMCN Comparison

A 4

Load Noise Prediction
Equation

Sound Pressure Level
Equation

Compensation

r

Transformer Parameters

FIGURE 1. The block diagram of overall process of load noise prediction.
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o The computation time of load noise transformers can be
reduced using the proposed method.

o The load noise of transformers can be predicted accu-
rately within a standard deviation of 1.9 dBA.

o The prediction equation suggested by this study can be
applied in the design process of transformers.

Il. COMPUTATION OF THE LORENTZ FORCE

WITH 3-D EMCN

Noise is an unwanted sound produced by vibrating objects
excited by external forces. Therefore, the characteristics of
the forces and the object are necessary to predict the noise.
First, this section focuses on calculating the Lorentz force that
is generated by the transformer windings and acts on each
winding.

A. INTRODUCTION TO 3-D EMCN

The active part of the transformer where the Lorentz force
is primarily generated is shown in Fig.2. The high- and low-
voltage windings are wound on the legs which are the vertical
parts of the steel core. The yokes are the horizontal parts of
the steel core.

Low voltage

winding

High voltage
winding

FIGURE 2. Simplified structure of the active part of the transformer.

However, the computational time for calculating Lorentz
force of the transformer by 3-D FEA is relatively long.
In addition, because the geometric parameters and power
conditions vary with each transformer model, pre-processing
for analyzing each model by 3-D FEA can be troublesome.
In this study, to address these shortcomings, 3-D EMCN is
applied for the computation process. The active part of the
transformer model shown in Fig. 2 can be divided into small
elements as shown in the top right of Fig. 3. Subsequently,
the nodes of the EMCN shown in the bottom right of Fig. 3 are
applied to those elements assuming that all the nodes are
located at the center of the elements. As a result, each ele-
ment of this network can be represented as circuit parameters
thereby formulating the entire 3-D transformer model by 3-D
EMCN, as shown in the bottom left of Fig. 3. The Lorentz
forces generated by loaded transformer are calculated by
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FIGURE 3. Formulation process of the entire active part of transformer
using 3-D EMCN and the arbitrary node of 3-D EMCN.

solving equation derived from nodes of 3-D EMCN. As men-
tioned above, arbitrary nodes in 3-D EMCN is shown in right
bottom of Fig. 3 using a Cartesian coordinate system, where
u is the unknown magnetic scalar potential; the superscripts
x, y, and z denote the directions of the Cartesian coordinate
system, and the subscripts i, j, and k denote the corresponding
node position indexes. P is the permeance, which is calculated
using the geometry; F is the magnetomotive force; @ with a
dashed line indicates the magnetic flux between two adjacent
nodes. The equations for each arbitrary element can be rep-
resented by (1) and (2), using Gauss’s law and the magnetic
circuit equations between two nodes [13].
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The above equation is represented as P e u = D, where
P is the permeance matrix, u is the potential matrix, and D
is the driving matrix. Thus, the magnetic scalar potential is
obtained by solving this simple equation. Then, the magnetic
flux density of each element can be calculated using the scalar
potential.

B. CALCULATION AND VERIFICATION OF LORENTZ
FORCE USING 3-D EMCN

The 3-D EMCN shortens the computing time with sim-
ple equations and also makes pre-processing easier than
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3-D FEA. The accuracy of the 3-D EMCN is important for
accurate predictions of the load noise of HV transformers.
This can be verified by comparing the calculation results
of the 3-D EMCN for the Lorentz force with those of 3-D
FEA under the same load conditions. Grain-oriented steel is
commonly used to enhance transformer performance [14],
[15]. Thus, the relative permeabilities in each direction (i.e.,
the x, y, and z directions) are different. Fig. 4 shows that the
magnetic flux density for this transformer model obtained
through nonlinear analysis is 0.52 T.

The logarithmic form of the B-H curve for the transformer
core is shown in Fig. 5. The easy direction is the grain-
oriented direction, as mentioned above, and the others are
hard directions. The easy direction is determined by the direc-
tion of the magnetic flux. The calculation results indicate that
the range of the magnetic flux density is in the linear region
of Fig. 5. Thus, the relative permeability of the transformer
core can be applied as a constant value that enables linear
analysis. Fig. 6 shows the electromagnetic phenomenon when
currents are applied to both the high- and low-voltage coils
of the transformer. The green and red dashed lines represents

Magnetic
flux density
(T

l 0.6

Maximum : 0.52 T
Minimum : 0 T

FIGURE 4. Nonlinear analysis result of magnetic flux densities using
3-D FEA.
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FIGURE 5. Logarithmic form of B-H curve for the transformer core.
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the magnetomotive forces of the low- and high-voltage coils,
respectively. Currents are applied to the coils in opposite
directions under load conditions. Therefore, the magnetic
flux densities in the regions inside the low-voltage coil and
outside the high-voltage coil are zero. The force density is
calculated using (3), where J is the current density, B is the
flux density, and f is the force density of the coil. In Fig. 6,
the directions of the current, flux density, and force density
are presented.

JxB=f 3

AT

\\_!_ - .L

[ : Transformer core
[ : Low-voltage coil

I : High-voltage coil

FIGURE 6. Lorentz forces of the low and high-voltage coils.

FIGURE 7. 3-D 3-phase transformer model using 3-D EMCN.

Fig. 7 shows the 3-D 3-phase transformer model obtained
using the 3-D EMCN. The Lorentz force densities are cal-
culated around the circumference of the middle part of the
winding, which is in the middle leg of the transformer model.
The red square in Fig. 7 denotes this region. A comparison of
the Lorentz force densities calculated using the 3-D EMCN
and 3-D FEA is shown in Fig. 8. The radial component of
the Lorentz force density is compared. The black line with
round symbols indicates the 3-D EMCN result and the red
line indicates the 3-D FEA result. The normalized root-mean-
square error (NRMSE) between the two results is 2.6%, and
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FIGURE 8. Comparison of Lorentz force densities calculated using the 3-D
EMCN and 3-D FEA.

the computing time for the 3-D EMCN was approximately
1 min, while that of 3-D FEA was about 30 min. The results
for the computation time are listed in Table 1.

TABLE 1. Computation time for Lorentz force calculation using different
methods.

Computation method Computation time

3-D EMCN 1 min
FEA 30 min

Thus, the 3-D EMCN shortens the computing time while
maintaining the calculation accuracy. The 3-D EMCN is
applied to calculate the Lorentz force to predict the load noise
of a 3-phase HV transformer in Section III.

Ill. APPLICATION OF THE LORENTZ FORCE

TO THE SPL EQUATION

The Lorentz force generated by the transformer induces the
vibration of the winding structure. This vibration causes
acoustic propagation, thereby generating load noise. Thus,
to predict the load noise, the relationship between the Lorentz
force and sound pressure should be considered by using equa-
tions. In this section, the definition of SPL is discussed. After
the appropriate form of the sound pressure that can be applied
to the structure of the transformer is obtained, the relationship
between the Lorentz force and the SPL will be shown as an
initial load noise prediction equation.

A. EXPRESSION OF SPL

The SPL can be expressed as (4), where P, is the root-mean-
square (RMS) value of the sound pressure and P, represents
the reference sound pressure, whose value is generally 20
uPa. The unit of the SPL is decibels [16].

_ P%ms
SPL = 10logyq | -2 )
Pref

VOLUME 8, 2020



D.-K. Kim et al.: Load Noise Prediction of HV Transformers by Equation Applying 3-D EMCN

IEEE Access

1
s U °,

Lorentz for 1 |
|
| — :
| 5),
! 1
: C—— 1
\ |

— e = = = =

Unbaffled speaker model

—— =

Transformer seen from z-axis

FIGURE 9. Simplified transformer model and unbaffled speaker model.

Thus, it is important to investigate the relationship between
the sound pressure and Lorentz force generated by the wind-
ings to predict the load noise of a 3-phase transformer.

The formula for the sound pressure varies depending on
the noise source model. Fig. 9 shows a simplified model
of the transformer core and windings viewed from the z-axis.
The gray and red area indicates the core and winding, respec-
tively. The radial component of the Lorentz force acts on
the winding and causes it to fluctuate, generating load noise.
This mechanism is similar to that of a speaker. Thus, half of
the simplified model can be viewed as an unbaffled speaker.
An unbaffled speaker can be described as a dipole source
model. The RMS amplitude of the sound pressure of a dipole
model is shown in (5), where c is the speed of the sound wave,
which is approximately 340 m/s; K is the wavenumber, which
represents the rate of change of phase with the position; p is
the air density; r is the distance from the sources; s is the
distance between the two sources. Q is the monopole source
strength, which can be represented as (6) and is the surface
integral of the dot product of the normal vector for the surface
n and the particle velocity vector v [16].

(p0cK>05)
Py = . 5
V2 @rr) ®)
0= / v - nds 6)
S

B. APPLICATION OF THE LORENTZ FORCE

Equation (6) can be calculated as (7), where A is the surface
area of the winding and v is the amplitude of the particle
velocity.

Q=Av (N

The surface area can be obtained easily using the geo-
metrical information of the winding. The amplitude of the
particle velocity can be assumed as the pulsation speed of the
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winding. A forced response by harmonic excitation can be
applied in this situation because the Lorentz force acts as an
excitation force for pulsating the winding. Thus, the pulsation
speed of a vibrating object can be expressed as (8), where
Fy is the magnitude of the Lorentz force, k is the winding
stiffness, w is the frequency of the force, and m is the mass of
the winding.

Fo
% — ma? ®)

v

Subsequently, the winding stiffness can be represented
using the coil parameters. Considering the winding structure
as a finite-length cylinder, a simplified form of the stiffness
can be represented as (9), where D is the diameter of the
winding and E is the modulus of elasticity. / is the moment of
inertia, represented as (10), where d is the winding thickness,

and L. is the winding height [17].

167 El
D3 ®
d3L,

[ = —12‘ (10)

By using equations (5)-(10), the initial equation for the
sound pressure is shown as (11). The initial form of the load
noise prediction equation is obtained by (12) by applying (11)
to (4).

_ (pocKzAs) 12D3F,
"~ V2@nr) 167Ed’L, — 12D3mw?
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(167 Ed3Le — 12D3maw?) 4+/270 P ey
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Thus, the Lorentz force calculated using the 3D-EMCN,
can be applied to the SPL equation. As the Lorentz force
can be calculated within 1 min, the load noises of various
transformer models can be quickly obtained. The accuracy

of this prediction equation will be calculated in the following
section.

(In

rms

Noise = 201log (

IV. COMPENSATION AND VERIFICATION OF THE
PREDICTION EQUATION FOR LOAD NOISE

As the load noise prediction equation has been derived, it is
important to determine how the equation can accurately pre-
dict the load noise of an HV transformer. Moreover, as men-
tioned in Fig. 1 and Section II, the characteristics of the object
play significant roles in generating noise and vibration. Thus,
applying the characteristics of HV transformers can increase
the accuracy of the equation. In this section, modifications
by adding some design parameters of the transformer and
the verification of the load noise prediction equation are
discussed.

A. COMPENSATION OF THE LOAD NOISE

PREDICTION EQUATION

As noise is generated when forces act on the structure of the
object, the transformer properties related to their structures
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should be applied to the initial equation for obtaining a more
accurate noise prediction equation. Several parameters that
are considered to affect the noise generation are added to the
equation.

The thickness of the windings and insulating paper may
affect the SPL. The winding thickness can be considered to
reduce the load noise by increasing the stiffness consider-
ing (9) and (10). On the other hand, because the winding is the
main source of the Lorentz force, which is the primary cause
of load noise, the winding thickness can also be considered
as a parameter increasing the noise. The insulation paper
does not participate in generating the Lorentz force. It acts
as a bridge to transmit the vibration between the conductors
of the transformer winding and can be modeled as a spring
and damper in the transformer winding model, as shown in
Fig. 10 (a) [18], [19]. Thus, the thickness of the insulation
paper can be considered as an additional parameter for an
improved equation. A thicker insulation paper may reduce
the load noise by cushioning the vibration between the con-
ductors of the windings. The area of the tank wall is also an
important factor because the load noise generated from the
active part of the transformer inside the tank is transmitted
to the tank wall of the transformer, as shown in Fig. 10 (b),
and the load noise is measured at the outside of the tank
wall [20], [21]. Thus, the tank width of the transformer should

Equivalent spring and damper
of insulation paper

Conductors of winding

()

Tank

Propagati

0)#{))

Tank wall
vibration

(@

Winding
vibration

(b)
FIGURE 10. (a) Insulation paper modeled as an equivalent spring and

damper in the winding structure. (b) Propagation of winding vibration to
the tank wall of the transformer.
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be multiplied to the initial equation, while the thickness of the
insulation paper should be inversely multiplied. The winding
thickness, which has both increasing and decreasing effects
on the load noise, should simply be multiplied and its effect
on load noise is determined by weight factors. The modified
equation is shown in (13), where x, y, and z indicate the
weight factors of each parameter obtained by the fitting; T
is the tank width; d is the winding thickness, and ¢ is the
thickness of the insulating paper. The weight factors x, y, and
z are determined by applying generalized reduced gradient
(GRG) nonlinear method to minimize the standard deviation
of the differences between the experimental and calculated
results.

dJC
Noise = alog, (t_y (Ty)* x +b (13)

ck*AFys
mr )
B. VERIFICATION OF LOAD NOISE
PREDICTION EQUATIONS
Experiments for assessing the load noise for several models of
HYV transformers are necessary to evaluate the accuracy of the
noise prediction equation. Fig. 11 shows one of the of HV
transformers are necessary to evaluate the accuracy of the
noise prediction equation. Fig. 11 shows one of the trans-
former models whose capacity is 105 MVA. The load noise
is measured around the transformer, as shown in Fig. 12.
The mean value for each measurement point is assumed
to be the experimental load noise of the transformer. The
load noise results obtained via the experiment are compared
with the load noise calculated using the initial and improved
equations in Fig. 13. The standard deviation of the differ-
ences between the experimental and calculated results is
determined to verify the accuracy of the equations. Smaller
differences indicate that the equation predicts the load noise
more accurately. The load noise levels from 32 different
transformers were compared with the load noise levels calcu-
lated using (12) and (13). The results are shown in Fig. 14.

FIGURE 11. 105 MVA HV transformer for measuring load noise.
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FIGURE 12. Measurement points for the load noise of an HV transformer.
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FIGURE 14. Difference of load noise between experimental and
prediction results.

The voltage of the transformers used ranges from 110 to
220 kV, whereas the capacity ranges from 100 to 200 MVA.
Each point indicates the difference between the measured
and calculated noise levels. The accuracy increases when the
difference value approaches zero. The standard deviation of
the difference obtained using the initial prediction equation is
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TABLE 2. Experimental and calculated results of load noise for HV
transformers.

Model Experimqntal Ca'lculate'd .l(.)ad Calﬁg}:;eglyload
number load noise noise by initial improved
(dBA) equation (dBA) cquation (dBA)

1 68.7 67.1 70.8
2 80.7 82.5 78.5
3 78.2 81.3 76.9
4 66.8 70.9 63.6
5 723 69.4 68.4
6 79.0 77.8 77.9
7 75.2 74.7 77.6
8 70.8 72.5 68.5
9 59.0 62.4 60.3
10 68.1 74.0 68.5
11 71.1 74.2 71.6
12 47.1 49.6 47.5
13 58.9 59.0 58.2
14 66.2 62.3 64.4
15 72.6 70.2 68.8
16 72.0 73.1 70.6
17 69.6 74.6 68.6
18 70.7 68.9 72.8
19 68.3 68.7 68.7
20 70.3 67.0 70.3
21 68.4 62.1 69.8
22 62.7 53.1 63.7
23 64.7 64.9 66.0
24 62.2 60.1 67.6
25 56.0 50.0 55.6
26 65.6 62.3 66.9
27 69.3 68.2 70.2
28 70.9 68.2 72.1
29 62.4 59.6 62.7
30 62.6 62.1 62.1
31 54.6 55.4 54.9
32 69.9 79.1 70.9

3.77 dBA, whereas that obtained using the improved equation
is 1.90 dBA, showing a reduction of 1.87 dBA. Considering
the features of the forces and object, predicting the load
noise using the improved equation is more accurate. The
experimental and calculated results of the load noise for all
the HV transformer models are listed in Table 2. Moreover,
three additional transformer models are considered to verify
the accuracy of the improved equation for predicting the load
noise of the transformers. These models are different from
the 32 models listed in Table 2. The load noise levels of these
three additional transformers were measured via experiment

130675
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FIGURE 15. Verification of improved load noise prediction equation.

and these results were compared with the load noise calcu-
lated using the improved prediction equation. The differences
between the measured and calculated noise levels of the
additional transformers are 1.8, 2.0, and 0 dBA. This indicates
that the improved equation can accurately predict the load
noise of HV transformers. The result is shown in Fig. 15.

V. CONCLUSIONS

This paper presented a prediction process for the load noise
of HV transformers. A 3-D EMCN was used to calculate the
Lorentz force, which is the main source of load noise. The
proposed computation method reduced the computing time
by 29 min and shortened the pre-processing time compared
with that of the 3-D FEA. The linear analysis was possible
because of the low magnetic flux density (0.52 T) of the core.
The accuracy of the initial equation for applying the calcu-
lated electromagnetic force to the SPL was calculated as the
standard deviation of the differences between the measured
and calculated load noises, i.e., 3.77 dBA. After the modifica-
tion, the standard deviation was reduced by 1.87 dBA, yield-
ing an improved value of 1.9 dBA. Furthermore, the mea-
sured load noises of additional transformers were compared
with the calculated load noise for accuracy verification. The
standard deviation decreased to 1.87 dBA, which indicates
that this equation can accurately predict the load noise of HV
transformers. This study can help designers predict the load
noise of HV transformers before construction.
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