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A recently developed calculation scheme for the computer modelling of the
load-controlled noise of oil-insulated three-phase power transformers is presented. This
modelling scheme allows the precise and e$cient computation of the coupled
electromagnetic, mechanical and acoustic "elds. The equations are solved using the "nite
element method (FEM) as well as the boundary element method (BEM), resulting in
a separation of the calculation of the winding and tank surface vibrations (using FEM) and
the computation of the acoustic free-"eld radiation (using BEM). The complex dynamic
behaviour of the loaded transformer can then be studied and, furthermore, an appropriate
computer-aided design including an investigation and optimization of design parameters
can be established.

The validity of the computer simulations has been veri"ed by means of appropriate
measurements. Simulated and measured values for winding and tank surface vibrations as
well as sound power levels of the loaded transformer are found to be in good agreement. The
applicability of the calculation scheme with respect to the computer-aided design of power
transformers is demonstrated by reporting two practical applications: the in#uence of the
sti!ness of winding supports and the in#uence of the tap changer positions.

� 2002 Academic Press
1. INTRODUCTION

The sound emission of power transformers con#icts more and more with stricter low
emission standards, which must be ful"lled, especially at night. Therefore, the prediction
and reduction of these sound emissions is of increasing interest for the electrical power
industry.

The transformer noise is mainly caused by the following sources [1, 2]: (1) the no-load
noise caused by magnetostrictive strain of core laminations; (2) the noise produced by fans
or oil pumps; and (3) the load-controlled noise caused by Lorentz forces resulting from the
interaction between the magnetic stray "eld of one current-carrying winding and the total
0022-460X/02/070323#16 $35.00/0 � 2002 Academic Press
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electric currents in the conductors of the other winding. These forces cause vibrations of the
windings and result in acoustic radiations with twice the line frequency (100 or 120Hz).

In recent decades, the magnetic noise caused by magnetostrictive strain of the core
laminations and the noise of fans have been investigated and reduced considerably [3}5].
Due to these improvements, the coil-emitted noise has become of increasing interest and,
therefore, has recently been the subject of investigations [6]. At present, approximate
empirical prediction formulae, which primarily depend only on the rated power of the
transformer, represent the state of the art. However, the main disadvantage of these
prediction formulae is that accurate parameters on the load-controlled noise are not
available. Since experimental-based investigation of the coil-emitted noise is a lengthy and
costly process, the need for appropriate numerical simulation tools arises.

So far, neither "nite element methods (FEM) nor boundary element methods (BEM) have
been e!ectively utilized in the prediction and investigation of the load-controlled noise of
power transformers. Therefore, most transformer manufacturers still rely on the empirical
prediction formulae. The main reason for the lack of computer simulations based on FEM
and BEM is the complex interaction of di!erent design parameters and the coupled physical
"elds. Since, in the case of oil-insulated power transformers, the interaction with the
surrounding oil within the tank must not be neglected, the loaded transformer represents
a typical magnetomechanical system immersed in an acoustic #uid. That is why, for the
precise calculation of the load-controlled noise, the electromagnetic "eld, the mechanical
displacement "eld, as well as the acoustic pressure "eld, including their couplings, have to
be considered as one system that cannot be separated. Due to the complexity of this
multi-"eld problem, the straightforward application of standard simulation tools su!ers
from problems of great ine$ciency and has shown only limited success.

Therefore, the following steps have been taken into account for these points and, thus, to
overcome some of the shortcomings of commercially available general purpose FEM}BEM
packages.

� Special so-called magnetomechanical "nite elements allow the simultaneous solution of
magnetic and mechanical systems and take account of their strong mutual coupling [7].

� Furthermore, a recently developed modelling scheme for a voltage-loaded moving coil
enables the coupled system to be treated in a single calculation step [8]. These special
so-called magnetomechanical coil elements di!er from the standard iterative coupling
scheme, where magnetic and mechanical systems are iterated until equilibrium of the
whole system is reached.

� Furthermore, in order to consider exactly the feedback between the magnetomechanical
device and the surrounding acoustic #uid, acoustic "nite elements solve the general linear
wave equation governing the propagation of acoustic waves in the ambient #uid and
ensure the coupling between the mechanical and acoustic quantities [9].

� Finally, due to sophisticated algorithms and data structures, all matrices as well as
auxiliary data are kept in the computer's memory. Therefore, no additional disk space is
needed and time-consuming data transfer is reduced to a minimum

This calculation scheme has been implemented in the "nite element/boundary element
program CAPA [10], which is used here for modelling the dynamic behaviour of power
transformers.

In the following, the theory of coupled magnetomechanical}acoustic systems is "rst
reviewed and the corresponding combined "nite element and boundary element models are
described. Next, comparisons between simulation results and corresponding measured data
are shown for veri"cation purposes. Finally, the application of computer simulation studies
are presented which investigate the in#uence of the sti!ness of winding supports and tap
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changer position on the winding and tank surface vibrations as well as on the surrounding
sound pressure levels.

2. GOVERNING EQUATIONS

For the computer simulation of the load-controlled noise of oil-insulated power
transformers, the following physical "elds have to be modelled.

2.1. MAGNETIC FIELD

The governing equation describing the magnetic part of magnetomechanical systems can
be derived from Maxwell's equations. Due to the solenoid magnetic "eld, the magnetic #ux
density B can be expressed as the curl of the magnetic vector potential A

B"��A. (1)

In the case of low frequencies (neglecting displacement current), the magnetic "eld is
described by the partial di!erential equation [11]
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denotes the free current density, � the permeability, < the scalar electric potential

and � the electrical conductivity. The second term of the right-hand side of equation (2)
represents the induced eddy current density in an electrically conductive body at rest, which
is placed in a time-varying magnetic "eld. The third term of equation (2) expresses the
current density due to the potential di!erence in a conductor.

2.2. MECHANICAL FIELD IN A SOLID

In the case of linear elasticity and isotropic material data, the dynamic behaviour of
mechanical systems can be described by the following partial di!erential equation [12]:
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In equation (3), E denotes the modulus of elasticity �, the Poisson ratio, � the density, f
�
the

volume force and d the mechanical displacement.

2.3. ACOUSTIC FIELD IN A FLUID

The propagation of an acoustic wave in a homogeneous non-viscous #uid medium is
governed by the linear wave equation [13]
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where p is the acoustic pressure and c the sound velocity in the #uid. The scalar velocity
potential �, given by

p"�
��
�t

, (5)

with � denoting the density of the #uid, obviously satis"es the same equation
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In order to obtain a full description of the dynamic behaviour of a loaded power
transformer, all coupling terms between the three physical "elds have to be considered (see
sections 2.4 and 2.5).

2.4. COUPLING &&MAGNETIC FIELD } MECHANICAL FIELD''

In the case of a moving conductor in a magnetic "eld, the term

�v�(��A) (7)

has to be added to equation (2). This term represents the induced eddy current density in an
electrically conductive bodymoving with velocity v in a magnetic "eld (motional emf). Here,
the velocity v is given as the time derivative of the mechanical displacement d:
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However, in the case of loaded power transformers, the main coupling between the
mechanical and the magnetic "eld is due to the magnetic volume force f

�
resulting from the

interaction between the magnetic stray "eld of a current-carrying winding and the total
electric currents in the other winding. These Lorentz forces, which are proportional to the
squared electric current, cause the vibrations of the windings and result in acoustic radiations
with twice the line frequency (100 or 120Hz). This volume force can be computed by
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where J denotes the total electric current density.

2.5. FLUID}SOLID INTERACTION

In the case of a #uid}solid interaction, continuity requires that the normal component of
the particle velocity ��/�n of the #uid must equal the normal component of the surface
velocity v

�
of the solid at the interface. Thus, the following coupling condition at

a #uid}solid interface is derived:
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Figure 1. Overview of the calculation scheme.
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3. COMBINED FINITE ELEMENT AND BOUNDARY ELEMENT MODELS

3.1. OVERVIEW

In this paper, the governing equations are solved using the "nite element method (FEM)
as well as the boundary element method (BEM). Thereby, a separation of the computation
of the winding and tank surface accelerations (using FEM) and the calculation of the
acoustic free-"eld radiation (using BEM) can be achieved (see Figure 1). Furthermore, for
veri"cation purposes, the acoustic radiation within a high-voltage laboratory has been
modelled using a three-dimensional acoustic}mechanical "nite element model.

The theory of the underlying "nite element and boundary element scheme has already
been reported in references [7, 8, 14] and will not be repeated here. Meanwhile, the scheme
of the voltage-loaded moving coil reported in reference [8] has been updated by a more
e$cient approach [15]. Since each winding of the coil must carry the same current I, this
also has to be ensured for each "nite element. Therefore, when a large number of "nite
elements is required for the discretization of the coil domain, the amount of non-zero entries
in the coupling matrix increases resulting in a poor band structure of the overall system
matrix. To overcome this shortcoming, the advanced coil-modelling scheme reported in
reference [15] enables a decoupling of the de"ning equations for the magnetic vector
potential and the current. Furthermore, the resulting system of equations now contains only
the e!ective mass matrix of the magnetic system instead of the overall system matrix [15].
The required computer resources are thereby reduced tremendously (see section 3.2).



Figure 2. Axisymmetric acoustic}magnetomechanical "nite element model of one winding of the oil-"lled
power transformer.
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3.2. MODELLING OF THE WINDING VIBRATIONS

The "rst step in the modelling scheme calculates the outermost winding surface
displacements by an acoustic}magnetomechanical "nite element model of one winding of
the oil-"lled transformer. Due to rotational symmetry of the windings and symmetric load
(as a result of the ideal measurement condition in the factory test "eld), a two-dimensional
(2D) "nite element model based on axisymmetric elements can be used (see Figure 2). In the
"nite element model, the voltage-loaded conductors of the windings are discretized using
the so-called magnetomechanical coil elements. These elements solve the equations
governing the electric circuit, the magnetic as well as the mechanical "eld quantities, and
take account of the full coupling between these "elds (see section 2). All winding clamping
and insulation materials between each coil as well as the winding support platforms are
modelled using magnetomechanical "nite elements, which solve the coupled magnetic and
mechanical "eld quantities. Instead of a complete model of the highly permeable core by
magnetic "nite elements, this computer model was simpli"ed by applying Neumann
boundary conditions at the border of the winding window (see Figure 2). Furthermore, the
surrounding oil within the tank is discretized using pure acoustic "nite elements and
magnetic}acoustic "nite elements (solving the magnetic as well as the acoustic partial
di!erential equation without any coupling). Finally, the tank is modelled using standard
mechanical "nite elements.

Additionally, the following aspects have to be considered for the precise computer
simulation of the winding vibrations of loaded power transformers.

(1) To measure the load-controlled noise in a factory test "eld, the transformer has to be
operated at short circuit and at rated currents. In this case, due to the small voltage
during the short-circuit test, the core-emitted noise can be neglected and, therefore,
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a clear distinction between the no-load noise and the load-controlled noise can be
achieved. In the simulations, this e!ect was taken into account by modelling the
innermost low-voltage (LV) winding as a voltage-loaded coil with an external voltage of
zero. The high-voltage (HV) winding and both in-series connected, outermost tapping
windings, however, are loaded with the measured short-circuit voltage in &&star
connection''.

(2) Furthermore, the core clamping supports have been ignored in the "nite element model
to reduce the e!ort. Therefore, the in#uence of these supports, which consists of an
additional axial sti!ness of the winding, is realized by so-called spring elements. As
shown in Figure 2, these spring elements have been located at the outside boundary of
the upper and lower winding support platform. In the simulations a sti!ness of
85MN/m has been used, which is in accordance with the experience of the transformer
manufacturers.

(3) Finally, since measurement results revealed a large in#uence of the tap changer position
on the measured vibrations and sound pressure levels, the following simulations have
been performed for three nominal positions.

� ¹ap changer position 1. The HV winding and both tapping windings are connected
in-series.

� ¹ap changer position 2. The HV winding and the coarse tapping winding are connected
in-series.

� ¹ap changer position 3. Only the HV winding is connected.

For the computation of the amplitude of the winding surface displacements, a dynamic
analysis using a sinusoidal 50Hz (or 60Hz) excitation signal for the voltage between the two
supply terminals of the high-voltage windings was performed. It should be noted that
further input parameters are the geometry of the power transformer, the density, modulus of
elasticity, the Poisson ratio and loss factor for the mechanical materials (tank, conductors,
insulation and clamping materials), the electrical conductivity for the conductors as well as
the density and bulk modulus for the surrounding oil. After the computation of the response
signals (current in the conductors of both windings as well as mechanical displacements of
the outermost winding), the Fourier transform of the output signals has to be calculated.
Finally, the 100Hz (or 120Hz) component of the spectrum must be extracted.

In the computer simulations 60 000 "rst order "nite elements have been used, resulting in
a total number of about 200 000 unknowns. On an SGI, Octane R12000-300 MHz
computer, a transient analysis with 1200 time steps required 18 h of CPU time and 1GByte
of physical memory. Using the conventional coil-modelling scheme reported in reference
[8], the same computations required 3.2GByte of physical memory and 58 h of CPU-time.

3.3. MODELLING THE OIL-FILLED TANK

In the second step in the developed calculation scheme, the previously calculated winding
surface displacements are now taken as mechanical excitation in a three-dimensional
acoustic}mechanical "nite element model of the complete oil-"lled tank (see Figure 3).
Furthermore, in the three-dimensional "nite element model, the 1203 phase shift between
the three windings is taken into account.

In this model the tank, the core clampings, as well as the connections between core
clampings and the top of the tank, are modelled using mechanical "nite elements.
Furthermore, the surrounding oil within the tank is discretized using acoustic "nite
elements. Finally, the additional sti!ness of the core clamping supports is again



Figure 3. Three-dimensional acoustic}mechanical "nite element model of an oil-"lled transformer.
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implemented using spring elements. Because the load-controlled noise is primarily a simple
100Hz (or 120Hz) tone, a harmonic analysis for this single frequency has been performed in
these simulations. The "nite element model consisted of 210 000 three-dimensional "nite
elements, resulting in a total number of about 93 000 unknowns. On an SGI, Octane
R12000}300MHz computer, the in-core solution for the single frequency simulation took
14h of overall CPU-time and 3.7GByte of physical memory.

3.4. MODELLING OF THE RADIATED SOUND FIELD

In the "nal step, the previously calculated tank surface vibrations are now applied as
mechanical excitation in the "nal acoustic simulations to calculate the radiated transformer
noise. Here, the free-"eld radiation and the radiation within closed rooms such as
a high-voltage laboratory are calculated (see Figure 1).

For the computation of the free-"eld sound radiation, the complete structure of the tank
has been discretized using boundary elements (see Figure 4). Due to the fact that the
coil-emitted noise is primarily a simple 100Hz (or 120Hz) tone and that the vibrating air
surrounding the transformer does not react on the tank vibrations, a boundary element
method is well suited for predicting transformer noise radiation from acceleration data.
Furthermore, in these simulations the transformer was assumed to be positioned on an ideal
re#ecting ground, so that a half-space boundary condition could be applied. The model
consisted of 3300 boundary elements and the calculation of a single frequency simulation
took 40min of overall CPU-time and 160MByte of physical memory on an SGI, Octane
R12000}300MHz computer.

On the other hand, for the computation of the sound radiation within a high-voltage
laboratory, a three-dimensional acoustic}mechanical "nite element model has been set up
(see Figure 5). Here, the tank of the transformer is discretized using mechanical "nite
elements. Furthermore, the surrounding air within the test hall is modelled using acoustic
"nite elements. The walls of a typical high-voltage laboratory are not covered with any
absorbing material. Therefore, in these simulations the transformer was assumed to be
positioned within a room with ideal re#ecting walls. In this computer simulation, 640 000



Figure 4. Three-dimensional (3-D) boundary element model of the transformer tank.

Figure 5. Three-dimensional acoustic}mechanical "nite element model of the transformer tank and the high-
voltage laboratory.
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three-dimensional "nite elements have been used. The resulting system of equations had
a total number of 115 000 unknowns and the harmonic calculation of a single frequency
simulation took 9h of overall CPU-time and 3)5GByte of physical memory on an SGI,
Octane R12000}3000MHz computer.

4. VERIFICATION OF THE COMPUTER MODELS

The veri"cation of the computer models described above has been performed by
comparing simulation results with corresponding measured data. It should be noted that
due to the complexity of the sound emission of the loaded power transformer, analytic
calculations are unavailable and, therefore, cannot be used for veri"cation purposes.

4.1. VERIFICATION OF THE CALCULATED WINDING AND TANK SURFACE VIBRATIONS

In a "rst step, the axisymmetric "nite element model has been veri"ed by comparing
measured and calculated short-circuit currents, mechanical eigenfrequencies as well as
winding surface accelerations.

In Table 1, the short-circuit currents obtained by measurements as well as simulations are
shown for two tap changer positions. The good agreement between measured and
calculated values (deviation is within 1)25%) validates again the developed coil-modelling
scheme.



TABLE 1

Measured and simulated short-circuit currents

Measurement Simulation
(A) (A)

Current in LV winding at tap changer position 1 825 832
Current in HV winding at tap changer position 1 159 161
Current in LV winding at tap changer position 2 825 825
Current in HV winding at tap changer position 2 180 181

Note: LV, low-voltage; HV, high-voltage.

Figure 6. Comparison of measured and simulated transfer functions and mechanical eigenfrequencies of the
winding mounted on the core: ** , measurement with piezoelectric accelerometer; ) ) ) ) ) ), "nite element
simulation.
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Next, the measured and calculated transfer functions and mechanical eigenfrequencies of
the complete winding system mounted on the core have been compared (see Figure 6). The
deviation at the second eigenfrequency is due to the fact that the actual winding does not
show an exact axisymmetric construction. Furthermore, it should be noted that the winding
was axially excited at the upper winding support platform and the resulting radial coil
acceleration of the outermost winding was measured as well as simulated.

In a "nal veri"cation of the axisymmetric "nite element model, the simulation results
have been compared with corresponding measured winding surface accelerations. Here, the
axial accelerations on the upper winding support platform and the radial vibrations on the
outermost "ne tapping winding were measured using an oil-resistant piezoelectric
accelerometer. The measurements showed that the sensitivity of these sensors against
electromagnetic interferences of the high-voltage windings is negligible. Furthermore, the
derivations of subsequent measurements were within a range of $1)5%. In Table 2, the
winding vibrations of the transformer without tank, and in Table 3 the normalized
accelerations of the transformer with oil-"lled tank are compared respectively. In the case of
the transformer with an oil-"lled tank (see Table 3), measurements as well as simulations
reveal that the surrounding oil does not in#uence the axial accelerations of the winding
support platform. However, due to the mass-loading e!ect of the surrounding oil, the radial
coil acceleration amplitudes are nearly halved when compared to the vibrations ignoring



TABLE 2

¹ransformer without oil-,lled tank: measured and simulated winding accelerations

Measurement Simulation
(m/s�) (m/s�)

Radial coil acceleration at tap changer position 1 0)047 0)046
Axial clamping acceleration at tap changer position 1 0)036 0)037
Radial coil acceleration at tap changer position 2 0)021 0)019
Axial clamping acceleration at tap changer position 2 0)031 0)032

TABLE 3

¹ransformer with oil-,lled tank: measured and simulated winding accelerations

Measurement� Simulation�

Radial coil acceleration at tap changer position 1 0)59 0)62
Axial clamping acceleration at tap changer position 1 0)96 0)99

�Normalized to the corresponding result without an oil-"lled tank (see Table 2).

TABLE 4

Measured and simulated tank accelerations

Position Measurement Simulation
(m/s�) (m/s�)

1 0)16 0)13
2 0)063 0)075
3 0)14 0)1
4 0)055 0)07
5 0)04 0)05
6 0)029 0)03
7 0)01 0)015
8 0)02 0)025
9 0)04 0)045
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the oil-"lled tank. In summary, it can be stated that an axisymmetric "nite element model
predicts the winding surface accelerations of a loaded power transformer precisely for both
con"gurations, with and without an oil-"lled tank (see Tables 2 and 3).

Finally, the three-dimensional acoustic}mechanical "nite element model of the oil-"lled
tank has been veri"ed by comparing the calculated tank side wall accelerations with values
measured at nine di!erent positions (see Table 4).

4.2. VERIFICATION OF THE SOUND FIELD CALCULATIONS

After these basic validations of the computational models, the A-weighted sound power
level of the short-circuited transformer was measured in accordance with the European



TABLE 5

Radiation within closed rooms: measured, simulated and predicted sound power levels

Sound power level
(dB(A))

Sound pressure measurement according to reference [16] 68
Finite element simulation 66)5
Empirical prediction formula according to reference [16] 63)5
Empirical prediction formula according to reference [16] 60)5

Figure 7. Free"eld radiation: sound pressure levels along the longitudinal plane of symmetry of the transformer
calculated by the boundary element analysis.
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standard EN 60551 [16] and compared with the corresponding acoustic simulations. This
standard requires that theA-weighted sound pressure levels around the transformer have to
be measured at a distance of 0)3m from the tank surface and at half the tank height.
Furthermore, these measurements have to be performed in a typical high-voltage
laboratory at the premises of a transformer manufacturer. Due to this fact, the "rst step in
this veri"cation procedure used the three-dimensional "nite element model already used for
the calculation of the radiated noise within closed rooms, as shown in Figure 5. An
A-weighted sound power level of 66)5 dB was calculated from the simulated sound pressure
levels. Considering that the reproducibility of the sound pressure measurements lies within
a range of $1dB, a good agreement between measurement and simulation was achieved
(see Table 5).

Furthermore, as can be seen from Table 5, in this case the deviations between measured
and calculated sound power level are considerably smaller than those resulting from the
current prediction formulae for the load-controlled noise. Therefore, it can be concluded
that this pure "nite element scheme is well suited to the computation of the load-controlled
noise of oil-"lled power transformers, which are operated within a typical high-voltage
laboratory.

After the veri"cation of the sound "eld calculation within closed rooms, the half-space
free-"eld sound radiation of the transformer has been calculated using the boundary
element model, as depicted in Figure 4. The calculated sound pressure levels along the
longitudinal plane of symmetry of the transformer are shown in Figure 7.



TABLE 6

Free,eld radiation: measured, simulated sound power levels

Sound power level
(dB(A))

Sound pressure measurement according to reference [16] 68
Sound intensity measurement according to reference [17] 61
Boundary element simulation 59
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This three-dimensional sound "eld calculation reveals two important e!ects, which are of
great interest for transformer manufacturers:

� First, the sound power level calculated by the boundary element analysis results in an
A-weighted sound power level of only 9 dB, which is about 7 dB lower than the level
obtained by the previous "nite element simulation (see Table 5). Therefore, the result of
the boundary element simulation indicates a problem with the sound pressure
measurements, which were made according to the current transformer noise measurement
standard EN 60551. In the case of load-controlled noise (low-frequency noise of 100Hz),
sound pressure measurements at a distance of 0)3m from the tank surface will be in the
near "eld of the transformer and, therefore, may result in a signi"cant overestimation of
the sound power level. To reduce the in#uence of the reactive near "eld, a sound intensity
measurement for the determination of transformer sound power levels is proposed [17].
In order to verify the calculated free-"eld radiation obtained by the boundary element
model, measurements with a sound intensity measuring system have been performed. In
Table 6, the measurements using the two methods are compared with the boundary
element simulation. As noted before, the sound pressure measurement in accordance to
reference [16] gives considerably higher results. The sound intensity measurements result
in about 7 dB lower sound power levels and, therefore, con"rm the validity of the
boundary element model. Therefore, it can be concluded that the combined "nite element
and boundary element scheme is well suited to the computation of the load-controlled
noise of oil-"lled power transformers under ideal free-"eld conditions.

Furthermore, it should be noted that the sound intensity measurement is also included
in the current test standard [16] as an option according to an agreement between the
transformer manufacturer and the customer. However, the sound pressure measurement
is still the most commonly used method. This is the reason why the empirical prediction
formulae should still be compared with the results obtained by the sound pressure
measurements (see Table 5).

� Second, these simulations reveal that the radiated sound "eld shows a strong directional
behaviour, which is due to the 1203 phase shift in the vibrations of the three windings (see
Figure 7). This directional behaviour of the transformer can be reversed by changing the
phase order of the windings. Therefore, this e!ect might be used for an e$cient abatement
of the load-controlled noise disturbance if the residential area is only located in one
direction.

5. APPLICATIONS

The applicability of the present calculation scheme with respect to the computer-aided
design of power transformers has been proved by the following applications.



TABLE 7

In-uence of the tap changer position obtained by simulation

Tap changer Tap changer
position 1 position 3

Radial coil acceleration (m/s�) 0)033 0)009
Axial winding clamping acceleration (m/s�) 0)044 0)033
Tank side wall acceleration (m/s�) 0)025 0)009
A-weighted sound power level (dB(A)) 59 45
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5.1. INFLUENCE OF TAP CHANGER POSITION

As a "rst application, the in#uence of the tap changer position on the winding and tank
surface vibrations as well as on the A-weighted sound power level has been investigated.
Table 7 shows the simulation results at tap changer position 1 (HV winding and both
tapping windings are connected in-series) and at tap changer position 3 (only the HV
winding is connected). Simulations as well as measurements reveal that the radial vibrations
of the outermost, "ne tapping winding are greatly decreased at tap changer position 3 when
compared to position 1.

With these simulations, it was found that the radial magnetic volume forces acting on the
innermost LV and HV winding are almost independent of the tap changer position.
Therefore, this reduction of the radial coil vibrations at tap changer position 3 is based on
the non-current-carrying, outermost, "ne tapping winding.

On the other hand, simulation results revealed that the axial magnetic volume forces
acting on the LV and HV winding are larger at tap changer position 3 when compared to
position 1. This is caused by the edge fringing e!ect and is responsible for the fact that the
axial winding clamping vibrations are almost independent of the tap changer position (see
Table 7). Furthermore, due to the decrease of the radial surface accelerations of the
outermost winding at tap changer position 3, the tank surface vibrations and, hence, the
calculated A-weighted sound power level are greatly reduced.

Therefore, in contrast to reference [6], where it is assumed that only axial
winding vibrations are responsible for the load-controlled noise, these simulations clearly
show that the radial coil vibrations also have a signi"cant in#uence on the coil-emitted
noise.

5.2. INFLUENCE OF STIFFNESS OF WINDING SUPPORTS

In a second application, the in#uence of the sti!ness of the winding and core supports on
the load-controlled noise has been investigated. This sti!ness has been modelled in the "nite
element simulations by applying mechanical spring elements, which were located at the
outside boundary of the upper and lower winding support platform (see Figure 2). As
expected, the simulations reveal that neglecting this axial sti!ness causes signi"cantly
increased axial clamping accelerations and slightly decreased radial coil accelerations.
Therefore, greatly increased sound pressure levels result (see Table 8). These results indicate
that this sti!ness has a strong in#uence on the radiated transformer noise e!ect, which can
be used in the optimization of the system.

The above applications clarify the great advantage of computer modelling studies, where
a separation of di!erent e!ects for the di!erent components of the transformer can be



TABLE 8

In-uence of sti+ness of winding supports obtained by simulation

Radial coil Axial winding SPL� in
acceleration acceleration 0)3m

(m/s�) (m/s�) (dB)

With sti!ness of winding support 85MN/m 0)046 0)037 56)8
Without sti!ness of winding support 0)044 0)62 82)3

�SPL*Sound pressure level.
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achieved. Therefore, the in#uence of the di!erent physical e!ects and design parameters on
the coil-emitted noise can be very usefully extracted and studied in the simulation.

6. CONCLUSIONS

In this paper, a new numerical scheme based on combined "nite element and boundary
element models for the precise and e$cient computermodelling of the load-controlled noise
of power transformers has been applied. The validity of the simulation models has been
veri"ed by appropriate measurements. The calculated and measured values for short-circuit
currents, mechanical eigenfrequencies of the windings as well as winding and tank surface
vibrations compare very well. Furthermore, a good agreement between measured and
calculated sound radiation is found. The deviation between measured and calculated
A-weighted sound power level is only 1)5dB in this case. The dependency of the sound
radiation of power transformers on some parameters was investigated and helpful results
were obtained for the transformer manufacturer. Due to the 1203 phase shift in the
vibrations of the three windings the radiated sound "eld shows a strong directional
behaviour, which might be used for an e$cient abatement of the load-controlled noise
disturbance. Furthermore, the studies have shown that the radial coil vibrations have
a signi"cant in#uence on the coil-emitted noise, which is in contrast to previous reports.

The presented computer simulations have been shown to be a useful tool in the
prediction, investigation and reduction of the load-controlled noise and recon"rm the value
of computer-aided design of power transformers. A complete CAE-tool for the
computer-aided design of power transformers will be established in the near future on the
basis of the existing software.
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