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ABSTRACT

Disturbing vibrations and noise of electrical machines
are gaining impact. Therefore, it is necessary to estima-
te the electromagnetic, structure-dynamical, and acoustic
behaviour of the machine during designing and before
prototyping. An adequate tool is numerical simulation
applying the Finite-Element Method (FEM) and the
Boundary-Element Method (BEM) allowing for the
structured analysis and evaluation of audible noise also
caused by manufacturing tolerances. The methods de-
veloped and proved at the Institute of Electrical Ma-
chines (TEM) at RWTH Aachen University can be applied
to any electromagnetic device in general.
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1. INTRODUCTION

The coupled physics of a complete acoustic simulation —
starting from the electromagnetic force excitation, compu-
ting the mechanical deformation of the electromagnetic
device and concluding in the estimation of the radiated
audible noise — is a multi-physics problem. The central
part of the computational chain is the electromagnetic field
simulation of which the surface-force density-waves are
derived. These excite the stator of the machine resulting
in vibrations. The periodical oscillation of the machines sur-
face is decoupled and radiated as disturbing audible noise.
For the numerical structure-dynamical and acoustic tool,
a number of software programs have to be coupled, trim-
ming the interfaces in a reasonable manner. This affords
a broad knowledge of the applied methods and their imple-
mentation, Therefore, an own tool box has been developed
at the TEM compatible to all types of electromagnetic de-
vices such as transformers, rotating electrical machines (DC-
, AC-machines, switched reluctance machines), actuators,
and others [1-4,31]. .

The structure of an entire acoustic multi-physics sinulation-
chain is shown in Fig. 1 [5]. In a first step a FEM-model
of the electromagnetic device is simulated. A systematic,
parameter-oriented model allows for a large number of geo-
metry variations. Furthermore, various modes of operation
can be considered. Hence, the effects of manufacturing to-
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lerances can be taken into account as well as the designed
geometry of the device [6]. The electromagnetic model
provides the radial component of the surface-force density
used as excitation for the structure-dynamical. model. In
the mechanical model various materials and geometries can
be considered to analyse the vibration. Here, the variants
of the electromagnetic model are considered as parameters.
In the last step the audible noise of the multitude of variants
is estimated and analysed with an acoustic Boundary-Ele-
ment (BEM) model [7-10].

—
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Fig. 1. Structure of the entire acoustic simulation-chain.

The acoustic simulation chain allows for the a-priori ana-
lysis of several machine variants at various modes of ope-
ration (e.g. operation on the grid or on a converter). An aimed
systematic optimisation of the machine is performed based
on this multi-physics problem. The resulting quantities are
the sound pressure, the acoustic power of the sound pres-
sure, the sound-particle velocity, and the sound intensity.
In the following the three links of the simulation chain are
discussed and examples show the efficiency of the applied
tools.

2. ELECTROMAGNETIC FIELD COMPUTATION

As example for the electromagnetic field, problem an elec-
trical machine is studied. For the solving of the problem
the FEM is applied. The FEM can be applied for the simu-
lation of 2-dimensional as well as 3-dimensional electro-
magnetic field problems. These can be static, time harmo-
nic or transient. Therefore, the type of field problem has
to be defined first. In the case of a long electrical machine
the end effects can be neglected. If, furthermore, the flux
paths are in the orthogonal plane to the rotor axis, a 2-di-
mensional FEM-model can be applied. For special 3-dimen-
sional geometry effects such as skewing 2-dimensional
models can be applied as well by interconnecting several
2-dimensional models [11-19]. In general all the other cases
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require 3-dimensional models. The simulation of 2-dimen-
sional FEM-models shows some significant advantages
towards 3-dimensional models:

2-dimensional models are much smaller. Often the num-
ber of elements /V, is more than 10 times as small.
The computation time of electromagnetic models is
disproportionately high to Ny. Therefore, 2-dimensio-
nal models result in least computational costs.

In general the discretisation of the geometry and in
respect the accuracy increases since there are more ele-
ments in the cross section of the geometry than in the
case of a 3-dimensional model. Using the same discre-
tisation (element size) in the 3-dimensional model re-
sults in a non-reasonable N.

Therefore, 2-dimensional FEM-models should be applied
whenever possible.

In this article an Induction Machine with squirrel-cage
rotor (IM) and a Switched Reluctance Machine (SRM) are
studied. Both electrical machines are simulated electromag-
netically applying appropriate 2-dimensional FEM-models.
The process is exemplarily described for the IM in the
following.

The electromagnetic FEM-model of the IM, shown in Fig. 2
consists of the stator- and rotor laminations, the alumi-
nium rotor bars, the copper winding of the stator, and the
air gap. All other parts of the IM are not modelled not ha-
ving any significant impact on the electromagnetic field
in the IM. The boundaries of the IM at the shaft and the outer
circumference are assigned with a Dirichlet boundary condi-
tion (tangential magnetic vector potential).
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Fig. 2. Electromagnetic, 2-dimensional model of the IM.

The electromagnetic simulation is performed in the time
domain. The IM-model is computed quasi-static for a fixed
number of time steps NV applying a transient solver [1,20,21].
At each time step the rotor is rotated depending on the ro-
tor speed » and the time-step width Ar:
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After rotating and re-meshing the air gap an appropriate
stator current is assigned to the model and the flux-den-
sity distribution of the previous time step is taken into con-
sideration for the right-hand side of the equation set. Hereby,
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the transient factor 8 weights the previous solution [3]. Each
of the models (one FEM-model per time step) represents
a static electromagnetic field problem. From each of the
field problems the magnetic vector potential results. Fig. 3
depicts the magnetic vector potential for one time step.
The four magnetic poles of the machine can be seen easily.
The flux-density distribution is given by
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Fig. 3. Magnetic vector potential in the IM for one single
time step.

The flux-density distribution in Fig. 4 shows that the high-
est values of B are reached in the tooth tips. Furthermore,
the mounting kerfs on the outer circumference of the IM
show some impact on the flux paths, constricting the flux
and increasing the flux density slightly. Since the resulting
values are below the saturation point of the iron lamination
this has no significant effect on the motor’s operational
behaviour.
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Fig. 4. Flux-density distribution in the IM for one single
time step.

The number of simulation time steps N has to be chosen
depending on the resolution of the spectrum of all regar-
ded quantities. The preferred resolution of the spectrum of
the surface-force density used as excitation for the structu-
re-dynamical simulation has to be considered here. Both, the
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cut-off frequency f;, of the spectrum and the resolution Af

depend on Az and NV:
A =t 3)
2-At-N
1
= 4
fo=7 T @)

- From the flux-density distribution torque 7, net force F, sur-
face-force density o, and other quantities are derived. For
the acoustic simulation chain T and F are not of interest
and therefore not regarded here. o is calculated for each
time step on the stator teeth using the Maxwell-stress ten-
sor-method [22]. Next to o, some specific electromagnetic
devices such as transformers [23] afford the consideration of
magnetostriction [33] or [24]. In regular rotating electrical ma-
chines ¢ predominates [25-28]. Therefore magnetostriction
and Lorentz forces are neglected and only ¢ is taken into
consideration further on.

Fig 5. shows the resulting force excitation of a 3-dimen-
sional IM-model for one time-step. The skewing of the rotor
is reflected by the skewed force distribution on the teeth.
The included zoom of one of the stator teeth shows, that
at motor operation the highest magnitudes appear on the
up-running edge of the teeth.

Fig. 5. Surface-force density-distribution on the stator
teeth of the TM for one single time step.

The surface-force density of the marked first element of the
tooth is transformed to the frequency domain and analy-
sed. Fig. 6 depicts the resulting spectrum. The frequencies
detected result from the fundamental and the harmonic air-
gap field-components of the stator which interact with the
fundamental and harmonic components of the rotor [25,26].
The harmonics depend on the point of operation defined
by the speed n, the slip s, and the stator frequency f; as
well as the winding arrangements of rotor and stator descri-
bed by the number of pole pairs p, the stator and rotor slot
numbers Ng and Mg, and the number of phases m. Table 1
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collects these parameters for the studied IM and the regar-
ded operation point.
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Fig. 6. Spectrum of the surface-force density of a single
stator-tooth element.

Table 1. Parameters and point of operation of studied IM.

)4 2in 1200 rpm
Ng 36 | fi 48.96 Hz
Ny 26 | s 0.183
m 3

From these parameters the significant harmonic frequen-
cies are calculated [25,26] listed in Table 2. These frequ-
encies are considered in the following structure-dynami-
cal simulation of the IM described in the next section.

Table 2. Significant harmonic frequencies.

2/ 98Hz | Npn+2f 422 Hz
Ny n 520Hz | Nen-2f 618 Hz
2 Ngn 1040Hz | 2Ngn+2fi  942Hz
Nsn 720Hz | 2Ngn-2f; 1138 Hz

3. STRUCTURE-DYNAMICAL COMPUTATION

After the electromagnetic simulation of an electrical machine,
a structure-dynamical simulation is performed to determine
the deformation or the oscillations. The surface-force den-
sity on the stator teeth, which is obtained from the electro-
magnetic simulation, is used as excitation. As in the elec-
tromagnetic case, the calculation of the periodic, mechani-
cal deformation of electrical machines requires a numerical
simulation. Due to the large numbers and complexity of its
components, it is not possible to find an exact analytical
solution, The structure-dynamical simulation is performed
by means of FEM [1-3,31].

The deformation of the machine is represented by the dis-
placement of the individual nodes of the mechanical FE-
model [5,22,33]. Strain and deformation are related by:

= T
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2 o 2 9 2
Ox dy z
0 0 5}
ith § =] 0 — 0 _ = 0 6
W dy ox o= (6)
0 o 0 o o
o= oy dx

The correlation between the strain & and the tension o is
given by Hooke's law. Neglecting initial strain and tension,
this is expressed as

c=H-¢g, 7

where H is Hooke’s matrix. Its entries are defined by
Young’s modulus E and Poisson's ratio 4 of the correspon-
ding material. For the case of isotropic and homogenous
bodies, it has the following form

1 AL HE 0 0
1-p 1-p
1-p 1-p
4o p
£ 2y 0 0 0
__EQ-w j1-p 1-p (8)
A=-mA-21| o 0 o -2 0 0
2= )
6 0 o0 0 1=2p
o= )
0 0 0 0 0 1-24
L 2(1— 1) |

To decrease the computational effort to a reasonable mea-
sure, it is necessary to use equivalent materials in the si-
mulation. For example, the laminated sheet stack of the stator
is modelled as such an equivalent material with an anisot-
ropic Hooke’s matrix. The determination of its parameters
relays on material identifying algorithms. One algorithm,
which is used to obtain the material parameters of an elec-
trical machine’s stator is the Threshold-Accepting Method [32].
The potential energy of a body due to strain reads

I, = [s"Hs dQ~ [i-G,cd 0,

r
Q [7.9]
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where &, is the surface force density and Q the volume
of the body. The kinetic energy of an oscillating body reads

P =
T=|=114dQ,
Jz (10)

with the mass density p of the body. The deformation-sol-
ver formulation is constructed using Hamilton’s principle,
i.e. minimising the Lagrange function

L=T-I1,, by (11)
d(@Lj (GLJ (6F)

O=—| — || = |+ —|, (12)
dr\ Bii Oii ou

where F represents a damping function. After discretising,
the following oscillation equation is obtained:

K-D+C-D+M-D=F. (13)
K is the global stiffhess matrix, D is the vector of the node

deformation, C is the damping matrix and F is the excitation
force [5]. Due to harmonic analysis, with

. dD
D=—=jwD 14
e (14)
equation (12) becomes
(K+ joC—a’M)-D=F, (15)

The complex surface force density F is transformed from
the electromagnetic simulation to the mechanical model for
each frequency, which is to be analysed. Then, the struc-
ture-dynamical simulation is performed. This can be done
either by solving equation (15) directly for each individual

B-side
stator, rotor, shaft
cap

Fig. 7. Mechanical model (exploded view).
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frequency separately, or by performing a modal analysis,
i.e. finding the eigenvalues and eigenvectors of the corres-
ponding eigenproblem, together with a subsequent modal
super-position. The most suitable approach for solving the
equation (15) depends on the application. For the structu-
re-dynamical simulation of electrical machines, solving equ-
ation (15) for each frequency individually has been appro-
ved in practice [5].

The mechanical model (Fig. 7) consists of all components
of the electrical machine. The surrounding air is not inclu-
ded in the model, since for the expected small deformations
of maximally some micrometers, the influence of the air on
the deformation of the solid body is negligible. Thus, the
coupling between structure-dynamical and acoustic simula-
tion can be considered a numerical weak coupling.

For the physical quantities of the deformation, there are dif-
ferent requirements concerning the detailing of the indivi-
dual parts. The rotor, for example, may be represented as a so-
lid cylinder. The housing, however, has to be modelled in-
cluding much more details. As in the electromagnetic case, ex-
tensive experience is required to set up a correct structure-
dynamical model [33].

The deformation of an electrical machine can be evaluated
as follows:

e According to [25], certain modes of oscillation ensue,
which depend on stator frequency, speed, numbers of
slots, the number of pole pairs and the winding arrange-
ment, The modes of oscillation allow conclusions concer-
ning the mechanical strength. In addition, it is possible
to determine the expected single tones. Small mode num-
bers 7 are considered to be critical. With an increasing
mode number, the mechanical structure becomes stiffer,
and hence can not be strongly deformed. A small defor-
mation will enhance the acoustic behaviour. For example,
mode numbers 0 and 1 are considered very critical, since
they lead to large force excitations on to the bearings
of the machine. Fig. 8 and 9 show, for example, a defor-
mation of the stator of an induction machine, with mode
number » = 6. As studies have shown, manufacturing
failures and asymmetries have a large impact on the
deformation modes, and therefore on the acoustic beha-
viour of electrical machines.

Varfocmang fmf

2DE08

i G828
L 29ie.4d

— BRUETIG

Fig. 8. Deformation of the stator at /= 618 Hz.
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Fig. 9. Mode of deformation at f= 618 Hz.

e Alternatively, the body sound-level can be determined
at fixed locations, which may be identical to measuring
positions. The advantage of this method is its compa-
rability, the disadvantage, however, is its locale scope.
Therefore, the body sound-level does not provide conclu-
sions about the behaviour of the complete structure.
Oppose to the body sound-level, the body-sound index
represents an integral quantity for the complete body.
Using this index, it is possible to globally compare the
deformation for different excitations.

Depending on the technical question, the right evaluation
criterion is to be chosen.

Due to manufacturing tolerances, rotors of electrical machi-
nes are always supported eccentrically. For the machine
design, the bearing is considered ideal, and centric support is
assumed. Therefore, it is necessary to estimate the effects of
the eccentric support. Fig. 10 shows the different rotatio-
nary eccentricities, which are due to manufacturing toleran-
ces. In the centric case, the centres of the rotor, of the stator
and of the rotation are located at the same position. For the
eccentric cases, either the centres of the rotation and of the
rotor (dynamical eccentricity) differ, or the centres of the
rotation and of the stator differ (static eccentricity). Both
eccentricities can occur together as combined static-dyna-
mical eccentricity.

s
Fig. 10. Different rotationary eccentricities of the IM.

Fig. 11 shows the results for selected frequencies of an in-
duction motor at different eccentricities of the rotor com-
pared to the centric machine. It shows that for an eccen-
tric machine an increase in deformation has to be expected.
The static eccentricity leads to the largest body sound-le-
vel, and has to be regarded very critical [25]. It further shows
that it can not be concluded from the excitation force den-
sity immediately to the oscillation of an electrical machine.
For example, for Ng n =720 Hz (Ng = 36) the larges defor-
mation occurs, despite very small force magnitudes (Fig. 6).
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Fig. 11. Comparison of the body-sound index for eccen-
tric models.

4. ACOUSTIC SIMUALTION

The acoustic noise radiated from electrical machines con-
sists of three parts:

The broad-band fan and ventilation noise (500 — 1000
Hz) results air turbulences generated by the rotating
motor. , .
Friction of the bearings of electrical machines is a fur-
ther sound source, which generates single tones in the
range larger than 3 kHz.

Housing vibration excited by the electromagnetic field
of electrical machines generates magnetic noise, which
consists of single tones in the entire range of audibility.
The presented calculation method only discusses the noise
radiation generated by the electromagnetic deformation
(vibration). '

‘For the acoustic simulation, the mechanical deformation of
the machine is converted to the velocity. In principle, calcu-
lation of acoustic fields is possible with the FEM. However,
for calculation of air-borne noise this method is unfavo-
urable, since the entire calculation area has to be discre-
tised. An alternative is offered by the BEM [5,29]. Here,
only the surface of the area is discretised. Basic principle
of the BEM is the solution of the Helmholtz differential
equation

Ap+k*-p=0 (16)
with the sound pressure p and wave number k = w/c.
Here, w is the angular frequency and ¢ the sound velocity.
After further calculations the following equation system
results:

1<

H-p=G- 17)

H and G are system matrices [5] and the velocity vector
the excitation value. A numerical solution of equation (17)
results in the sound pressure p. The used program contains
the here presented procedure. For the use of this method

a third, acoustic model of the electrical machine is needed
(additional to the electromagnetic and mechanical model).
This model only consists of the outer surface mesh, which
represents the noise radiating area of the motor. The mecha-
nical velocity is transferred to this acoustic mesh.

Since the BEM is applied, there is no solution for the air
volume surrounding the machine. Therefore, sound pres-
sure and sound particle velocity are evaluated on predeter-
mined points or surfaces (Fig. 11 and 12). As further quan-
tities acoustic power [30] and sound intensity of the ma-
chine are calculated. The results are available for discrete
frequencies.
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Fig. 11. Sound pressure distribution on the analysis
sphere.
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Fig. 12. Sound particle velocity field on the analysis
sphere.

Here, evaluation of the acoustic simulation is presented for
an SRM. Two current waveforms and two housing versions
(aluminium and grey cast iron) are calculated for a selected
operating condition. The simulated sound pressure and sound
particle velocity are shown in Fig. 11. Direction of noise ra-
diation and acoustic power can be determined by these quan-
tities. At /= 4400 Hz the SRM radiates the most acoustic
noise in axial direction.

Fig. 13 collects the results of both housing versions in the
frequency range from 1200 to 3000 Hz. In the given exam-
ple the noise radiation is also affected by the current wave-
form. Waveform 2 lowers the radiated noise. The aluminium
housing produces more acoustic noise compared to the cast

16
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iron housing. This is due to the higher material density of
cast iron and the deviation of the Young’s modulus. The re-
sults correspond to air-borne sound measurements.
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Fig. 13. Acoustic power for the studied operational condi-
tion of the SRM.

5. CONCLUSIONS

Numerical simulations allow for the consideration of the
structure-dynamical and acoustic behaviour of an electrical
machine a-priori during the phase of design. The proceed-
ing of the numerical simulation is explained based on the
considered machines (IM and SRM).

On the one hand, the simulated results show good accor-
dance to measurement results, on the other hand the high
optimisation potential concerning vibrations and noise of
the analysed machines is presented. The presented methods
and simulation tools allow the analysis and evaluation of
every type of energy converter with respect to its electro-
magnetic, structure-dynamical and acoustic behaviour. By
means of measurement devices it is also possible to verify
the simulation results.

The analysis also provides the detection of manufacturing
faults in electrical machines. Therefore, the numerical aco-
ustic simulation is an essential tool for the design, valida-
tion and optimisation of electrical machines.
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