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Abstract– This paper presents the required steps for the 
multiphysics acoustic simulation of electrical machines to 
evaluate its noise behaviour. The proposed scheme is of 
particular interest for the design and development of elec-
trical drives for full electric vehicles (FEV), because it al-
lows predicting the acoustic characteristic before building a 
prototype. This numerical approach starts with the electro-
magnetic force-wave simulation. The computation by a 
structure dynamic model determines the deformation of the 
mechanical structure due to the force-waves. The final step 
of the simulation approach consists of the computation of 
the excited acoustic radiation. Here, particular attention is 
paid to the structural-dynamic model. Modelling of micro-
structures, such as the laminated iron core or insulated 
coils, is memory and computational expensive. A systematic 
material homogenisation technique, based on experimental- 
and numerical modal analyses, yields a higher accuracy at 
lower computational costs when compared to standard 
numerical approaches. The presented multiphysics simula-
tion is validated by measurements. The proposed methods 
are presented by means of a realistic and technically rele-
vant case study. 
 

Keywords— electrical machines, electromagnetic simula-
tion, structure-dynamic simulation, multi-physics, noise and 
vibration evaluation. 

 

I. INTRODUCTION 
 
The continuous discussion about ecological aspects and 
the awareness of the shortage of fossil fuel promote the 
research for alternative drives for cars. In the recent years 
hybrid electric cars are accepted to combine higher energy 
efficiency with constant or even improved driving com-
fort. In order to reduce the CO2 emission in urban envi-
ronments full electric vehicles present a valid option. The 
recent improvements in battery technologies promote the 
development of such cars, as can be seen in the increasing 
number of electric prototypes and even small batch pro-
duction of electric vehicles.  
 
However, cars are highly emotional products, where not 
only the efficiency, performance and design, but also the 
acoustic characteristics contribute to the customers' pur-

chase decision. The familiar sound of a car changes with 
the electrification of the engine from broadband noise to 
annoying single tones. Even with a strongly reduced emit-
ted sound power level, these single tones can be sensed to 
be extraordinary annoying. Therefore, the acoustic radia-
tion of the electric drive trains for vehicles is to be re-
duced to a minimum.  
 
In order to predict the acoustic characteristic before build-
ing a prototype, accurate and automated numerical simula-
tions are required. In this paper a multi-physics simulation 
approach, applying weak numerical coupling of the under-
lying models, is applied. As an example a case study with 
an permanent magnet synchronous motor is presented in 
this paper. In this regards, a coupling of electromagnetic 
simulation to determine the magnetically exciting forces, 
which act on the stator of the machine and a structural-
dynamic simulation to calculate the displacement of the 
stator surface is established. A flow chart of the men-
tioned simulation chain is presented in Fig. 1.  
 
In contrast to classical approaches [5] the mechanical 
material parameters of laminated stator iron core is ho-
mogenised for the structural-dynamic model. By experi-
mental and numeric modal analysis the mechanical mate-
rial parameters, Youngs' modulus, Poisson ratio and shear 
modulus, are determined by applying an optimisation 
algorithm. This results in a significant improvement in the 
model accuracy and reduces the computational costs of 
the structural-dynamic simulation. The aim of the multi-
physical model presented here, is the prediction of the 
acoustic behaviour of the studied servo drive. 
 
 

II. ELECTROMAGNETIC SIMULATION 
 

The essential part of the multi-physics simulation ap-
proach is the electromagnetic computation since the elec-
tromagnetic field generates force-waves exciting the stator 
lamination and housing of the drive motor.  
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Classical analytical approaches [7], [8] allow for the de-
termination of spatial- and temporal orders of the excited 
flux density waves. A linear time invariant behaviour of 
the machine is assumed and all field components are ap-
proximated with rectangular functions. Different field 
components, such as the spatial or parametric harmonics, 
slotting and winding space harmonics, harmonics caused 
by the teeth saturation, eccentricity fields, etc., can be 
modelled separately. The spatial- and temporal orders of 
the excited force density waves are determined by combi-
nation of two of the previous mentioned field components. 
The properties of the force density waves and their source 
flux density waves can be presented in so called excitation 
tables [8]. As an example an extract of the excitation table 
for the interaction of the fields generated by stator wind-
ing space harmonics and rotor space harmonics is pre-
sented in table I, whereby  
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describe the spatial order of the flux density wave of the 
stator winding space harmonics and rotor space harmonics 
respectively. The ordinal numbers are presented in the 
first row and first column. The spatial and temporal order 
of the generated force density wave is given in the table 
body. With this kind of tables a first assumption about the 
excited force waves is done. These results are important 
for the further studies. On the one hand the numeric model 
can be validated, on the other hand a determination of the 
noise sources is possible as also done in [12]. 
Due to the homogenous structure in axial direction of the 
studied motor, a two dimensional magnetic finite element 
(FE) model is applied. The flux density distribution is 
calculated for one rotation of the rotor with a mechanical  
 

TABLE I.  
EXCITATION TABLE: STATOR WINDING SPACE HARMONICS AND ROTOR 

SPACE HARMONICS. 
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Fig. 1. Flow chart representing the multiphysics simulation approach. 

 
rotation angle of one degree per step. The next computa-
tional steps are distinguished into analyses of noise 
sources and the computation of the electromagnetically 
excited force-waves acting at the stator of the machine. To 
study the sources of the electromagnetically excited noise 
in a first step, only the normal component of the flux 
density waves is considered. This simplification is valid, 
because the magnitude of the normal components is 
dominant when compared to the tangential component. 
The aim of this analysis step is not to exactly determine 
force-wave magnitudes and associated phase angles, but 
to identify the cause of particular electromagnetic force 
excitations.  
 
The resulting air gap field is studied in frequency and pole 
domain. Therefore, the air gap flux density is modal de-
composed by a 2D-DFT in space and time. It hence, can 
be described by a Fourier-series with the magnitude Bi,j of 
each flux density wave, the ordinal number νj, the fre-
quency fi and the phase angle φi,j by:  
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Whereby i represents the frequency order, imax is deter-
mined by the number of calculated simulation steps per 
period, j represents the circumferential order and jmax is 
given by the number of flux density samples in the air 
gap.  
 
In contrast to the classical approaches [7], [8], in which 
the force density is Fourier-decomposed after calculating 
it by the multiplication of the flux density in the time 
domain, here the force density waves σ are determined by 
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applying a convolution of the flux density waves with 
themselves [6].  
In this case, the simplified Maxwell stress tensor is ap-
plied, not considering the tangential flux density compo-
nents. A representation of the numerically sampled force 
density waves as a Fourier-series can be given by: 
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With this approach, a decomposition of the force-density 
waves into trigonometric combinations of flux density 
waves is possible.  
Combining both, the numeric and analytic approaches, 
gives a in-depth insight into the generation and cause of 
the force density waves [6], [13]. With this knowledge a 
manipulation and therefore minimisation or eventually 
cancellation of the noise excitation is possible. This Fou-
rier-decomposed force density waves are studied indi-
vidually for each frequency and ordinal number. In the 
following, the resultant force density wave with the fre-
quency equal to two times the pole-pair number p und the 
circumferential mode ν = 2 are presented as an example. 
This particular force density wave σtot and its decomposi-
tion in the three most important components σA, σB and σC 
is depicted in a space vector diagram (Fig. 2). It has to be 
noted that all less significant, respectively small compo-
nents, which are not drawn in Fig. 2, will close the gap 
between the tip of the vectors σtot and σC.  
 
The dominant force density wave component σA can be 
identified as superposition of the combination of the flux 
density waves of stator winding- and rotor space harmon-
ics, as well as the stator space harmonics and the reluc-
tance field due to the slotting effects. The frequencies and 
ordinal numbers of the flux density waves, which are 
involved in the generation of σA, σB and σC are collected in 
table II. The decomposition of these three force waves 
into flux-density waves is collected in table III. The flux 
density waves are mapped to the before mentioned 
sources and are defined by frequency and pole-pair num-
ber. The result of this analysis step is the determination of 
the most significant noise sources and their interpretation 
respective cause. These results are used for the acoustic 
optimisation of the studied motor. In particular, the wind-
ing scheme, rotor pole-pair number and the stator’s slot 
number are sensitive parameters concerning the noise 
excitation of this motor. 
 
In the next step, the surface-force density is calculated 
from the flux density distribution by using the Maxwell-
stress tensor applied in the time domain. In contrast to the 

previous analysis step of the electromagnetic noise causes, 
both, the normal and tangential components of the flux 
density are considered. For the multiphysics simulation 
chain the influence of the tangential flux density compo-
nent is significant, particularly the phase angle of the force 
density waves is important. The flux density is evaluated 
on the interface between the air gap and the iron stator 
teeth. In this way the non-linear characteristics of the iron 
can be taken into account.  
 
 

III. MATERIAL PARAMETER OPTIMISATION 
 
The deformation of the stator can be calculated from the 
calculated force densities acting on the stator teeth. The 
vibrational behaviour of the stator system is strongly de-
pendent on its material properties [3]. Therefore a detailed 
knowledge of all associated material parameters is re-
quired. In general, mechanical material parameters for 
structures, such as laminated iron cores or insulated coils, 
are unknown. Hence, the material parameters have to be 
identified by measurements or have to be estimated [10], 
[11]. Here, a material homogenisation technique is applied 
to cope with this material parameter issue. The mechanical 
material parameter Youngs’ modulus, Poisson ratio and 
shear modulus are identified based on numerical and ex-
perimental modal analysis [1]. 
The laminated iron core as well as the resined coils is a 
transverse isotropic structure. These materials are charac-
terised by symmetry in one plane, for example the x-y 
plane. Hooke's matrix for transverse isotropic materials 
with the given plane of symmetry is described by: 
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In this case, the mechanical material properties can be 
described by five independent parameters, namely the 
Youngs’ Ex and Ez in x and z direction, the shear modulus 
Gyz in the y-z plane and the Poisson ration νxy and νxz in 
the x-y and the x-z plane.  
The homogenised parameters are determined by solving 
an inverse numerical modal analysis, i.e. optimising these
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TABLE II.  
ORDINAL NUMBERS AND FREQUENCIES OF IMPORTANT FORCE DENSITY WAVES, WHERE M IS THE NUMBER OF PHASES AND NQ DENOTES THE DENOMI-

NATOR REDUCED FRACTION OF THE SLOT NUMBER PER POLE AND PHASE. 

 
Cause Circumferential ordinal number Frequency order  

1. stator winding space harmonics ,...2,1,0,12 ±±=⎟
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−= g
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2. rotor space harmonics ( ) ,...2,1,0,12 ±±=+= kkpν  (2k+1)p 

3. rotor reluctance field ( ) ,...,2,1,0,12 1 ±±=++= lNlpν  (2l+2)p 

 

 

Fig. 2. Space vector representation of the force wave f=2pf0 and =2. 

 

TABLE III.  
MAPPING OF FORCE DENSITY WAVES TO FLUX DENSITY WAVES. 

  f1/f0 ν1 Field f2/f0 ν2 Field 
A p -13 3 p 11 1 
B p 35 3 3p 33 2 
C p -1 1 p -1 1 

 
parameters in order to fit the resonant frequencies of the 
numerical modal analysis to the results of the experimen-
tal measurements. To solve this inverse problem a Differ-
ential Evolution algorithm is applied [9]. The material 
parameters, their boundary constraints and relative devia-
tion of the first four resonant frequencies of the laminated 
iron core as well as the material properties of bulk iron as 
comparison are collected in table IV. The described 
method can be applied to determine the mechanical mate-
rial parameters of transversal isotropic materials in gen-
eral. However, a drawback in this approach is the request 
of a prototype machine. The resulting material parameters 
from the discussed approach are used in a next step for the 
structural-dynamic simulation.  
 

 

TABLE IV.  
OPTIMISED MATERIAL PARAMETERS AND DEVIATION OF THE FIRST 4 

RESONANT FREQUENCIES. 

Parameter Laminated core Bulk iron Max Min 

Ex 212.7 GPa 210 GPa 250 
GPa 100 GPa 

Ez 26.3 GPa 210 GPa 100 
GPa 1 GPa 

νxy  0.40 0.3 0.6 0.2 
νxz 0.14 0.3 0.6 0.01 

Gxy  90.2 GPa 80 GPa 100 
GPa 10 GPa 

Resonant frequencies and relative deviation with material parameter 
optimization frequencies 

721 Hz 1947 Hz 1575 
Hz 3553 Hz 

1,9 % 12.3% 0,4 % 1,6 % 
 
 

IV. STRUCTURAL-DYNAMIC SIMULATION 
 
The structural-dynamic simulation is used to determine 
the deformation of the machine’s stator. In the FE model 
the deformation is represented by the displacements for 
each node. In the studied case the structural-dynamic 
simulation is performed by numerical modal analysis, i.e. 
finding the eigenvalues of the corresponding eigen-
problem. Subsequent modal superposition is applied to 
determine the deformation for each frequency of signifi-
cant electromagnetic excitation. For this purpose, a three 
dimensional model of the complete mechanical structure 
is developed.  
The frequencies for the modal superposition are selected 
by the magnitude of the force density wave and the eigen-
values of the numerical modal analysis. Since the struc-
tural-dynamic simulation is based on a three-dimensional 
model, the two-dimensional force distribution is trans-
formed from the 2-D electromagnetic mesh to the 3-D 
structural-dynamic mesh [2].  
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The set-up of the studied motor is drawn in Fig. 3. In the 
studied case, the cooling-fins are modelled with a high 
level of detail, in order to model the mass and the mass 
distribution as accurate as possible and to provide a de-
tailed description of the radiating surface. The stator is 
fixed to a rigid surface with four screws. Therefore, the 
nodes around the screws are connected to node with no 
degree of freedom by a three-dimensional spring, model-
ling the input impedance of the drive train.  
As performed in the previous example, the same fre-
quency f=2pf0 is chosen to demonstrate the applied ap-
proach. The simulated mechanical stress is shown in  
Fig. 4. The vibration mode 2 is dominant for this fre-
quency. This constellation was predicted with the results 
from the electromagnetic simulation. The cooling fins are 
oscillating strongly, which shows the importance of the 
detailed model. This is especially true when regarding the 
sound pressure simulation, which will be discussed in the 
next section.  
 

V. RESULTS AND VALIDATION BY DEFORMATION 
MEASUREMENTS 

 
The results of the simulation discussed so far is the force 
distribution acting on the stator’s teeth, the deformation of 
the stator. For the structural-dynamic simulation the fitted 
material parameters for the homogenised model are used. 
Deformation measurements are performed to validate the 
multiphysics simulation chain. The acceleration is meas-
ured on the surface of the electrical machine at 16 differ-
ent positions [4]. Fig. 5 shows the set-up of the practical 
experiment. The acceleration is measured employing a 
dual channel signal analyser. One of the two accelerome-
ters is kept at a constant position. The second sensor is 
placed at various measurement points on the surface of the 
machine. By double integration of the acceleration a, the 
displacement d at the points can be calculated. The data 
for the displacement on the surface of the three-
dimensional FE model are evaluated at the measured posi-
tions. The deformation shape and the magnitudes for the 
first eight mode numbers are compared. 
As an example, the deformation at the studied excitation at 
frequency f = 2pf0 is presented in Fig. 6. The left diagram 
illustrates the mode shapes; the right diagram compares 
the amplitudes of the deformation according to its modal 
number. The amplitude of dominant deformation with the 
modal number 2 differs less then 10% from the measure-
ments and simulation. As expected from the force excita-
tion the mode number of the deformation is r = 2. The 
measurements reveal comparable high amplitude with the 
mode number one. The reason for this may be found in the 
eccentricity, for example caused by an eccentric rotor 
adjustment, or a magnetic anisotropy. Since the frequency 

 

 

Fig. 3 Structure of the motor and mounting. 

 

 

Fig. 4 Deformation of the stator system for the frequency f=2pf0, the 
front shows the mounting surface. 

 
of the deformation with mode number one is f = 2pf0 the 
eccentricity is static. Indications for a static eccentricity 
are also found in other frequency components of the 
measurements. Static eccentricity is unavoidable in the 
production of electrical machines. 
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Fig. 5. Experimental set-up for the acceleration measurements. 
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Fig. 6. Comparison of simulation and measurement: Displacement on 

the surface of the stator with f=2pf0. 

 

VI. CONCLUSIONS 
 
In this paper, the electromagnetic excited structure-borne 
sound of a permanent magnet synchronous machine is 
analysed. An automated multi-physics simulation model 
applying weak numerical coupling is presented and the 
important aspects for audible noise simulations of electri-
cal machines are pointed out. In particular, the analysis of 
the electromagnetic forces is discussed. With the combina-
tion of analytical and numeric approaches a detailed inside 
to the force wave generation is given. 
 
With these results an acoustic optimisation of the motor 
can be performed. This will be the topic of further work 
from the authors at IEM RWTH Aachen University. In 

contrast to commonly used mechanical material parame-
ters a material homogenisation is performed for the struc-
tural-dynamic simulation. It is shown, that this kind of 
material parameters yields a very accurate structural dy-
namic model. The presented approach for the material 
homogenisation is of general application range. However, 
it is dependent on the availability of a prototype and re-
quired measurement data from it. A generalisation of this 
approach is planed for future studies.  
 
It can be stated that the results of this simulation with the 
optimised material parameters are in good agreement with 
the measurements performed. The simulation model re-
veals a realistic pattern of the structure-borne sound and 
acoustic radiation. Therefore, it is possible to benchmark 
the acoustic behaviour of optimized designs before build-
ing a prototype. In the further work the force injection into 
the drive train of an electric vehicle will be investigated.  
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