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Abstract—In this work an integrated model for acoustic
evaluation of electric vehicles is introduced. The paper focuses
on the force excitation part of the model. The analysis is
performed for permanent magnet synchronous machines. The
excitation forces are placed on the stator teeth and calculated
for a structure dynamic model of the power train. A model for
the acoustic emission is adapted and finally the psychoacoustical
behavior is characterized at the position of the driver of the
e-car. An approach for the design of the rotor pole topology
is introduced to ensure a beneficial acoustic behavior under
consideration of air gap flux density and related force densities
on the stator teeth. The calculation is performed using FEA
simulation, but also analytical design methods are considered.
Objective of this comparison is a very short computation time and
therefore an efficient simulation process. The model is validated
by measurements on test benches.

Index Terms—Permanent magnet synchronous machine,
PMSM, force density excitation, structure dynamic model, acous-
tic design, psychoacoustics of electrical machines.

I. INTRODUCTION

The purchase behavior for vehicles depends on subjective
assessment criteria of the driver. For the design of electric
vehicles the convenience plays a decisive role, for example
referring to noise and vibration phenomena. The modeling
of the acoustic behavior in the cabin of electric vehicles is
important to ensure a competitive design in comparison to
vehicles with combustion engine.

The expectation of the costumer for a comfortable driving
experience is influenced by vibrations and noise, which are
different to vehicles with combustion engine. For the electrical
drive train, a lower absolute sound pressure level is expected,
but with more tonal noise at higher frequencies [1]. Also the
noise of other car components, like pumps or auxiliary drives
is not masked by the electrical machine, which comes to a
very different hearing experience in the car cabin [2].

In this paper a model chain for the acoustic evaluation of
electric vehicles is introduced. Starting with the driver input in
a specific traffic situation and ending with the psychoacoustic
experience of this driver [3], the model introduces a wide
overview through the acoustic relevant effects in a vehicle.
The model is separated into three parts: the force excitation in
the electrical machine, the structure dynamic deformation of
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the participating drive train components [4] and the acoustic
emission in the car cabin, reaching the driver‘s ears [5].

The focus in this paper is on the force excitation model,
considering the control of the electrical machine, the elec-
tromechanical transformation and the conjunction with the
structure dynamic model [6]. Different modeling approaches
for the calculation of the force excitation in the machine are
presented. A parameter study for different pole topologies is
introduced to show the design prospects for electrical machines
with this model chain.

The validation of the model is performed with different
testing cases, for example measurements on the components,
the drive train and the entire vehicle are considered.

II. CONCEPT OF MODELING

To introduce the concept of the modeling chain to describe
the acoustic behavior of an electric vehicle, the test carrier
is presented. The design steps in the modeling process are
discussed and the concepts for validating the acoustic vehicle
model are introduced.

A. Test carrier

In this paper an electric vehicle of the category compact city
car with maximum speed of 130km/h is used. The battery is
placed at the bottom of the car, between front and rear axle.
The drive train is situated in the back of the car, beneath the
luggage compartment. A typical converter system is used for
the control of the machine. In this work a permanent magnet
synchronous machine with interior buried permanent magnets
(IPMSM) is considered. Different modeling approaches are
compared with focus on high resolution and detailed descrip-
tion of the drive train, compatibility to other model parts and
fast simulation time. In the first step the integrated electrical
machine of the test carrier is analyzed, in section V and VI
the model of the machine is considered for different parameter
variations in the rotor geometry. This variation is performed
to analyze the acoustical behavior with the chain model of
the entire vehicle described in section II-B. The interface
between different model parts is designed and the interaction
is considered. The simulations are performed for the entire
operating area of the electrical machine to ensure an evaluation
in any traffic situation of the vehicle.
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Figure 1.

Structure diagram for model chain of electric vehicle (EV). Model chain is divided into three parts, the force excitation in the electrical machine,

the structure dynamic behavior of the drive train and the acoustic emission correlating to the electric vehicle. Each model is presented and the interface
between them is discussed. The focus is on the electrical machine and thereby on the force excitation part.

B. Modeling process

The model chain is separated into three main parts, the force
excitation model, the structure dynamic model and the acoustic
model (Fig. 1). A hybrid model concerning simulation parts
and measurement parts is developed.

The force excitation model contains the driver‘s input at
the accelerator pedal, resulting in an operating point which
is controlled in the converter. Electrical operating points are
described by the peak value of the phase current I, and
the control angle ), which identify a point in the second
quadrant of the ¢4-74-plane, which is introduced in section III.
Based on the operating point, the simulation of the force
excitation in the electrical machine is calculated at the stator
teeth. Different approaches are considered for describing the
electromechanical force density distribution. The radial force
density and the torque are taken as interface parameters
between the force excitation model and the structure dynamic
model of the drive train.

The structure dynamic model is based on a multi-body
system, consisting of the subframe of the rear axle of the
vehicle, the bearings for the drive train, the electrical machine
with cooling system etc., the gearing with differential, side
shaft and wheel bearing. The force excitation entry of the
machine is placed on the tip of the stator teeth and the
torque on the slices of the rotor (chapter III-B2 and V). The
corresponding deformation and the vibrations are simulated in
a numerical environment. The forces at the bearings of the
drive train and the surface velocities of the components are
chosen for the interface between structure dynamic model and
acoustic model.

In the acoustic model the drive train components are mod-

eled as cylindrical and piston-type elements. The correspond-
ing sound pressure is calculated and basis for the airborne
sound in the vehicle. The transfer paths for airborne and
structure-borne sound are determined with measurements in
the electric vehicle. In the last simulation step the psychoa-
coustical interpretation of the sound pressure is performed by
psychoacoustic analysis functions (section VI).

The entire model chain allows the acoustic evaluation of
the vehicle in a closed loop around the driver, concerning his
driving style and acoustic impression of the electric vehicle.

C. Validation process

The validation process of the entire model chain is per-
formed in three steps. In the first step, each component of the
drive train is considered independently. Therefore, the electri-
cal machine is measured in a machine test bench, excluding
gear and other drive train components. Various parts of the
drive train are measured with a modal analysis to investigate
their behavior in the structure dynamic model.

In the second step, the drive train is placed in the original
setup of the electric vehicle, composed of the components
which are analyzed in the first validation step. The resulting
test bench gives information of the interaction of different
components, for example electrical machine and gear, and is
used as basis for the validation of the drive train.

In the third step, the electric vehicle is measured on a test
track. This testing case is also useful for the subjective inter-
pretation of the sound in the car and provides an impression
of masking effects and the intensity of the drive trains noise,
relating to other driving noise, for example rolling noise of
the wheels.
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III. FORCE EXCITATION MODEL

For the force excitation modeling a simulation of the
electrical machine for calculation of electromagnetic fields is
developed. Thereby, the force calculation at the stator teeth
is provided in a post processing step. With the calculated
force densities an interface to the structure dynamic model
is defined. General parameters for the force excitation model
are presented in Table I.

Table T
PARAMETERS FOR FORCE EXCITATION MODEL

symbol  quantity  unit description

N 36 - number of stator slots

P 6 - number of pole pairs

m 3 - number of phases

¥ 0-360 °© mechanical position angle

Arad - - relative radial stator permeance function
Brad - T radial air gap flux density

Fraa - N/m?  radial force density

Iy 0-300 A peak phase current

P 0-90 control angle

Yopt 10 °© control angle for nominal operating point
k 120 - simulation steps of FEA model

Ostep 0.5 °© step width of FEA simulation

M 0-130 Nm torque of electrical machine

n 0-12000  rpm speed of electrical machine

A. Approaches for machine modeling

For the simulation of the electrical machine three different
approaches are distinguished:
1) an analytical approach with design tables,
2) an analytical model based on conformal mapping (CM)
and
3) a numerical approach based on Finite Element Analy-
sis (FEA).
In this chapter the presented three approaches are discussed
and their advantages and disadvantages are highlighted.

1) Analytical model based on design tables: A general
approach for the simulation of force density excitation in
electrical machines is presented in [7] with the evaluation
in design tables. A corresponding model to this approach
is based on machine parameters, in general the number of
stator teeth N, the number of pole pairs p and the number
of phases m. The calculation is performed with appropriate
rotating magnetic field theory equations. The model is based
on a cylinder approximation of the electrical machine. As
result, a design table with frequency and spatial orders for
the force excitation is calculated. The composition of the
corresponding air gap flux density harmonics, leading to the
force density behavior, is reproducible. The application of
this force excitation model and the simulation time are short.
The results do not include information about the amplitude
of different force density harmonics and the geometry of the
electrical machine is not indicated in the simulation process,
with the exception of previously presented parameters. A
numeric structure dynamic simulation is not adaptable to this
model. For this reason the analytical model, based on design
tables, is used in the early modeling process and for validation
of further presented approaches.
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Figure 2. Stator permeance function for analytical approach with conformal
mapping. Real part in radial component. Description for a single slot pitch
of the stator (mechanical angle ~ for one slot as result of 36 identical stator
slots).

2) Analytical model based on conformal mapping (CM):
An analytical approach for more detailed simulation of force
density excitation in the electrical machine is presented under
the topic of conformal mapping [8]. In this case a 2D cross
section model of the machine is constructed, which is based
on general machine parameters comparable to section III-Al
and main physical dimensions such as rotor and stator
diameters. The stator teeth geometry is approximated through
infinite deep radial flanking slots and radial adapting tooth tip
to the air gap. By conformal transformation of this geometry,
the magnetic field distribution is describable by analytical
rotating field equations. In the first step, the permeance of
the stator is calculated for one slot pitch, which is shown in
Fig. 2. This allows to describe the magnetic circuit and the
influence of slotting in the simulation. In a second step, the
field excitations in the stator and rotor are implemented. The
field of the permanent magnets in the rotor is approximated
through a sinusoidal field wave of the rotor, neglecting any
geometrical design in the rotor topology. The field excitation
in the winding of the stator is also described by a sinusoidal
excitation function, neglecting any current ripple produced
by the converter. The resulting air gap flux density is shown
in Fig. 3. In the third step, the force density is calculated
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Figure 3. Radial air gap flux density B,,q for analytical approach with
conformal mapping. Regarding number of pole pairs p = 6, the spatial order 6
is dominant.
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Figure 4.  Radial force density Fi,q at stator teeth for approach with 0 10 20 30 40 50

conformal mapping. Regarding the description of one time step, force density
order 12 and 36 are dominant.

depending on the air gap flux density, which is shown in
Fig. 4. This approach is considered for a force density
calculation in the air gap of the machine and adaptable to a
structure dynamic model regarding the deformation of the
drive train.

3) Numerical model based on Finite Element Analy-
sis (FEA): The third considered approach for electrical ma-
chine modeling is a numerical model based on Finite Element
Analysis. Therefore, a 2D model of the cross section geometry
of the machine is constructed, with regard to a detailed adap-
tion to the original machine. The design of the rotor topology
with flux barriers and corresponding bridge design, the shape
of the tips of the stator teeth and other relevant parameters
are included. For comparison of the numerical model and
the analytical model, based on conformal mapping, the torque
distribution for the nominal operating point with peak phase
current /,;, = 300A and control angle ¢,p = 10° is shown
in Fig. 5. The evaluation data in Table II shows, that the mean
value of resulting torque is similar in both approaches and
referring to that, the approach based on conformal mapping
is more beneficial, according to shorter calculation time for
one operating point of the machine. For the evaluation of
acoustic phenomena, the numerical approach is more detailed
concerning the modeling of the magnetic circuit, which shows
the difference in the torque ripple in Table II. For this reason
the numerical approach is considered for further evaluation of
force density modeling.

B. Force calculation

The force excitation model is based on the 2D FEA
simulation presented in section III-A3. The radial force
density at the surface of the stator teeth is locally calculated

Table I
COMPARISON OF TORQUE DISTRIBUTION

parameter CM FEA  difference in %
mean torque [Nm] 131.1 130.5 0.5
torque ripple [Nm] 7.7 3.5 54.5
calculation time [min] 2.0 20.0 90.0

60
mech. angle v [°]

Figure 5. Torque distribution regarding one pole pair (60°). Simulation with
analytical model based on conformal mapping (blue line) and with numerical
model in FEA (red line). The calculation is performed for nominal peak phase
current I, = 300A and control angle ¥opt = 10°. Nominal torque M
regarding Maximum Torque per Ampere (MTPA).

for every node of the FEA mesh using the eggshell
approach [9] (Fig. 6). Additionally, the torque distribution,
resulting of the tangential force density of the machine, is
evaluated. The radial force density wave is transformed from
the time into the frequency domain via 2D Fast Fourier
Transformation (FFT) and sorted in a grid (Fig. 7). The
calculation is performed for every operating point of the
IPMSM, described in the d-q-plane with sinusoidal peak
phase current I, and control angle ¢ (Fig. 8). The grid is
used as interface to a 3D structure dynamic model of the drive
train. The coupling of the 2D and the 3D model components
is performed by the multi-slice method [10][11] (Fig. 9).

1) Local force density distribution: For the local force
density distribution a node based calculation for every node on
the surface of the stator of the machine is performed (Fig. 6).
The resulting force density is described as time and spatial
dependent wave. For the evaluation a 2D matrix is established,

P

s

Figure 6.  Force density distribution on stator teeth of electrical ma-
chine. Node based calculation for every node on the surface of the stator
(spatial dependancy). Calculation for & = 120 simulation steps with step
width Ostep = 0.5° (60° part model of the machine for reasons of symmetry).
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Figure 7. Evaluation grid for amplitudes of force density distribution in

the frequency domain. Absolute values of complex force density coefficients.
Evaluation on stator teeth of the machine. Nominal operating point with peak
phase current I,;, = 300 A and control angle 1opt = 10°. Constellation with
spatial order O and frequency order 36 dominant for acoustic emission (first
slot harmonic at order 36).

containing complex force density vectors. The size of the
force density vectors shows, that the force density input at
the tip of the stator teeth is dominant relating to the slots. For
this reason, any deforming effects in the slots are neglected
in the structure dynamic model.

2) Interface to structure dynamic model: The interface
between force excitation model and structure dynamic model
is realized by lookup tables for the torque distribution and the
radial force densities. The complex fourier amplitudes in the
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Figure 8. Electromagnetic operating points in the d-g-plane. Force density co-
efficient for frequency order 36 and spatial order 0. Simulation of peak phase
currents I}, between 0 A and 300 A in 10 A steps (31 values). Simulation of
control angles 1 between -30° and 120° in 5° steps (31 values). Different
operating points (1-6) for adaptation to slices of multi-slice method (Fig. 9).
Control area for Maximum Torque per Ampere (MTPA) and Maximum Torque
per Volt (MTPV).

Skew angle

Figure 9.
Multi-slice method [10][11] with 6 slices in axial direction. Adaption in the
structure dynamic model by shifting the mechanical position and the operating
point of each slice.

Simulation with 2D model considering skewing of the stator.

frequency domain are transferred in a matrix. Therefore, the
torque is transmitted in frequency orders and the radial force
density in frequency and spatial orders, resulting of the grid di-
agram in Fig. 7. The electromagnetic simulation is performed
for various operating points in the operating area, which is
shown in Fig. 8. For the control angle ) a 30° expansion
of the operating area is intended, to consider the skewing of
the stator with the multi-slice method [10][11] (Fig. 9). With
this approach, the machine is axially divided into six slices
and each slice is handled as 2D cross section element without
skewing. With the 2D simulation of the machine, the resulting
torque and radial force density can be adapted to each slice.
Concerning the skewing of the stator in axial direction, the
simulation results for torque and radial force density have
to be mechanically shifted. Additionally, the mechanical shift
produces a mismatch of the simulation results relating to the
operating point of the machine in a specific slice. Therefore,
the corresponding operating point has to be identified in the
d-g-diagram and the results of torque and radial force density
will be connected to the chosen slice.

IV. VALIDATION OF MODEL CHAIN

To validate the model chain different test bench scenarios
were designed. In the first step the electrical machine is
analyzed on a test bench separately to identify electrical
machine dependent influences. Measurement results of the
surface acceleration on the machine are presented in Fig. 10.
To evaluate the measurement results a spectral analysis for a
run-up of the machine is shown. Beside the diagram, the order
levels of all orders in summation and the dominant orders 36
and 72 of the first and second slot harmonic are depicted.
Fig. 10 shows, that especially for resonances at 2600 rpm
and 3100 rpm the slot harmonics describe the main influence
for the vibration behavior. The corresponding drive train test
bench, for the validation of the structure dynamic model is
presented in Fig. 11. The approach for this model is presented
in section V. In a last validation step, the electric vehicle is
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Figure 10.  Measurement of surface acceleration on electrical machine.
Spectral analysis between 0 and 5000 Hz. Identification of dominant slot
harmonics in order 36 and 72.

Measurements of
torque and speed

Drive train in subframe

Load machines

Figure 11. Test bench for drive train measurements. Entire subframe
with electrical machine, gear, differential, side shaft and wheel bearing.
Measurement for different operating points of the electrical machine. Beside
general machine measuring data such as torque, speed, current, voltage,
temperature, etc. the focus is on the surface acceleration.

measured on a test track to identify the acoustic behavior at
the drivers position. The approach for the acoustic model and
simulation results are presented in section VI.

V. STRUCTURE DYNAMIC MODEL

The structure dynamic model of the considered drive train
includes, beside the electrical machine, a gearbox, differential,
side shaft and supporting elements to place the electric drive
train into the subframe of the electric vehicle. The correspond-
ing model is shown in Fig. 12. In this model the structure
dynamic behavior of the drive train is calculated. A modal
analysis of the structure dynamic behavior is performed. It
depends on the radial force density, which is applied on the
tip of the stator teeth, according to the multi-slice method
presented in section III-B2. Additionally, the effective torque
and the appropriate harmonics are applied on the rotor to adapt
the influence of rotational vibrations. The resulting surface
velocity of the drive train is used as input parameter for the
acoustical model, transforming simulated forces and velocities
into binaural sound pressure signals. For the validation of the

Bearings of drive train

side shaft

N\
Wheel bearing Electrical machine and gear

Figure 12.  Structure dynamic model of the drive train, including electrical
machine, gear, differential, side shaft, wheel bearings and supporting arms,
to adapt the drive train in the chassis. Dynamic simulation of the structure
behavior is performed, depending on the force excitation entry, which is
presented in section III.

model, specific measurement points are defined, which are
measured on the drive train test bench (section 1V) and also
identified in the simulation model. In Fig. 13 the order level
for the surface acceleration is simulated. The orders 36 and 72
are selected, because of their dominant influence as first and
second slot harmonic to the force excitation. The simulation is
performed at the position of a side bearing of the drive train,
which is adapted with an elastomer support to the chassis of
the vehicle. To identify any influence of the machine model-
ing, the simulation was performed for the original electrical
machine which is described as reference model, and also for
a modified machine design. The modified machine design is
simulated by designing the rotor with a sinusoidal field pole,
under consideration of more sinusoidal air gap flux density
distribution and therefore less harmonics in the force densities
to achieve lower noise. Fig. 13 shows the decrease of surface
acceleration between the two machine models depending on
the machines speed and therefore excitation frequency.

160 T T T .

—_ =
B W
o O

amplitude [dB]
>
S

100} reference model, order level, 36+72
9 sinusoidal field pole, order level, 36+72
1800 2000 3000 4000 5000 6000
speed [rpm]
Figure 13.  Order level for the surface acceleration. Simulation point at

the side bearing, connecting the drive train with the chassis of the vehicle.
Dominant orders 36 and 72 filtered. Resonance of the machine measurements
(Fig. 10) at 3100 rpm is not identified at this position. Simulation for reference
model (blue line), which is placed in the original electric vehicle and for
sinusoidal field pole model (red line), which is a variation to improve acoustic
behavior by designing the rotor of the electrical machine.
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Figure 14.  Psychoacoustic simulation of total loudness at the driver's

position. Integration over the entire frequency spectrum while driving the
electrical machine to 6000 rpm (speed of electric vehicle: 60 km /h). Loudness
is specified with psychoacoustic unit sone, which describes how loud the noise
is perceived by the human ear. Comparison of reference machine in original
vehicle (blue curve) and machine with modified rotor as sinusoidal field pole
(red curve).

VI. ACOUSTIC MODEL

For the acoustic model an auralization and psychoacoustical
evaluation is performed, to describe the noise at the driver‘s
position [12]. The drive train components are approximated
as cylindrical and piston-type elements and the calculated
surface velocities of the structure dynamic model are used
as input parameter. The vehicle specific transfer paths are
determined by measurements on the test vehicle [13]. The
structure borne sound is measured from the position of the
elastomer supported bearings of the drive train to the driver‘s
ear. The transfer path for airborne sound is measured from
the surface of the components to the ear of the driver. To
consider the acoustic behavior of a human body, an artificial
head with normed earlap and two microphones in both ears is
used (Fig. 1). In the psychoacoustical evaluation the loudness
at the driver’s position is evaluated and handled as objective
function for the comparison between the original machine
design and the machine variation of a sinusoidal field pole
topology.

The total loudness is presented in Fig. 14 for the reference
machine design (blue curve) and the modified topology with
sinusoidal field pole to improve the waveform of the air gap
flux density (red curve). In the Fig. 14 the resonances for
different speed levels are shown. The loudness is integrated
along the entire considered frequency area between 0 Hz and
5000Hz. The loudness is observed for the operating area
between 1000 rpm and 6000 rpm, which was identified in the
test track with conspicuous noise. The results in Fig. 14 show
a decrease with the machine variation for the loudness in the
entire considered operating area. Especially for lower speed, an
improvement of the sound behavior is displayed. At the speed
of 3100 rpm, a resonance is totally reduced for the improved
topology. This resonance results of the force density excitation
order 36 of the machine, which is shown in the measurement
results in Fig. 10.

VII. CONCLUSIONS

In this paper a model chain to describe the acoustic behavior
of an electric vehicle is introduced. The complete model chain,
starting with the operating point of the electrical machine and
resulting in the psychoacoustical evaluation of the loudness
at the driver‘s position, is considered. Each model component
is validated with test bench measurements. The work focuses
on the electrical machine design, force excitation process and
interface to the structure dynamic model. The results of the
total model chain are used to find beneficial topologies for the
rotor geometry of the machine. The topologies are adjusted
to ensure a more sinusoidal waveform of air gap flux density
and therefore an improvement in harmonics of force density
and torque. The model chain gives the possibility to reach a
beneficial acoustical design of the drive train components with
focus on the electrical machine.
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