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Whine noise from the electric powertrain system of electric vehicles, including electromagnetic noise and gear-meshing noise,
significantly affects vehicle comfort and has been getting growing concern. In order to identify and avoid whine problems as early
as possible in the powertrain development process, this paper presents a vibration and noise simulation methodology for the
electric powertrain system of vehicles under speed-varying operating conditions. The electromagnetic forces on the stator teeth of
the motor and the bearing forces on the gearbox for several constant-speed operating conditions are obtained first by elec-
tromagnetic field simulation and multi-body dynamic simulation, respectively. Order forces for the speed-varying operating
condition are generated by interpolation between the obtained forces, before they are applied on the mechanical model whose
natural modes have been calibrated in advance by tested modes. The whine noise radiated from the powertrain is then obtained
based on acoustic boundary element analysis. The simulated bearing forces indicate that the overlooking of the motor torque
ripple does not result in significant loss in simulation accuracy of electromagnetic noise. The simulation results and tested data
show good consistency, with the relative frequency deviation of local peaks being less than 8% and the error of the average sound
pressure level (SPL) being mostly below 10dB (A).

1. Introduction

The electric vehicle industry has achieved rapid development
in recent years. The high-frequency electromagnetic and gear
whine noise emitted from the electric powertrain system
could significantly affect driving comfort and has become an
important noise, vibration, and harshness (NVH) problem of
electric vehicles. The motor and reducer are two main vi-
bration and noise sources of the electric powertrain system.
The electromagnetic forces of the motor and the gear-
meshing forces of the reducer could cause structural vibration
and whine noise that shows obvious order characteristics.
The integration design of the electric drive system has
become a technological trend, which means that more
functional units, such as the motor, reducer, motor control

unit, and power supply, are integrated into just one drive
unit, i.e., the electric powertrain. The integration of the
electric drive system can significantly reduce the volume,
weight, and cost of the powertrain system and hence gain
competitive advantages in the market place. As a result, the
physical boundaries between components turn increasingly
vague, and the mechanical coupling between the compo-
nent structures become stronger, which introduces chal-
lenges to NVH analysis and control [1]. The generation
mechanism of powertrain whine noise is consistent with
that of the motor and reducer [2]. However, the coupling
effect between the components will significantly affect the
characteristics of whine noise. For instance, the tangential
electromagnetic forces acting on the stator teeth, which can
be ignored in the noise analysis of a standalone motor, turn
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to be nonnegligible in the NVH simulation of the inte-
grated powertrain, as the tangential electromagnetic forces
could excite the reducer housing to vibrate and radiate
noise [3]. Fang and Zhang [4] analyzed the vibration
characteristics of the electric drive system through simu-
lation and test, revealing that the motor, reducer, and
controller, due to the coupling phenomenon, must be
considered as an indivisible whole in the NVH analysis.
Vibration and sound simulation based on computer-aided
engineering (CAE) is an important approach for ana-
lyzing and optimizing electric powertrain noise, especially
in the early phase of design. Harris et al. [5] introduced a
CAE method to optimize the whine problem caused by
gear-meshing excitation. The dynamic meshing force at
the contact point of gears is reduced by changing the
geometry of the rim and web of the gears. Yu et al. [6, 7]
established a finite element (FE) model of the electric
drive assembly system to predict its vibration. The sim-
ulation model reflects part of the frequency characteristics
of vibration, but quantitative evaluation on the vibration
simulation accuracy is not provided. The key challenge of
NVH simulation for the highly integrated electric pow-
ertrain system is to efficiently calculate the whine noise
caused by various types of excitations, such as electro-
magnetic forces and gear-meshing forces, within the
whole speed range and with good simulation accuracy.
However, the NVH simulation method for integrated
electric powertrain with both satisfactory accuracy and
efficiency is rarely reported.

In this paper, NVH simulation analysis for an inte-
grated electric powertrain system under electromagnetic
and gear-meshing excitations is performed. The electro-
magnetic forces on the stator teeth and gear-meshing
forces acting on the bearings in the time domain for
several constant-speed operating conditions are obtained
first by electromagnetic simulation and multi-body dy-
namic simulation. Forces in the frequency domain are
then obtained by performing fast Fourier transform
(FFT). Cubic spline interpolation is utilized to obtain the
order forces under the speed-varying condition, which
significantly cuts down the time required for multi-
condition force simulation. In order to ensure the sim-
ulation accuracy, the material parameters of the motor
stator are calibrated by performing modal correlation
analysis of the tested modes and the simulated modes
before the FE model is used for any dynamic simulation,
including the multi-body analysis and vibration simula-
tion. The acoustic transfer vector (ATV) from the surface
vibration of the powertrain housing to the sound pressure
of the observing point is calculated by the acoustic FE
analysis. Finally, the radiated sound pressure is calculated
by using the obtained housing vibration velocity and
ATYV. Based on the simulation model, the influence of the
motor torque ripple on the whine noise is evaluated. The
effectiveness of the simulation method is verified by using
tested results. The influence of the stator breathing mode
on the 48-order whine noise is revealed. The main con-
tribution of the paper lies in the presentation of an NVH
simulation method for the electric powertrain system with
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satisfactory accuracy and efficiency, which makes it
possible to identify and avoid whine problems at early
stages of powertrain development.

2. Process of Vibration and Sound Analysis

When the electric vehicle is speeding up or decelerating,
harmonic excitation forces with order characteristics in the
electric drive system excite the powertrain housing to vibrate
and radiate noise into the air. There are two main types of
harmonic excitation forces responsible for whine noise, i.e.,
electromagnetic excitation loads and gear-meshing forces.
The electromagnetic loads mainly consist of two parts, in-
cluding the electromagnetic forces on the stator teeth and the
torque ripple on the rotor [8-10]. The former acts on the
stator structure directly, while the latter acts on the rotor shaft
which transmits the pulsating harmonic load to the power-
train housing through the bearings of the drive system [11].
Gear-meshing forces are the dynamic loads produced by the
interaction between meshing gears, which can also be
transmitted to the powertrain housing through the bearings.
In this paper, the time-domain electromagnetic loads under a
couple of constant-speed conditions are obtained by 2-di-
mensional (2D) electromagnetic field simulation in the
software Maxwell. The time-domain forces on the bearings
under the constant-speed conditions are obtained through
multi-body dynamic simulation. Then, the order loads are
generated by the interpolation algorithm after the forces of the
constant-speed conditions have been obtained. The normal
vibration velocity of the powertrain housing is obtained by
using FE analysis by applying the order forces onto the
structural model. The acoustic FE module in the commercial
software Virtual Lab is used to calculate the acoustic transfer
vector (ATV) from the surface vibration velocity of the
powertrain housing to sound pressure at the acoustic ob-
serving positions. At last, the sound pressure levels (SPLs) of
the observing positions can be calculated by the surface vi-
bration velocity of the powertrain housing and the ATV.

NVH simulation error of the electric powertrain system
is affected by a number of factors, among which the
modeling accuracy of the structural modes is a crucial one.
On the one hand, the modeling accuracy of the structural
modes determines the accuracy of the multi-body dynamic
simulation, which means it will affect the computed results
of the bearing forces. On the other hand, the simulated
results of forced vibration are significantly affected by the
accuracy of structural modes. The key challenge in modeling
the powertrain structure lies in the treatment of the stator.
The stator core is composed of compacted silicon steel
sheets, which shows material anisotropy and parameter
uncertainty. These characteristics make it quite difficult to
model the core accurately. In addition, the stator windings
have similar characteristics. In order to model the stator as
accurate as possible, modal correlation analysis for tested
modes and simulated modes [12-14] is performed to cali-
brate the stator parameters before the FE model is used for
multi-body dynamic simulation and vibration analysis. The
complete process of the NVH simulation analysis is illus-
trated in Figure 1.
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FIGURE 1: Process of vibration and sound analysis.
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In Figure 2, the 3D structural model of powertrain NVH mount

simulation is illustrated. The powertrain system consists of a
motor, a motor controller, and a reducer, and it connects to
the vehicle body through the suspensions.

The difficulty of FE modeling lies in the construction of
the stator model. Under the constant-speed condition, the
air-gap electromagnetic force is a periodic function of time
and circumferential angle. As a result, under the speed-
varying condition, the air-gap force shows order charac-
teristics in both the frequency domain and the wavenumber
domain. The air-gap electromagnetic load can be considered
as a superposition of a series of “force patterns” which can be
regarded as a set of basis of the electromagnetic load and can
be obtained by 2D Fourier transform (FT) to the air-gap
electromagnetic load. Each force pattern has a specific spatial
distribution and rotates circumferentially under a specific
frequency. The magnitude of the electromagnetic noise is
heavily dependent on the level of agreement between the
“force patterns” and the stator modes. While the rotating
frequency of a “force pattern” is close to a modal frequency
and the shape of the “force pattern” matches well with the
modal shape, the stator will experience strong resonance,
radiating intense electromagnetic noise. In order to confirm
the accuracy of simulation, an accurate FE model of stator
structure is of great importance. Natural modes for the stator
structure are tested in advance to conduct parameter
calibration.

The calibration of the model is a process of optimizing
model parameters, thus making the simulation model
represent the actual dynamic characteristics of the structure
and leading to good agreement between the simulation
results and the test data regarding the modal shapes and
frequencies. In general, there are two approaches in terms of
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FIGURE 2: Structural model of the electric powertrain system.

calibration, namely, manual adjustment and modal corre-
lation analysis. Manual adjustment needs to tune each
physical parameter in order to achieve good agreement.
Hence, this method heavily relies on personal experience
and is difficult to implement for a complicated model. Modal
correlation analysis can be carried out by using commercial
software, for example, the correlation module in Virtual Lab,
in which parameters can be optimized automatically after
importing the tested modes into the software. In this paper,
the latter method has been adopted.

The FE model of the stator is shown in Figure 3. The
modeling method of the winding is revealed in the zoom-
in image of Figure 3. The winding is considered to be made
up of two parts: the equivalent isolation layer and the
equivalent winding. The former part is isotropic material
with small elasticity modulus, and the latter is anisotropic
material. The initial material parameters of the stator core
and the equivalent winding are set according to [12]. The
material for the isolation layer is polyimide with the
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F1GURre 3: FE model of the stator core with winding.

default setting to be shown as follows: density p=1.2 g/ml,
elasticity modulus E =3 GPa, and Poisson ratio 4= 0.35.

In the modal test, the frequency response functions are
obtained under transient excitations. The stator is hung with an
elastic slope, and a hammer is used to excite structural vi-
bration. In total, 36 vibration-measuring points are distributed
in the matrix along the stator surface, 3 circles with 12 test
points equally spaced within one circle. Three axial acceleration
sensors are used to acquire vibration signals. After the modal
test, the results are fed to the correlation module of Virtual Lab
to carry out correlation analysis and parameter optimization. In
Figure 4, the comparison between simulated and tested modes
is provided, showing the modal results with axial order m=0
and circumferential order # being 0, 2, 3, and 4, respectively.
The discrepancy stands for the relative error between the
computational modal frequency and experimental modal
frequency. MAC=1 means that the two modes are identical,
while MAC=0 denotes that the mode shapes are orthogonal. As
can be seen in Figure 4, after parameter calibration, the FE
model can represent the natural vibration characteristics ac-
curately. The relative errors for the 4 modes are less than 6.4%,
with the correlation coeflicient higher than 0.6. Apart from the
stator, the material for other structural parts can be considered
as isotropic, which will not be discussed in detail here.

4. Simulation of Excitation Forces

The NVH performance of the powertrain system depends on
the running conditions. In most conditions, the vehicle
velocity and motor torque are often transient under real-
world driving. In general, the whole throttle acceleration and
coasting deceleration are the two worst conditions in terms
of powertrain whine noise for electric vehicles. Therefore,
these two conditions are normally selected as the key
conditions to be evaluated for powertrain NVH perfor-
mance. Taking the whole throttle condition as an example,
simulation of the order of vibration and noise has been
carried out for the powertrain system. In order to obtain the
order forces, the electromagnetic forces and bearing forces
under constant-speed conditions are obtained at first, and

then the order forces under the speed-varying condition can
be calculated with interpolation.

4.1. Electromagnetic Forces under Constant-Speed Conditions.
The powertrain system is equipped with a permanent
magnet synchronous motor with 8 poles and 48 slots. FE
analysis for the electromagnetic field in the software Maxwell
has been performed to constant-speed conditions to obtain
the electromagnetic forces. The simulation of the electro-
magnetic field is conducted from 1000 rpm to the maximum
speed, with a step of 1000 rpm. According to the previous
research work [15], satisfactory simulation accuracy can be
achieved when applying interpolation to electromagnetic
force calculation with this step.

Instead of using the electromagnetic forces at the nodes
of each tooth for subsequent interpolation and simulation
directly, the equivalent concentrated electromagnetic forces
for each tooth are adopted. The node forces on the tooth are
equalized to a concentrated axial force and a concentrated
tangential force, with the distribution effect of the electro-
magnetic loading in circumferential direction neglected.
This approach brings in little deterioration in simulation
accuracy but significantly reduces the amount of data to be
processed, hence improving simulation efficiency. The 48
slots of the motor are evenly distributed, and the electro-
magnetic force is sampled in circumference at 48 points.
According to the sampling theorem, when carrying out FFT,
only the forces for the first 24 spatial orders can be rec-
ognized. When the concentrated forces are adopted for
NVH calculation, the contribution of forces with spatial
orders higher than 24 (n>24) is ignored. Generally, the
electromagnetic vibration of the motor is heavily dependent
on the circumferential structural modes with low orders. As
the order increases, the vibration amplitude of the mode
decreases with a speed of n* [16]. In addition, as the force
order increases by a multiple of the number of poles, the
amplitude of the electromagnetic force shows a decreasing
trend. Hence, the application of concentrated electromag-
netic force has little influence on simulation accuracy.
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FIGURE 4: Modal results of the stator core with winding.

4.2. Bearing Forces under Constant-Speed Conditions. The
reducer is a one-ratio two-stage gear transmission system,
and there are two pairs of helical gears in the gearbox for
speed slowdown and torque increasing. In addition, there is
a pair of differential gears. Dynamic forces generate during
gear-meshing process, which is transmitted to the axles first
and then to the powertrain housing via bearings. In this
paper, multi-body dynamic simulation is performed to
obtain the exciting forces at the bearings under constant-
speed conditions.

According to research work [17, 18], the flexibility of the
housing has influence on dynamic meshing force charac-
teristics. Hence, the powertrain housing is considered as a
flexible body in the multi-body dynamic model. Before
feeding the FE model which has been calibrated in Section 3
to the multi-body dynamic model, modal condensation is
used to reduce the degrees of freedom of the housing model,
hence improving efficiency. Provided with the highest fre-
quency of the noise of interest f ., only the housing modes
with natural frequency below 2 f .. are retained. In Section
4.3, the speed conditions selected for multibody dynamic
simulation are introduced.

4.3. Order Forces under the Varying Speed Condition. In this
section, the order forces under the acceleration condition
can be obtained by applying interpolation. The notion
“order” refers to how many times the frequency is referenced
to the rotating frequency of the rotor. FFT is performed to
obtain the frequency spectrums of the forces. In the end,
force interpolation in the frequency domain between ad-
jacent constant-speed conditions is performed . Cubic spline

interpolation is used here, with the boundary condition at
each endpoint being a not-a-knot boundary (the 3rd de-
rivative at the endpoint equals that of the adjacent point).

The constant-speed conditions used for interpolation
include speeds of two parts, with one part being the same as
that used in electromagnetic force simulation and the other
being additional speed conditions. The latter is included to
take into account the influence of the natural vibration
characteristics of the powertrain housing on the order
bearing forces. Under each additional speed condition, the
order frequency of the gear engagement matches well with
one of the natural frequencies of the powertrain housing.
Figure 5 illustrates how to select additional speed conditions.
f; represents the modal frequency of the powertrain
housing. The order lines intersect with the resonance fre-
quency lines, and the speeds at the intersection points are
selected as the additional speed conditions. For example,
speeds N} and N? are included in force interpolation to take
into account the coupling effects of the housing mode f;. If
the number of the housing modes within the frequency
range of interest is I and the number of force orders of
interest is g, the number of additional speed conditions
should be I*q.

5. Vibration and Noise Simulation

5.1. Vibration Modeling and Loading. Before vibration
simulation, the natural modes of the powertrain system
should be computed by FE analysis. In this paper, the
commercial software Nastran is used for the modal calcu-
lation, and then the modal results are imported into the
software LMS Virtual Lab for force loading and vibration
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FIGURE 5: Schematic diagram of the additional steady-speed op-
eration condition determination method.

simulation. Spring elements are used to model the sus-
pension cushions, with the stiffness coefficients of each el-
ement set as the static stiffness coefficients of the suspension
cushions.

A force treatment program “Force_gene.exe” is worked
out to automatically generate order forces, match them
with the FE geometry, and output a load file in the format of
“.unv” which then can be imported into LMS Virtual Lab
for vibration simulation. The program is much more ef-
ficient and error-less than loading manually , as the in-
terpolation and loading of the order forces of all 48 stator
teeth and 6 bearing holes can be completed by just running
the program in seconds. It needs to be noted that the load
on each stator tooth obtained by interpolation calculation
is still a concentrated force. The code “Force_gene.exe”
uniformly decomposed the concentrated force into dozens
of point forces distributed on the tooth surface .

5.2. Acoustic Simulation. The boundary element method
(BEM) [19] is a native method for simulation acoustic wave
problems, especially for exterior acoustic problems. To
overcome drawbacks of the conventional BEM, such as
efficiency and large memory consumption, fast accelerated
BEM has been proposed and applied for large-scale acoustic
problems [20, 21]. In this work, acoustic transfer vector
(ATV) from the vibration of the powertrain housing to
sound pressure response is calculated by the acoustic FE
simulation in the software LMS Virtual Lab. ATV can be
regarded as the linear input-output transfer relation between
the housing vibration and the response point of the sound
field, which can be expressed by the following equation:

p(w) =<CATV (o)) {V,, (w)}. (1

{V,(w)} is the normal vibration velocity matrix of the
powertrain housing, p (w) denotes the sound pressure of the
sound field response point, and (ATV (w)) represents the
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ATV matrix. The ATV matrix depends on the housing
geometry, acoustic impedance at the structure-air interface,
acoustic field response position, acoustic signal frequency,
and acoustic medium parameters, but it is not related to the
surface vibration velocity of the structure. Therefore, ATV
can be calculated without the presence of vibration velocity.
For the electric powertrain system, NVH simulation analysis
is usually required for different operating conditions, such as
full-throttle acceleration, half throttle acceleration, and
coasting deceleration. For acoustic simulation under mul-
tiple operating conditions, the ATV method is more efficient
than the direct vibroacoustic FE method. Instead of calcu-
lating the sound pressure directly for multiple rounds, the
former only needs one round of acoustic FE simulation as
the ATV keeps invariable for different operating conditions.

6. Results and Discussion

6.1. Bearing Forces. The electromagnetic loads of the motor
include two parts, namely, the electromagnetic forces on the
teeth and the torque ripple on the rotor. In addition to the
tooth order forces discussed in Section 4.1, the torque ripple
on the motor rotor also contains the order components in
multiples of the number of poles, such as order 8 and order
48. The harmonic torques can be also transmitted to the
powertrain housing through the bearings and cause vibra-
tion and noise. If one needs to take into account the con-
tribution of the torque ripple on bearing forces, the time-
domain signal of the rotor torque obtained by electro-
magnetic simulation should be adopted in the multi-body
dynamic model in Section 4.2. Figure 6 illustrates the am-
plitude curves of the order forces at one bearing of the input
shaft of the reducer, including the orders caused by the
electromagnetic torque ripple, i.e., order 8 and order 48, and
those caused by meshing gears. The curve O;; in the figure
denotes the j-th order force caused by the i-th pair of
meshing gears. Each curve in the figure denotes the am-
plitude of the vector sum of the order force, which has been
converted into A-weighted level in decibel, with the level F;
calculated with equation (2). F(n) is the force amplitude
corresponding to rotor speed n, and the reference value of
the force F, = IN:

(2)

F, = ZOIOg[F(n)].

Fy

Figure 6 indicates that the bearing forces caused by the
motor torque ripple (orders 8 and order 48) are more than
30dB (A) smaller than the gear-meshing order forces, which
means that the sound pressure levels (SPL) caused by the
former should be much smaller than the latter. It should be
noted that the SPLs caused by the electromagnetic forces on
the stator teeth could often reach or even exceed those
caused by meshing gears, implying that the electromagnetic
noise caused by the torque ripple should be a negligible value
compared to that caused by the electromagnetic forces on
the stator teeth. In the following NVH simulation, constant
torques are used for inputs in multi-body dynamic analysis
with torque ripples neglected since the overlooking of the
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FIGURE 6: Comparison of force amplitudes between gear and electromagnetic orders on the bearing.

motor torque ripple does not result in significant loss in
simulation accuracy of electromagnetic noise.

6.2. Experiment Verification and Analysis. The simulated
vibration and noise results are compared with the NVH test
data for verification. The test is conducted in a semi-anechoic
laboratory, and the electric powertrain is installed on the test
bench through the suspension system as shown in Figure 7.
Four microphones are located 1 meter away from the pow-
ertrain housing in different directions, i.e., the front, back,
right, and above, and a 3-axis acceleration sensor is positioned
on the powertrain housing. The vibration and sound pressure
signals are recorded under the full-throttle acceleration
condition.

The vibration acceleration at the housing and the average
SPLs of the 4 microphones are presented in Figure 8, with the
vibration acceleration denoting the vector sum of the signals of
the 3-axis acceleration sensor. As can be seen, the simulation
curves and the experiment results show good consistency. The
relative speed deviation of any local peak |8, | is below 8%, with
|6,] calculated by formula (3), where N,y is the motor speed
corresponding to the local peak value on the simulation curve
and N is the motor speed corresponding to the local peak
value on the experiment curve. The error of the average SPL is
mostly below 10 dB (A), with the peak error of the 48th order
around 7200 rpm being about 1 dB (A) and the peak error of the
order O,; around 6800 rpm being about -8 dB (A):

5. = NCAE B Ntest (3)
' Ntest

The maximum peaks on the 48-order vibration and
noise curves appear near 7000rpm, and the response

FiGUre 7: NVH test of the powertrain in a semianechoic chamber.

frequency is about 5600 Hz which is highly consistent with
the resonant frequency of the “breathing” mode of the
motor stator (n=0, f5600Hz), as presented in Figure 4.
This strong peak appears at around 5600 Hz due to the
following two factors. On the one hand, the spatial zero-
order “force pattern” (n=0, 5600 Hz) of the 48th order
electromagnetic force matches well with the stator
“breathing” mode in both shape and frequency, leading to
strong resonance; on the other hand, for the “breathing”
mode, the normal velocity of the stator is in the same phase,
which means it has strong acoustic radiation efficiency. The
results indicate that accurate simulation of the stator modes
is very important for the calculation of motor-related noise,
reinforcing the significance of the modal calibration in
Section 3.
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7. Conclusions

This paper presents a method of NVH simulation analysis
for the electric powertrain system under speed-varying
conditions. Modal correlation analysis is performed to
calibrate the natural modes of the motor stator and improve
NVH simulation accuracy.

The calibrated simulated modes are in good agreement
with the experimental modes. For the four modes of interest,
the frequency errors are within 6.4%, and the MACs are not
less than 0.6.

The computed bearing forces show that electromagnetic
noise caused by the torque ripple would be a negligible value
compared to that caused by the electromagnetic forces on
the stator teeth. When multi-body dynamic simulation is
used to calculate the bearing forces, ignoring the torque
ripple of the motor rotor does not lead to significant loss in
electromagnetic SPLs.

The vibration and sound results obtained by simulation
and the test are in good agreement. The relative frequency

deviation of local peaks between simulation and test curves is
less than 8%. The peak error of the motor of 48-order SPL is
about 1dB (A) and that of the order O, is about —8 dB (A).

The 48-order whine noise is strongly related to the
breathing mode of the stator. When the circumferential 0-
order component of the 48th-order electromagnetic force
coincides with the stator breathing mode in space and
frequency, the vibration and sound curves show strong local
resonance peaks.

The influence of model parameters on simulation ac-
curacy should be an interesting research topic in the future.
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