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Abstract

Purpose: This study provides a detailed investigation on the prediction and diagnosis of unsteady
electromagnetic vibroacoustic performance of IPMSMs for electric vehicles under typical unsteady
operating conditions with consideration of rotor step skewing and current harmonics.
Methods: Firstly, the control model considering the influence of PWM carrier modulation and rotor
step skewing is established. Based on this, the currents of the IPMSM under unsteady operating
conditions (driving condition and feedback braking condition) are obtained. Accordingly, the currents
calculated through the control model are used as the excitation source of electromagnetic finite
element. Then, the electromagnetic vibroacoustic performance under unsteady operating conditions
is calculated through electromagnetic force subsection mapping and acoustic transfer vector (ATV)
method. Moreover, the conditions where resonance vibroacoustic occurs are diagnosed. Finally, the
results of prediction and diagnosis are fully verified by experiments of multiple physical fields.
Results and Conclusions: The amplitude errors between prediction results and test results are
less than 3.2%. The influence of current harmonics on electromagnetic vibroacoustic can be pre-
dicted. The frequency range and speed range of predicted peak vibroacoustic are consistent with the
experimental results. The rotor step skewing can be used to weaken the vibroacoustic amplitude of
IPMSMs under typical unsteady conditions in the full speed range.This study provides guidance for
prediction and diagnosis for electromagnetic vibroacoustic performance of IPMSMs under typical
unsteady operating conditions.

Keywords: Unsteady operating conditions, IPMSMs, rotor step skewing, electromagnetic vibroacoustic
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1 Introduction

IPMSMs are widely used as traction motors for
electric vehicles thanks to their reluctance torque
component and high power density. To achieve
superior vibroacoustic quality, the vibroacoustic
of IPMSMs should be reduced according to the
prediction and diagnosis in the early stage of the
motor design. Therefore, prediction and diagno-
sis of electromagnetic vibroacoustic has gradually
become an important aspect in motor design.

The prediction method of electromagnetic
vibroacoustic can be divided into numerical[1–
13], analytical[14, 15], and semi-analytical meth-
ods [14, 16] depending on the calculation types.
It can also be divided into single speed and
variable speed conditions [10, 14]. Analytical or
semi-analytical methods are often used to calcu-
late electromagnetic vibroacoustic under variable
speed conditions due to their higher compu-
tational efficiency. In [14], the electromagnetic
vibroacoustic of the axial flux permanent mag-
net synchronous motor (AFWM) was predicted
analytically. In [16], a piecewise first-order lin-
ear function was proposed to calculate the total
peak acceleration and the radial vibration of the
switched reluctance motor. These works shown
the effectiveness of analytical models for predict-
ing vibroacoustic . However, it is very difficult to
ensure the accuracy of the analytical results of
multi-physical quantities of IPMSMs such as elec-
tromagnetic force, structural modals, vibration,
and vibroacoustic . It is because of the complex
geometry, the nonlinearity and high saturation of
materials of the IPMSMs.

Numerical method can be used to accurately
calculate the multi-physical quantities of IPMSMs
with complex structure and working conditions.
In[4, 5, 8], the electromagnetic vibroacoustic of the
switched reluctance motor was calculated through
multi-physics numerical simulation. In [6, 7, 11,
17], multi-physics numerical prediction models of
IPMSMs vibroacoustic were proposed. The above
works shown that numerical method can pre-
dicted steady vibroacoustic accurately. However,
compared to other general industrial application
scenarios, electric vehicles are in the frequent stop-
start, quick acceleration and regen brake events
during a driving cycle [18]. Thus, IPMSMs are
often operating at unsteady conditions of variable
speeds and variable torque, which can cause the

excitation force frequency to cross the modal fre-
quency of the IPMSMs during the driving cycle.
As a result, the resonance electromagnetic vibroa-
coustic in the full speed range of driving cycle
is inevitable. Therefore, the vibroacoustic predic-
tion at a single operating point cannot be used
to evaluate where the peak vibroacoustic occurs.
Using the acoustic transfer vector (ATV) method,
meanwhile, can reduce the calculation time of
multi-speed vibroacoustic and speed up the cal-
culation process. Therefore, in [10], the authors
used the ATV method to calculate unsteady elec-
tromagnetic vibroacoustic of SPMSMs under the
starting conditions with multi-speed point.

At early design stage, neither the prototype
nor the experimental results are available. Nev-
ertheless, the existing prediction models depend
on produced prototypes and test results. There-
fore, electromagnetic vibroacoustic still cannot be
implanted into the design process. The control
model can be used to simulate various unsteady
processes. The stator current can also be obtained
from it as input for electromagnetic calculations.
In this way, the entire flow of vibroacoustic simula-
tion considering the unsteady operating processes
can be realized at early design stage. However,
high-precision control models are rarely consid-
ered in the vibroacoustic prediction process, espe-
cially for IPMSMs with rotor step skewing and
magnetic saturation.

In addition, electromagnetic vibroacoustic
does not have a completely linear relationship with
the speed in the unsteady conditions[2]. The reso-
nance vibroacoustic has the largest peak value in
the entire speed range, which greatly affects the
motor quality and causes passengers to complain.
Therefore, it is of great significance to diagnose
the frequency band or speed range where peak
resonance vibroacoustic is prone to occur at early
design stage, especially for IPMSMs used for driv-
ing electric vehicles. The black-box method is
generally used to diagnose the peak resonance
vibroacoustic [2, 12]. However, it depends on the
vibroacoustic experiment of motors.

More importantly, to provide guidance to fur-
ther reduce the resonance vibroacoustic, the elec-
tromagnetic excitation source of resonance vibroa-
coustic needs to be diagnosed.

To overcome the existing challenges, the pre-
diction and diagnosis for unsteady electromag-
netic vibacoustic of ISPMSMs are studied in detail
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in this paper. The contribution of this paper is
the proposed method for predicting and diag-
nosing unsteady electromagnetic vibroacoustic of
IPMSMs for electric vehicles. Unlike previous
research, the proposed method considers the rotor
step skewing, the PWM harmonic current of the
controller, and different unsteady operating con-
ditions (acceleration and feedback braking).

This article is organized as follows: In Section
2, the flowchart of the prediction and diagno-
sis for unsteady electromagnetic vibroacoustic of
IPMSMs is introduced, where the rotor step skew-
ing is considered. In Section 3, the prediction
model for unsteady electromagnetic vibroacous-
tic of IPMSMs are established, which consists of
a control model, an electromagnetic finite ele-
ment model and a structural finite element model.
In Section 4 the distribution characteristics of
electromagnetic force and vibroacoustic with and
without the rotor step skewing are investigated
under unsteady conditions. The peak vibroacous-
tic conditions and the source of the excitation
force are determined. In Section 5, the results
of prediction and diagnosis are fully verified by
experiments of multiple physical fields.

2 Prediction-Diagnosis
Process for Unsteady
Electromagnetic
Vibroacoustic

The flowchart of the proposed prediction-diagnosis
method is shown in Fig.1. It mainly consists of 6
steps:

(1) The d- and q-axis inductance map of the
IPMSM with step skewing as a motor/genera-
tor running under different id-iq combinations are
calculated by electromagnetic finite element (FE)
software. The inductance parameters that vary
with the current are applied to the simulation
model of the IPMSM.

(2) Stator current obtained from the con-
trol model is supplied as excitation source to
n-segment 2D electromagnetic FE models with
different initial angles of the rotor, where n is
the number of axial segments. Then, the electro-
magnetic force distribution on electromagnetic FE
nodes in each segment is obtained.

(3) 3D geometric model of the IPMSM is estab-
lished. Considering anisotropy of stator core and

winding materials, structural FE model of proto-
type is set to calculate the natural modal shapes
of the stator assembly and the whole machine.

(4) 2D electromagnetic force is extended to 3D
and transferred to the structural FE grid in each
segment. At the same time, modal information
is imported into vibration response model. Then,
vibration response is calculated by the modal
superposition method (MSM).

(5) Vibroacoustic response under unsteady
working conditions is calculated using the pre-
solved acoustic transfer vector (ATV).

(6) By using predicted results, the frequency
band or speed range where peak resonance vibroa-
coustic is prone to occur is diagnosed. By analyz-
ing unsteady electromagnetic force and simulation
modal, the electromagnetic excitation source of
resonance vibroacoustic is diagnosed.

3 Prediction of Unsteady
Electromagnetic
Vibroacoustic

The rotor step skewing is equivalent to the super-
position of multiple segments rotors with different
initial rotor angles, as shown in Fig.2. An 8-pole
48-slot IPMSM with the rotor step skewing for
electric vehicle driving cycle is considered as a case
study. The key parameters are shown in Table 1.

Table 1 Main parameters of the IPMSM

Parameter Symbol Value Unit
Inner diameter of stator core Rs 71.8 mm
Outer diameter of rotor core Rr 71.0 mm

Number of poles p 8 −
Number of slots Q 48 −

Number of axial segments n 6 −
Total angle of oblique pole β 7.5 0

3.1 Control Model of IPMSM

Accelerating and feedback braking are two typical
unsteady operating conditions of electric vehicles.
Considering the above, IPMSMs work in positive
driving mode and positive braking mode, respec-
tively. The two modes cover common unsteady
working conditions such as starting, accelerating,
feedback braking and idling coasting. Considering
the complex driving conditions, a control model is
established, as shown in Fig.3.
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Due to the complex magnetic circuit struc-
ture, serious magnetic saturation and a large range
of current changes during the unsteady operating
process, the IPMSM parameters exhibit nonlin-
ear characteristics, which vary with the current.

Therefore, an inductance-based parameter estima-
tion method with high accuracy, high adaptabil-
ity and independent of bench test parameters is
selected.

The d- and q-axis inductance map of the
IPMSM with step skewing as a motor/generator
running under different id-iq combinations are cal-
culated by electromagnetic finite element software,
as shown in Fig.4.

The nonlinear inductance characteristics under
different unsteady conditions can be better
depicted by calculating the d, q-axis inductance
values under different current pairs. As a result,
high precision simulated currents can be obtained.
That is, to obtain more accurate inductance curve
and simulation current, a large range and a large
number of current pairs are required. In this
paper, the range of current pairs are set as:-750A<
id <0, -750A< iq <750A. The steps of current
pairs are set as 50A.

(a) (b)
Fig. 4 d- and q-axis inductance map
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Then, the inductance parameters that vary with
the current are applied to the control model of
the IPMSM, which contains coordinate transfor-
mation equation, current state equation (1)-(4),
torque equation (5) and motion equation (6). The
rotor step skewing, magnetic saturation and cross-
coupling characteristics of the IPMSMs can be
simulated accurately by using this method.

ψd (id, iq) = Ld (id, iq) id + ψf (id, iq) (1)

ψq (id, iq) = Lq (id, iq) iq (2)

ud (id, iq) = Rsid +
dψd

dt
− ωeψq (3)

uq (id, iq) = Rsiq +
dψq

dt
+ ωeψd (4)

Te (id, iq) =
3

2
np [ψdiq − ψqid] (5)

Te (id, iq)− T1 =
J

np

dω

dt
(6)

where ψd, ψq, Ld, Lq, id, iq, ud, uq are flux
linkage, inductance, current and voltage in d-and
q-plane, respectively. Rs is stator resistance, ωe is
rotational speed, np is the number of pole pairs,
Te is electromagnetic torque, T1 is load torque, J
is moment of inertia.

The Simulation results under two typical work-
ing conditions are shown in Fig.5. In the full speed
range, the variable parameter IPMSM model and
the control model based on look-up tables have
good static and dynamic characteristics.

The frequency domain distributions of sim-
ulation currents are shown in Fig.6. It can be
seen that the current amplitude under braking
condition is lower than that under accelerating
condition. Besides, the current generally contains
three types of components: fundamental wave fc,
low-order odd multiple harmonic (6h ± 1) fc and
high-frequency sideband harmonics fs ± kfc near
the switching frequency fs.

Taking acceleration conditions as an example,
the comparison of torque-speed characteristics of
the variable parameter model, the fixed parame-
ter model and the experimental results is shown
in Fig.7. When the variable parameter IPMSM
control model is adopted, the rotor step skew-
ing and magnetic saturation can be considered,
the torque output capacity of the IPMSM at
high-speed conditions is improved.

(a)

(b)
Fig. 5 Simulation results of the control model (a) Sta-
tor current under accelerating condition, (b) Stator current
under braking condition

3.2 Modal Analysis

The stator assembly is the direct excitation object
of electromagnetic force, which contains stacked
cores and stacked windings. Due to the large num-
ber of finite element units, it is not feasible to
implement geometric modeling and finite element
analysis of the actual structure. Therefore, the
anisotropy of materials can be used to equivalent
the anisotropy of structures in simulation modal
analysis.

Multilayer and distributed windings are gen-
erally used in IPMSMs for electric vehicles to
enhance the sinusoidal characteristics of armature
magnetomotive force. The longer end is the char-
acteristic of this kind of winding, so it cannot be
ignored in the simulation modal analysis. In the
existing researches, methods such as including the
winding mass in the core method, establishing a
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(a)

(b)
Fig. 6 A-phase current time-frequency diagram: (a)
Under accelerating condition, (b) Under braking condition

Fig. 7 Comparison of variable parameter model, fixed
parameter model and experimental results

conductor-based winding method, and including
the winding mass in the end method are used to
equivalent the influence of the winding on the sta-
tor assembly mode. Compared with including the
winding mass in the core, the equivalent end ring
can be used to better simulate the influence of the
end winding; compared with the conductor-based
winding method, the equivalent end ring modeling

is simpler, the number of finite elements is lower,
and the calculation speed is faster. Therefore, in
this paper, the equivalent end ring is used to rep-
resent the influence of the winding on the stator
assembly modal.Adhesion conditions are used for
face-to-face contact. It is shown in Fig. 8.

Equivalent end ring

Stator

Adhesion conditions

Fig. 8 The contact of winding and stator

Anisotropic materials are defined by 9 engi-
neering constants of three orthogonal symmetry
planes, namely Ex, Ey, Ez, Gxy, Gyz, Gzx, µxy,
µyz, and µzx. Among them, xy, yz, and xz repre-
sent different planes, x, y, and z represent different
coordinate axis directions, µ, E, and G repre-
sent Poisson’s ratio, Young’s modulus, and shear
modulus, respectively. The influence of Poisson’s
ratios on stator modal frequency can be ignored,
so the Poisson’s ratios in the three planes of the
core material are the same as that of the silicon
steel sheet. According to the actual core com-
pression characteristics, the Young’s modulus in
the x and y directions are equal, and the shear
modulus in the yz plane and zx plane are equal.
Therefore, eight independent anisotropic material
parameters for stator core and equivalent end ring
need to be determined, which can be identified by
experimental modal analysis [13].

In order to determine the material anisotropy
parameters and verify the accuracy of the equiva-
lent model, modal tests of the stator assembly are
carried out. 12 acceleration sensors are arranged
along the circumference of the whole stator assem-
bly, and two layers are arranged along the axis.
As shown in Fig 9, hammering method is used
to test modal parameters. The response signals
are transmitted to the data acquisition and signal
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processing (DASP) analyzer produced by China
Orient Institute of Noise & Vibration.

Hammer

DASP analyzer

PC

Acceleration

sensors

Stator Assembly

Elastic rope

Measuring Points

Fig. 9 Experimental equipment and measuring points for
experimental modal analysis

In order to improve the accuracy of the simu-
lation modal analysis, according to the measured
modal frequency of the stator assembly, the values
of the independent material anisotropy parame-
ters of the stator core and the equivalent end
ring are optimized. The optimization goal is to
minimize the error between the calculated modal
frequency and the experimental frequency. The
optimized parameters are shown in Table 2.

Table 2 Orthotropic material parameters

Density(
kg/m3

) Poisson’s
ratio

Young’s
modulus

Shear
modulus

stator 7750 0.3 Ex (Ey) = 64GPa Gxy = 70GPa
Ez = 200GPa Gyz (Gzx) = 14GPa

winding 5144 0.3
Ex (Ey) = 60GPa
Ez = 200GPa

Gxy = 0.77GPa
Gyz (Gzx) = 1.5GPa

The comparative verification of modal shape
and frequencies of stator assembly are shown in
Table 3 and Table 4 respectively. The experimen-
tal results show that the maximum error of the
calculated modal analysis in this paper is less than
4%, which meets the actual needs of the project.

Table 3 Modal shapes of stator assembly

Modal shape (2, 0) (2, 1) (3, 0)

Test

Simulation

Modal shape (3, 1) (4, 0) (0, 0)

Test

Simulation

Table 4 Modal frequencies of stator assembly

Modal shape (2, 0) (2, 1) (3, 0) (3, 1) (4, 0) (0, 0)
Modal frequency of test(Hz) 694 869 1854 2023 3109 5589

Modal frequency of simulation(Hz) 672 835 1799 1948 3011 5542
Relative error(%) 3.17 3.91 2.97 3.71 3.15 0.84

3.3 Calculation and Mapping of
Electromagnetic Force

To calculate the electromagnetic force, the cur-
rents are supplied as excitation source for electro-
magnetic FE model. Firstly, the unsteady process
is discretized into a finite number of steady operat-
ing conditions. Then, the electromagnetic force of
each steady-state speed operating condition is cal-
culated. The mapping process of electromagnetic
force is as follows:

Firstly, according to the periodicity of the
motor, a 1/8 electromagnetic finite element model
is established. The electromagnetic force on the
finite element mesh of the stator tooth surface
is extracted and expanded to the entire circum-
ference. Then, the electromagnetic force of each
segment is stretched in the axial direction and
mapped to the of the structure finite element
mesh, as shown in Fig. 10. For the IPMSMs
without step skewing, only the force on the elec-
tromagnetic finite element grid within a segment
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needs to be expanded and mapped to the entire
axial stator tooth surface.

Segment 1

Segment 2

Segment 3

Without step skewing
With step skewing

Electromagnetic finite 

element mesh

Structure finite 

element mesh

Fig. 10 Segmented mapping of electromagnetic force

3.4 Prediction of Unsteady
Electromagnetic Vibroacoustic

Completely continuous unsteady vibroacoustic
should be simulated in the time domain. However,
to calculate the vibroacoustic with the upper fre-
quency limit of 12000 Hz, the time step should be
at least 4×10−5s. If the total solution time is 5 s
as Fig. 5, 1.25×105 steps need to be calculated.
This is unacceptable for the early design analysis
of the IPMSM. Therefore, using the idea of short-
time Fourier transform (STFT) for reference, the
continuous unsteady signal can be discretized into
multiple finite-time stationary signals. ATV repre-
sents the mapping relationship between vibration
and vibroacoustic , which is suitable for efficient
calculation of vibroacoustic under multiple oper-
ating conditions. It has been widely used in engine
and other products[10]. In order to efficiently pre-
dict unsteady vibroacoustic at the early stage of
motor design, 100 rpm is set as the step size
to discrete the continuous unsteady process. The
expression is shown in (7)[10]:

pr(f) = {ATV(f)}T {vn(f)} (7)

where, pr(f) is the field point sound pressure. f is
the frequency. vn(f) is the normal vibration speed
of the motor surface.

The calculation results of unsteady electro-
magnetic vibroacoustic during the accelerating
process are shown in Fig. 11. The following char-
acteristics are concluded:

• The main frequency components are 2kfc,
which appear as unidirectional rays. The other
part is high frequency sideband harmonic fs ±

kfc, which is bidirectional umbrella shape near
the switching frequency fs.

• The predicted peak vibroacoustic appears in
the frequency range (5110 Hz-6080 Hz) with
the speed range (6300 rpm-7600 rpm), which
is located in the resonance band caused by
the (0,0) and (0,1) order breathing modal. The
maximum vibroacoustic occurs at the rotational
speed 7100 rpm.

• The application of the rotor step skewing has a
significant reduction effect on the peak vibroa-
coustic . The maximum vibroacoustic is reduced
from 90.52 dB(A) to 88.15 dB(A).
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Fig. 11 Time-frequency diagram of electromagnetic
vibroacoustic under accelerating condition: (a) Without
skewing, (b) With skewing

In the full speed and full frequency range,
the peak vibroacoustic of the braking condition is
lower than that of accelerating condition, as shown
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in Fig. 12. The frequency components and the pre-
dicted point of peak vibroacoustic are the same as
that of accelerating condition.
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Fig. 12 Time-frequency diagram of electromagnetic
vibroacoustic under braking condition: (a) Without skew-
ing, (b) With skewing

3.5 Mechanism analysis of
electromagnetic vibroacoustic

In order to analyze the frequency characteristics
of electromagnetic noise, the air gap magnetic
field expression of IPMSMs is derived by mag-
netic potential method and linear superposition
method[14], as shown in (8). The purpose of ana-
lytical derivation is to analyze the mechanism
source of electromagnetic vibration noise rather
than to calculate accurately, so the material non-
linearity, magnetic steel saturation and slotting

effect are ignored.

Br(θ, t) = Bmr(θ, t) +Bar(θ, t)

=

∞∑
n=1,3,5,...

Bn cos (npθ − 2πnfct)

+

∞∑
z=1

∞∑
η=1

Bηz cos (ηpθ − 2πszfzt+ θz)

(8)
where Bmr and Bar are permanent magnetic field
and armature magnetic field respectively, Bn is
the n-th harmonic amplitude of permanent mag-
netic field, Bηz is the harmonic amplitude of
armature magnetic field with spatial order η and
frequency order z, sz is the positive and nega-
tive polarity of the armature magnetic field with
frequency order z, θz is the phase angle of the
armature magnetic field with frequency order z.

Radial electromagnetic force waves are the
main excitation source of electromagnetic vibra-
tion of IPMSMs for electric vehicles, and their fre-
quency characteristics are consistent with those of
electromagnetic noise. Therefore, only the radial
electromagnetic force wave is analyzed in analyti-
cal derivation, as shown in (9).[4]

Pr(θ, t) =
B2

r −B2
t

2µ0
(9)

where Pr and Bt are radial electromagnetic force
wave and tangential air gap magnetic density,
respectively. Bt is much smaller than Br, so it is
ignored in the formula of radial electromagnetic
force wave. (9) can be further simplified as[4]:

Pr(θ, t) =
B2

r

2µ0
(10)

Substitute (8) into (10) to get (11)[4]. The
source, spatial order and frequency characteris-
tics of radial electromagnetic force wave can be
obtained from (11). It is also shown in Table 5.
When the angular velocity in (11) is unsteady, the
unsteady electromagnetic force can be obtained.
The unsteady speed does not affect the spatial
order characteristics, nor does it add frequency
components of Pr.

As shown in (11) and Table 5, the electro-
magnetic force sources of IPMSMs mainly fall
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Table 5 Source and characteristics of radial
electromagnetic force wave

Sources Spatial order Frequency characteristic
B2

mr (n1 ± n2) p (n1 ± n2) fc
B2

ar (η1 ± η2) p sz1fz1 ± sz2fz2
Bmr ×Bar (n± η)p nfc ± szfz

into three categories: (1) The function of perma-
nent magnet magnetic field; (2) The function of
armature reaction magnetic field; (3) Interaction
between permanent magnet magnetic field and
armature reaction magnetic field.

The main excitation source of electromagnetic
noise is the first and third items in Table 5.
Among them, the current harmonics mainly affect
the third item. The frequency characteristics of
electromagnetic force waves are summarized as
follows:

(1) With the function of permanent magnet
magnetic field, since n1 and n2 are both odd
numbers, the frequencies of Pr are even times
of the fundamental wave frequency fc, i.e., 2kfc,
k=1,2,3. . . ;

(2) With sine current wave fc and odd times
current harmonics (6h ± 1)fc, z = 6h ± 1 is
an odd number, and n is also an odd number.
Hence, the frequencies of Pr are also even times
of the fundamental wave frequency fc, i.e., 2kfc,
k=1,2,3. . . ;

(3) With high-frequency sideband harmonic
current, the frequency components of electromag-
netic force waves are k1fs ± (k2 ± n) fc.

Analysing the spatial order characteristics of
electromagnetic force waves in Table 3, the fol-
lowing conclusions are drawn: For motors with
integral slot distribution, η = 6r ± 1 is an odd
number and n is an odd number, so the spatial
order can be written as 2kp ±mQ, where m is a
natural number.

4 Diagnosis of
Electromagnetic Force

4.1 Analysis of Unsteady
Electromagnetic Force

The radial electromagnetic force acting on the
stator tooth surface during IPMSM operation is
the main cause of the electromagnetic vibroa-
coustic . Therefore, the unsteady distributions of
electromagnetic forces are analyzed first.

According to[19], the deformation of the stator
can be expressed as:

Y0 = −riN
Eh

σrad,0 (12)

Y1 =
4

3

ril

E
(
d
L

)4
L
σrad,1 (13)

Ys>=2 = Y0

(
2
√
3N

h

1

s2 − 1

)2

σrad,s (14)

where Ys is the amplitude of the s-th order sta-
tor deformation, σ is the radial electromagnetic
force density, s is the spatial order of radial elec-
tromagnetic force density, h is the radial thickness
of the stator yoke, l is the axial length of the sta-
tor, d is the shaft diameter, and L is the distance
of the bearings, E is Young’s modulus of the sta-
tor, ri and N are the inner and average radius of
the stator yoke, respectively.

As can be seen from (13), for the electromag-
netic force with a spatial order greater than 1,
the deformation of the motor stator is inversely
proportional to the fourth power of the spatial
order. Therefore, the non-zero-order electromag-
netic force in spatial has a very small influence
on motor vibroacoustic. For the 8-pole 48-slot
IPMSM, the lowest non-zero spatial harmonic of
the electromagnetic force is 8-th order, as shown
in Fig. 13. Hence, the spatial-zero-order electro-
magnetic force under the unsteady process are
extracted.

Taking acceleration conditions as an example,
the calculation and analysis process of electromag-
netic force is as follows:

(1) The spatial and temporal distribution of
the electromagnetic force on the entire tooth
surface were extracted, as shown in Fig. 14.

(2) The spatial and temporal decomposition
of the electromagnetic force is conducted using
a method of two-dimensional Fourier transform
(2D-FFT). The 2-D FFT method here is expressed
as:

Pr(r, f) =

∫ +∞

−∞

∫ +∞

−∞
Pr(θ, t)e

−j2π(rθ+ft)dθdt

(15)
where Pr is the radial electromagnetic force.
According to it, the harmonic electromagnetic
force with different spatial order and frequency
order can be derived, as shown in Fig. 13.
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Pr(θ, t)

=
1

2µ0
[Bar(θ, t) +Bnr(θ, t)]

2

=

[ ∞∑
n=1,3,5,...

Bn cos (npθ − 2πnfct) +

∞∑
z=1

∞∑
η=1

Bηz cos (ηpθ − 2πszfzt+ θz)

]2

=
1

4µ0



∑∞
n1=1,3,5,...n2=1,3,5,...Bn1

Bn2

{
cos [(n1 + n2) pθ − 2π (n1 + n2) fct]
+ cos (n1 − n2) pθ − 2π (n1 − n2) fct

}
+
∑∞

n=1,3,5,...

∑∞
z=1

∑∞
η=1BnBη=2

{
cos [(n+ η)pθ − 2π (nfc + szfz) t+ θz]
+ cos [(n− η)pθ − 2π (nfc − szfz) t− θz]

}
+
∑∞

z1=1

∑∞
n1=1

∑∞
z2=1

∑∞
η2=1Bn1−1Bη2=2

{
cos [(η1 + η2) pθ − 2π (sz1fz1 + sz2fz2) t+ (θz1 + θz2)]
+ cos [(η1 − η2) pθ − 2π (sz1fz1 − sz2fz2) t+ (θz1 − θz2)]

}


(11)

(3) 100rpm is set as the step size. The electro-
magnetic force of each speed under acceleration
conditions is calculated according to the above
steps. Finally, the frequency characteristics of the
spatial-zero-order in the entire speed range is
obtained, as shown in Fig. 15 and Fig. 16.

It can be seen from Fig. 15 and Fig. 16 that the
12fc is the prominent component of the electro-
magnetic forces under the unsteady process, which
is the same as the electromagnetic vibroacoustic
distribution. To compare the weakening effect of
the rotor step skewing in the whole speed range,
the electromagnetic forces (0,12fc) are extracted,
as shown in Fig. 17. The change of the amplitude
of (0,12fc) has the same trend as electromagnetic
torque in the whole speed range, as shown in Fig.
7. The weakening effect of the rotor step skewing
exists in the whole speed range, which means that
the application of the rotor step skewing can be
used to weaken the electromagnetic vibroacoustic
in any speed condition, especially in the resonance
frequency band excited by the electromagnetic
forces (0,12fc).

4.2 Diagnosis of the Excitation
Source of Resonance
Vibroacoustic

There are two essential conditions for the occur-
rence of resonance. Firstly, the frequency of exci-
tation force is close to natural modal frequency
of the IPMSM. Secondly, the spatial order of

(0,12fc,7178N/m
2
)

Initial position

Wave position
Force 

shapes

-16 -8 0 8 16

(a)

(0,12fc,5517N/m2)

Initial position

Wave position
Force 

shapes

-16 -8 0 8 16

(b)
Fig. 13 Harmonic distribution of radial electromagnetic
force of IPMSM: (a) Without rotor step skewing, (b) With
rotor step skewing
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(a)

(b)
Fig. 14 The spatial and temporal distribution of the elec-
tromagnetic force: (a)Without rotor step skewing, (b) With
rotor step skewing

the excitation force is consistent with the modal
shape.

The frequency span of the harmonic electro-
magnetic force is large. It shows a ray-like distri-
bution in the unsteady state process, which can
be seen from Fig. 15, Fig. 16 and Fig. 18. Modal
is the inherent property of IPMSMs and does not
change with speed. Therefore, it presents a distri-
bution perpendicular to the frequency axis, which
can be seen from the green line in Fig. 18. Hence,
the electromagnetic force must have intersections
with some modal frequencies in the unsteady state
process, as shown in the yellow circles in Fig. 18.
However, resonance does not occur at all inter-
section positions. The process of diagnosing the
excitation source is as follows:

12fc
6fc

24fc

(a)

12fc
6fc

(b)
Fig. 15 Time-frequency diagram of electromagnetic
vibroacoustic under accelerating condition: (a) Without
skewing, (b) With skewing
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(b)
Fig. 16 Time-frequency diagram of electromagnetic force
under braking conditions: (a) Without skewing, (b) With
skewing.

(a) (b)
Fig. 17 (0,12fc) electromagnetic force under unsteady-
state conditions: (a) Accelerating condition, (b) Braking
condition

First of all, the harmonic characteristics of the
electromagnetic force are analyzed. The decompo-
sition process of electromagnetic force has been
described above. For the 8-pole 48-slot IPMSM,
the non-zero-order electromagnetic force in spatial
has a very small influence on motor vibroacoustic.
Hence, spatial-zero-order electromagnetic force
has been extracted under the unsteady process, as
shown in Fig. 18.

Then, several main modals of the IPMSM have
also been drawn on Fig. 18. For example, (0,1)
represents that the IPMSM has a 0-order modal in
the circumferential direction and a 1-order modal
in the axial direction. The vibroacoustic of the
IPMSM mainly comes from the radial vibration,
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(2, 0) (2, 1) (3, 0) (0, 0) (0, 1)

Resonant point

Non-resonant point

A

B

C D

E

F
G

Fig. 18 Unsteady distribution of the electromagnetic
force

which is mainly related to the modal in the cir-
cumferential direction. It can be seen that the
circumferential modals of the IPMSM are mainly
2, 3 and 0, as shown in Fig. 18. According to the
spatial order analysis of the electromagnetic force,
the lowest non-zero order electromagnetic force of
the 8-pole 48-slot IPMSM is 8. Therefore, (2, 0),
(2, 1), (3, 0) can be eliminated first. Because there
is no electromagnetic force that matches those
modal shape. Therefore, resonance do not occur
at intersections A-E.

Finally, the zero-order modals contains (0,0)
and (0,1), which is a frequency range (5110 Hz-
6080 Hz) rather than a fixed and accurate point.
Therefore, when the speed is in the range of
(6300 rpm-7600 rpm), the frequency is also in
the frequency range (5110 Hz-6080 Hz). More-
over, the force shape of the electromagnetic force
(0,12fc) is also the same as the zero-order modals
(0,0) and (0,1). Hench, the resonance vibroacous-
tic s appear in this frequency band and speed
range, which are excited by the electromagnetic
force (0,12fc). The diagnostic results provide guid-
ance to reduce IPMSM vibroacoustic from the
perspective of excitation source.

5 Experimental Verification

5.1 Current and Magnetic Field
Verification

The torque-speed characteristic has been veri-
fied the accuracy of the control model in Fig.
7. Further, the experimental currents under the
unsteady state are also collected. Time domain

and frequency domain distribution are shown in
Fig.19 and Fig.20, respectively. In the full speed
range, the average error of the fundamental wave
amplitude of currents between the simulation and
the experimental results is below 4%. The most
significant difference is that there is a component
2fc in experimental results under the two work-
ing conditions, which is caused by the unbalance
of line voltage[20].

Two working conditions at 7100 rpm of accel-
eration and deceleration are taken as examples.
The current waveform and amplitude comparison
are shown in Fig. 21.

The electromagnetic FE model is verified
through the ultra-thin air gap magnetic field test,
which is the method proposed by the authors
in the literature[21], as shown in Fig. 22. Hall
probe and high-precision workbench are used to
test the spatial distribution of open-circuit air gap
magnetic field.

s
Time (Throughput)

ia icib

ia icib

Fig. 19 Experiential results of the stator currents:(a)
stator currents under accelerating condition, (b) stator cur-
rents under braking condition

The comparison between experimental and
simulation results are shown in Fig. 23. The time
and frequency domain distribution are in good
agreement. The R-square is 90.5%.

5.2 Vibroacoustic Verification

Vibration and noise tests are carried out in
the powertrain NVH laboratory with a semi
anechoic chamber environment. The background
noise of the semi anechoic chamber is 25 dB. The
experimental data acquisition hardware/software
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Fig. 20 Experimental results of A-phase current time-
frequency diagram: (a) Under accelerating condition, (b)
Under braking condition

(a)

2fc

(b)

(c)

2fc

(d)
Fig. 21 A-phase current: (a) Time domain results under
accelerating condition, (b) Frequency domain results under
accelerating condition, (c) Time domain results under brak-
ing condition, (d) Frequency domain results under braking
condition

Fig. 22 Test of air gap magnetic field

 

(a)

 

(b)
Fig. 23 Spatial distribution and order characteristics of
radial magnetic density: (a) Spatial distribution, (b) Order
characteristics

equipment mainly includes piezoelectric three-
way acceleration sensor, power analyzer, current
clamp, LMS 48 channel data acquisition front-end
and LMS Testlab acquisition software, as shown
in Table 6. The layout of vibration and noise mea-
suring points is shown in Fig. 24. The equipment
wiring diagram is shown in Fig. 25

Fig. 24 The layout of vibration and noise measuring
points

The test results of vibroacoustic under accel-
erating and feedback braking conditions are
shown in Fig. 26 (a) and (b), respectively. The
peak vibroacoustic also appears in the frequency
range (5110 Hz-6080 Hz) with the speed range
(6300 rpm-7600 rpm).
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Fig. 25 The equipment wiring diagram

Table 6 Source and characteristics of radial
electromagnetic force wave

Name Model Number
Acceleration sensors PCB 356A33 5

Microphones LMS M31 6
Power analyzer YOKOGAWA WT3000E 1
Current clamps YOKOGAWA CT1000 3

LMS data acquisition front-end SCM 2E09 1
PC Win10, DELL 1

The results of the overall sound pressure level
(SPL) and the 12fc SPL under the accelera-
tion condition are shown in Fig. 27. The results
under the feedback braking condition are shown
in Fig. 28. In the full speed range, the simula-
tion result has the same trend as the experimental
results. However, it is slightly smaller than the
test result. The reason is that only electromag-
netic vibroacoustic is calculated in the prediction
model. The experimental results also contain a lot
of mechanical vibroacoustic components.

At the position Xp of maximum vibroacous-
tic , the 12fc SPL is basically close to the overall
SPL. The simulation errors of overall SPL and
12fc SPL during acceleration process are 3.2%
and 1.3%, respectively. The simulation errors of
feedback braking are 1.5% and 1.1%, respectively.

6 Conclusions

Considering the rotor step skewing and current
harmonics, the prediction and diagnosis of the
vibacoustic of ISPMSMs are studied in detail in
this paper. Based on variable parameter model of
IPMSMs in the control model, segmented map-
ping of electromagnetic force, the structural FE
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Fig. 26 Time-frequency diagram of measured vibroacous-
tic under accelerating condition: (a) Without skewing, (b)
With skewing

7100 rpm

12

12

Fig. 27 Test results of vibroacoustic under accelerating
condition

model with anisotropic material and the ATV
method in acoustic calculation, the entire predic-
tion process of unsteady electromagnetic vibroa-
coustic is efficiently realized at early design stage.
The working conditions which are easily excited to
resonant vibroacoustic in the unsteady process is
diagnosed at early design stage by using predicted
results. By analyzing unsteady electromagnetic
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7100 rpm

12-th

12-th

Fig. 28 Test results of vibroacoustic under braking con-
dition

force and simulation modal, the electromagnetic
excitation source of resonance vibroacoustic is
diagnosed. The proposed method is verified by
experiment. The main conclusions are as follows:

• The unsteady electromagnetic vibroacoustic
distribution of IPMSMs with step skewing and
current harmonics can be predicted accurately.
It has been verified by experiments that the
amplitude error of the total SPL and the order
SPL are both below 3.2% at the operating point
of peak vibroacoustic.

• The working conditions which are easily excited
to resonant vibroacoustic in the unsteady pro-
cess are diagnosed in the frequency range (5110
Hz-6080 Hz) with the speed range (6300 rpm-
7600 rpm) according to the prediction results. It
is also consistent with the experimental results.

• The resonance is excited by (Spatial-zero-order,
12fc) electromagnetic force in diagnosed oper-
ating conditions.

This study provides guidance for prediction
and diagnosis for electromagnetic vibroacoustic
performance of IPMSMs under typical unsteady
operating conditions.
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