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Abstract

Background and Purpose The comfort of electric vehicles (EVs) is closely related to the vibroacoustic performance of
integer-slot permanent magnet synchronous motors (ISPMSMs). This study provides a detailed investigation on the radial
electromagnetic force and vibroacoustic behavior of ISPMSMs considering current harmonics.

Methods First, the origin and order feature of dead-time current harmonics are introduced and validated through the phase
current test. Subsequently, a theoretical model of radial force considering dead-time current harmonics is built, the spatial
and temporal characteristics of radial force are analyzed and verified via the 2-D Fourier decomposition. Then, a multiphysics
model including the control model, the electromagnetic model, the equivalent structural model, and the acoustic radiation
model is established to calculate the vibration and noise of an ISPMSM used for EVs. Moreover, the orthotropic material
parameters of the stator and the non-uniform distribution of the radial force are also taken into account. The accuracy of the
multiphysics model is validated through the vibration and noise tests. Finally, the vibroacoustic mechanism of the ISPMSM
is clarified based on the multiphysics model, the effect of dead-time current harmonics on the vibration and noise is also
analyzed.

Conclusions It is found that the O-order and 2-order modal responses, which are commonly caused by the 0-order and slot-
order radial forces, are the roots of vibration and noise in ISPMSMs. By changing the amplitudes of corresponding radial
force harmonics, the dead-time current harmonics have a certain impact on the vibration and noise peaks, but the specific
influence depends on their amplitudes and phase angles. This study provides guidance for the development of low-vibration
and noise ISPMSMs.

Keywords Electric vehicle - Integer-slot permanent magnet synchronous motor - Radial electromagnetic force - Vibration -
Noise - Dead-time current harmonics

Introduction [2—4]. As a result, the vibration and noise issues of PMSMs,
which are closely related to the comfort of EVs [5-7], have
attracted extensive attention and become a research hotspot.

The vibration and noise of PMSMs can be classified into

Electric vehicles (EVs) have become one of the best choices
to mitigate the global energy crisis and environmental prob-

lems [1]. Due to high-power density, high efficiency, and
high torque density, permanent magnet synchronous motors
(PMSMs) have been widely used as driving motors in EVs
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three categories: aerodynamic-, mechanical-, and electro-
magnetic vibration and noise [8]. Moreover, the electro-
magnetic vibration and noise induced by time-varying radial
electromagnetic force acting on the stator teeth or permanent
magnets are the dominant vibroacoustic source of low- and
medium-rated PMSMs. At present, the calculation of elec-
tromagnetic vibration and noise contains analytical and
numerical methods. In [9-11], the natural frequency and
vibration response of the motors are analytically calculated
based on the cylindrical shell vibration theory. Besides, in
[12], an analytical model for vibration and noise prediction

@ Springer


http://orcid.org/0000-0002-4218-8959
http://crossmark.crossref.org/dialog/?doi=10.1007/s42417-022-00434-x&domain=pdf

1136

Journal of Vibration Engineering & Technologies (2022) 10:1135-1152

in axial-flux motors is established based on the disc vibra-
tion theory. However, the analytical models in [9-12] are
not accurate enough due to the modal characteristic varia-
tion caused by the stator structure simplification. Compared
with analytical methods, numerical methods can calculate
the electromagnetic vibration and noise more accurately by
taking the real motor mechanical properties into account.
In [13-15], the electromagnetic force acting on the stator
teeth is equivalent to a concentrated force, and then applied
to the structural finite-element (FE) model to calculate the
vibration and noise of the motor. However, this loading
method ignores the non-uniform distribution along the cir-
cumference of the electromagnetic force, which will induce
extra errors in the vibration and noise simulations. To over-
come the above problem, the nodal force mapping method
(NFMM) is proposed in [16]. Besides the correct loading of
electromagnetic force, an accurate structural FE model of the
motor is also necessary for vibration and noise prediction. In
[17-20], equivalent FE models of the stator and the wind-
ing are established by assigning orthotropic material param-
eters. However, due to small stiffness, the introduction of
the winding in [17-20] will bring numerous local modes to
the stator assembly, thereby increasing the calculation time
and modal identification difficulty. Therefore, the equivalent
modeling of the motor still needs further improvement.

It has been pointed out in previous studies that the vibra-
tion and noise of fractional-slot motors mainly come from
the contribution of the lowest non-zeroth order radial force
[9-12, 17, 18]. While for integer-slot motors, the vibration
and noise mainly result from the 0-order modal response
caused by the O-order radial force [21-23]. However, the
stator teeth modulation effect is neglected in the aforemen-
tioned studies. The high-order radial force can also arouse
the low-order modal vibration via the modulation of stator
teeth, thereby radiating acoustic noise. Specifically, the pole-
order radial force of fractional-slot motors can be modulated
[24]. Differently, the slot-order radial force of integer-slot
motors can be modulated via the stator teeth, thereby arous-
ing the 0-order modal vibration [25]. This indicates that the
vibration and noise are actually comprehensive results of
multi-order radial force. The discovery of the stator teeth
modulation effect lays the foundation for the analysis of
vibroacoustic behavior. To a better understanding, the
vibroacoustic mechanism of integer-slot permanent mag-
net synchronous motors (ISPMSMs) including the domi-
nant radial force and the dominant structural mode deserves
further investigation by taking the modulation effect into
consideration.

In addition, current harmonics are typical non-ideal fac-
tors, which have a significant influence on the vibroacoustic
behavior of PMSMs. The PMSMs used for EVs generally
adopt the space vector pulse width modulation (SVPWM).
Affected by the SVPWM, there are abundant sideband
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current harmonics around the carrier frequency [26, 27]. The
effect of sideband current harmonics on sideband noise has
been thoroughly studied in [28-30]. However, since the car-
rier frequency of PMSMs is quite high, the sideband noise is
not sensitive to human ears. On the contrary, the dead-time
current harmonics caused by the non-ideal electronic com-
ponent characteristics of the inverter have a crucial effect
on the low-frequency vibration and noise, thereby playing
a significant role in the comfort of EVs. However, up to
now, there are few studies on the influence of dead-time
current harmonics on electromagnetic vibration and noise.
Therefore, the specific influence of dead-time current har-
monics on vibration and noise of ISPMSMs also deserves a
thorough investigation.

The contribution of this study lies in that it provides a
detailed analysis of the vibroacoustic behavior of ISPMSMs
considering the dead-time current harmonics, which is ben-
eficial for the electromagnetic force analysis, vibroacoustic
prediction, and noise reduction. This paper is organized as
follows. In Sect. 2, the origin and order feature of dead-
time current harmonics are first analyzed and verified via
the experimental test. Subsequently, the theoretical model
of radial force is established considering dead-time current
harmonics, and the spatial and temporal characteristics of
radial force are determined and verified through the 2-D
Fourier decomposition in Sect. 3. Then, a multiphysics
model for vibration and noise calculation of the ISPMSM is
established and validated through vibration and noise tests
in Sect. 4. The vibroacoustic mechanism of the ISPMSM is
also revealed. Finally, the specific influence of dead-time
current harmonics on the maximum peaks of vibration and
noise is detailed analyzed in Sect. 5.

Dead-Time Current Harmonic Analysis
and Experimental Validation
Operation Principle of ISPMSM Used for EVs

As shown in Fig. 1, an ISPMSM with 8 poles and 24
slots used for micro-EVs is chosen in this paper. Its main
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Fig. 1 Stator and rotor of the 8p24s ISPMSM
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parameters are given in Table 1. Figure 2 shows the opera-
tion principle of the driving motor. First, the DC power sup-
ply will supply direct current to the controller according to
the pedal signal. Then, combined with the rotor position
signal generated by the motor position sensor, the inverter,
which is integrated into the controller, will convert the direct
current to a three-phase alternating current through a certain
modulation strategy to maintain the motor operation and
torque output. Finally, the operation of the driving motor
achieves a closed-loop through the time-varying pedal signal
and the real-time feedback rotor position signal.

However, due to non-ideal control factors, the current
modulation will produce lots of harmonic components in
the three-phase current, which will influence the radial force
and vibroacoustic behavior of the driving motor, and further
deteriorate the NVH performance of EVs.

Analysis and Validation of Dead-Time Current
Harmonics

The low-order current harmonics caused by the characteris-
tics of inverter switching electronic components, namely the
dead-time current harmonics, have an important influence on
the low-frequency vibration and noise of the driving motor.
Hence, this study focuses on the effect of dead-time current
harmonics on radial force and vibroacoustic behavior of the
ISPMSM.

The mechanism for the generation of dead-time current
harmonics is introduced in this section. As shown in Fig. 3a,
the trigger signals of the upper and lower bridge arms of
the inverter switch are complementary under ideal condi-
tions. However, the opening and closing operation of the
upper and the lower bridge arms actually need a certain time.
Generally, the open time is less than the close time, so it
is easy to induce the short-circuit fault that both the upper
and the lower bridge arms are conducted simultaneously. To
avoid the above short-circuit fault, the method that the clos-
ing operation is ahead of the opening operation is usually

Table 1 Main parameters of the 8p24s ISPMSM

Parameter Symbol Value
Pole/slot number 2p/0 8/24
Inner radius of stator R 44 mm
Air-gap length g 1 mm
PM thickness hpyy 4 mm
Axial length of stator L 84 mm
PM remanence B, 125T
Pole-arc coefficient a, 0.84
Maximum power Pax 10 kW
Maximum speed Vinax 3200 rpm

DC
Controller
power supply Direct =

Three-{)hase
current |,

curren

Pedal signal Rotor position signal

Fig.2 Operation principle of the ISPMSM used for micro-EVs

adopted, which will lead to a delay between the two trigger
signals, namely, the dead time, as shown in Fig. 3a.

As shown in Fig. 3b, the dead time will induce errors in
the three-phase voltage, namely the dead-time voltage error,
whose amplitude depends on the DC bus voltage U, and the
dead-time T;. The three-phase dead-time voltage error can
be expressed as

_ | ' _
zk: S Sinl@k = Dpor]
u
ae 4Tdfg . 2
u, | = - Uy ; =1 sin[(2k — 1)(powt — gﬂ)]
e > L Gin[2k = Dot + 27)]
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Fig.3 Dead time and dead-time voltage of the inverter a dead time; b
dead-time voltage
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here,u,,,u;, and u,, represent the three-phase dead-time volt-
age error, f; is the switching frequency, p is the pole-pair
number, w is the mechanical angular velocity. It can be seen
from (1) that the frequency of dead-time voltage harmon-
ics is odd times of the current fundamental frequency. For
star-connected windings, the harmonics with orders of three
and its multiples will cancel each other out. Therefore, the
three-phase current considering (6k + 1)th dead-time current
harmonics can be written as

iy SIn(Pet + @) + Y iy SIN[(6k £ Dpot + @]
k
. 2 L 2
=| i sin(prt — 37+ Q)+ Zlekil sin[(6k + 1)(pwrt — 5”) + @giz1]
k

¢ i) sin(pwt + §”+(ﬂl)+;i6kil sin[(6k + 1)(pwt + %ﬂ)+(p6kil] (2)
here,i i, and i. represent the three-phase current, i; and @,
are the amplitude and phase angle of the fundamental cur-
rent, respectively, ig;, ; and g, , | are the amplitude and phase
angle of the (6k + 1)th current harmonics, respectively. Due
to the low-order properties (frequency properties), the dead-
time current harmonics will have a significant impact on the
radial force and vibroacoustic behavior of the driving motor.

To validate the above theoretical analysis, the phase
current of the 8p24s ISPMSM at 3200 r/min is tested
through the current clamp, as shown in Fig. 4a. Then,
the current harmonics are obtained via the fast Fourier
decomposition. Figure 4b shows the main harmonics of the
phase current. Since the motor runs at the speed of 3200 r/
min, so the current fundamental frequency f, is 213.33 Hz
(f, = % = % = 213.33H7). It can be seen from Fig. 4b
that the orders of the main current harmonics are 5th, 7th,
11th and etc., satisfying (6k + 1)th, which is consistent
with the above theoretical analysis.

Modelling, Analysis and Validation of Radial
Electromagnetic Force Considering Current
Harmonics

Theoretical Modelling and Analysis of Radial Force
Considering Dead-Time Current Harmonics

The electromagnetic vibration and noise of ISPMSMs
mainly come from the radial force acting on the teeth sur-
faces, and the vibroacoustic behavior is closely related to
the spatial and temporal characteristics of radial force har-
monics. Therefore, it is necessary to establish a theoreti-
cal model considering dead-time current harmonics and
analyze the spatiotemporal distribution characteristics of
radial force harmonics.

&\ Springer
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Fig.4 Phase current harmonics at 3200 r/min tested by the current
clamp a test environment; b current harmonics

For slotless ISPMSMs, the PM field B, .,
ture reaction field B, ,,, in the air-gap can be expressed in

terms of the following Fourier series.

and the arma-

B, ypag = Z B, cos[np(f — wt)] 3)

B, =D, Y B! sinwN,0 —s,,hpot +6,) @
h v

here, B,,, is the amplitude of the npth PM field harmonic,
n is an odd number, BZV is the vN,th armature reaction field
harmonic generated by the Ath current harmonic. N, is the
spatial period number of motor, 6, is the phase angle of Ath
current harmonic, s,;, = +1,and its sign depends on the rota-
tion direction of armature reaction field and phase sequence
of current harmonics.

The stator slotting effect of ISPMSMs can be calculated
by the following relative permeance function.

A, = Ao+ zu: A €OS(uQ0) ©)

here, 4, is the relative permanence, A is the DC component,
Aqu 18 the amplitude of uth relative permanence harmonic, Q
is the slot number.



Journal of Vibration Engineering & Technologies (2022) 10:1135-1152

1139

Furthermore, the total air-gap field B, considering the
dead-time current harmonic and the stator slotting effect can
be given as

B.=(B,,,. +B

r mag

4q (©6)

According to the Maxwell stress tensor method, the radial
force can be written as

r_arm)

B2

r

S~ ™

2py
here, pu, is the vacuum permeability. By substituting
(3)—(6) into (7), the specific expression of radial force can
be obtained through trigonometric function simplification.
Note that some radial force harmonics, such as harmonics
generated by the interaction of permanence harmonics and
armature reaction field harmonics, can be ignored due to
their tiny amplitudes. Hence, the expression of radial force,
which only considers the main force harmonics, can be given

as
AO Z 2 Zanl mn, au

n on, u

+_,12ZZZ i “V{+sin[(np—
2M0/1022223mn “ au{

cos[(n; + ny)pd — (n; + n,)pwt]

_42 Z Zan] mn,

nm

+cos[(n, —ny)pl —

{

sin[(np + vN,)0 —
VN,)0 —

(n) = nypar]
cos{[(n; + n,)p + uQ16 —
+cos{[(n; —ny)p + uQ]0 —
(n + s,,Wpot + 60,]

(n —s,,hpot + 6,]
sin{[(np + vN,) + uQ10 —
+sin{[(np — vN,) + uQ16 —

The introduction of dead-time current harmonics will not
change the spatial and temporal characteristics of radial
force harmonics, but will have a significant influence on
their amplitudes. These laws about radial force lay the
foundation for vibration and noise analysis of ISPMSMs.

Validation Through Electromagnetic FE Analysis

The theoretical analysis of radial force is verified through
the FE method in this section. First, as shown in Fig. 5, a
2-D electromagnetic model of the 8p24s ISPMSM is estab-
lished in the JMAG software. The accuracy of the electro-
magnetic model is validated through the back electromo-
tive force (BEMF) test. Figure 6 shows the comparison
results of BEMFs under 1000 r/min. It can be seen that the
simulated result agrees well with the tested result, validat-
ing the accuracy of the established electromagnetic model.
Then, as shown in Fig. 7, the field-oriented vector con-
trol model of the ISPMSM is established in Simulink. Dur-
(n; — ny)pwt}

|
}
j

(n) + ny)pot}
(n+s,,Hpot +6,}

®)

}

(n —s,,pot — 0,}

Sources, spatial orders and frequencies of radial force
harmonics can be directly determined according to (8).
The specifications are summarized in Table 2. Since n is
an odd number, it can be deduced from Table 2 that the
spatial order of radial force of ISPMSMs includes 0 and
2 kp. Moreover, the frequency of radial force satisfies
2 kpf as a whole, namely the pole frequency. Furthermore,
the frequency characteristics of radial force of any spatial
order can also be derived according to Table 2. For exam-
ple, it can be analytically derived that the frequencies of
both the 0-order and 24-order radial forces satisfy 6 kpf.

ing simulation analysis, the dead time is set to be 5 us,

Stator core

Winding
PM
~=——— Rotor core

Fig.5 A 2-D electromagnetic model of the 8p24s ISPMSM

Table 2 Source and

. . Source Spatial order Frequency
spatiotemporal characteristics of
radial force in ISPMSMs PM field (n, £ n,)p (n, £ n)pf
Interaction of PM field and stator slot (n; = ny)p +uQ (n; = ny)pf
Interaction of PM field and armature reaction field np + vN, (n £ s,,pf
Interaction of PM field, stator slot and armature reaction field (np £ vN,) = uQ (n +s,,h)pf
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Fig.6 Comparison of BEMF of the ISPMSM under 1000 r/min
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Fig. 7 Field-oriented vector control model of the ISPMSM

and the output three-phase current of the control model,
which contains dead-time current harmonics, serves as the
input of the electromagnetic force calculation. Figure 8a,
b shows the waveform and main harmonics of the output
three-phase current at 3200 r/min, respectively. It can be
seen that when considering the dead time, the three-phase
current is no longer sinusoidal, but contains the 5th, 7th,
11th, and 13th harmonic components, which is consistent
with the theoretical analysis in Sect. 2.2.

Figure 9a shows the waveform of the radial force under
dead-time current supply. It can be seen that the radial
force acting on the stator teeth changes simultaneously in
the time and space domain. As shown in Fig. 9b, the spa-
tial and temporal distribution characteristics of the radial
force are obtained through the 2-D Fourier decomposition.
It can be found that the introduction of dead-time current
harmonics does not change the spatiotemporal properties
of the radial force. Specifically, the spatial order still con-
tains O and 2 kp, while the frequency still satisfies 2 kpf.
This is consistent with the conclusions in Table 2. How-
ever, as the source of the radial force is more abundant
with the introduction of dead-time current harmonics, the
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Fig. 8 Three-phase current considering the dead time a waveform; b
dead-time current harmonics

amplitude of radial force has changed, which will generate
a certain influence on the vibration and noise peaks.

Multiphysics Model for Vibration and Noise
Prediction and Experimental Validation

Stator Structural Model Considering Orthotropic
Material Parameters

The components of the ISPMSM mainly include stator core,
winding, enclosure and end covers. As the stator core is
stacked with silicon steel sheets along the axial direction and
the winding is stacked with copper wires, the stator core and
winding exhibit different mechanical properties in differ-
ent directions. To establish an accurate equivalent structural
model, it is necessary to identify the orthotropic material



Journal of Vibration Engineering & Technologies (2022) 10:1135-1152

141

X
-
N A~ O
Gl

360

Radial force /N/m?

18

240 12

120 9

Angular position /°

6

0 0o Time /ms

(@

o sinusoidal current

dead-time harmo (24th,1280Hz)

-~

7.(0th, 1280112y | / 24

Radial force /N/m?

Frequency/Hz 8 Spatial order

0 0
(b)

Fig.9 Spatial and temporal distribution of radial force at 3200 r/min
a waveform; b harmonic components

parameters of the stator, which mainly include the elastic
modulus and shear modulus. In this section, the orthotropic
material parameters of the stator are identified through
modal tests. Figure 10 shows the modal test environments of
the stator core, stator, and whole motor. During modal tests,
the excitation force is generated by the force hammer, while
the vibration response is captured by acceleration sensors.
The tested modal characteristics including modal shapes and
modal frequencies are recorded in Table 3.

The detailed identification process of orthotropic mate-
rial parameters is listed as follows. As shown in Fig. 11,
an equivalent structural model of the stator core is first
established in ANSYS software. Then, making the simu-
lated modal frequencies of the stator core move close to
the tested results by adjusting material parameters (E,,
Ey, E, ny, Gyz, G.,) of the FE model. Note that, due to
the tiny influence of the Poisson’s ratio on modal char-
acteristics, an empirical value of 0.3 is adopted in the
modal simulation analysis. Finally, the comparison of
modal shapes and modal frequencies of the stator core is
recorded in Table 3. It can be found that tiny relative errors
between the simulated and tested frequencies are achieved
by assigning orthotropic material parameters. This means

that the real modal characteristics of the stator core can be
well revealed by the equivalent structural model.

The geometry of the winding is irregular, which makes
its mass distribution and stiffness distribution extremely
complicated. As a result, it is difficult to establish an accu-
rate structural model of the winding. Besides, since the
stiffness is quite small, the introduction of the winding
will bring lots of local modes to the stator, thereby adding
the calculation time and modal identification difficulty. In
fact, the effect of the winding on the stator can be attrib-
uted to the mass effect and the stiffness effect. To reduce
local modes and simplify the modal identification process,
the additional mass method is adopted in this paper. The
real mass of the winding is added to the 48 teeth surfaces
(red surfaces in Fig. 11). Subsequently, making the simu-
lated modal frequencies move close to the tested results by
adjusting the equivalent material parameters of the stator.
In this process, the stiffness effect of the winding has been
equivalent to the material parameters of the stator core.
The comparison of modal frequencies of the stator is also
summarized in Table 3 (since the modal shapes of the sta-
tor are similar to that of the stator core, they are neglected
in Table 3). It can be seen that the simulated modal fre-
quencies of the stator agree well with the tested results.
It should point out that since the real mass of the winding
is only added to the teeth surfaces, and the end effect of
the winding is ignored, there are still some errors between
the simulated and tested results. But they are acceptable
for vibration and noise calculation. Finally, the identified
orthotropic material parameters are listed in Table 4. Note
that £, (200 GPa) and G,, (80 GPa) are elastic modulus
and shear modulus of steel, respectively.

To further verify the accuracy of the identified ortho-
tropic material parameters in Table 4, the modal simula-
tion analysis of the whole motor is further implemented.
As the enclosure and end covers are continuous elasto-
mers, only real material parameters need to be assigned
to their structural models. The modal simulation results
of the whole motor are also compared with the experi-
mental results, as shown in Table 3. It can be seen that the
average relative error of symmetrical modes of the whole
motor, which contribute most to straight-slot motors, is
only 1.97%. This illustrates that the established equivalent
structural model of the ISPMSM is accurate enough for
vibration and noise calculation. It should be pointed out
that to simulate the constraint conditions in the vibration
and noise tests, shown in Fig. 16, a fixed support con-
straint is imposed on the surface of the rear end cover of
the whole motor, as shown in Fig. 12. The correspond-
ing constraint modal frequencies are also recorded in
Table 3. Moreover, the constraint modal characteristics
of the whole motor will be further used in the numerical
calculation of vibration and noise.
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Fig. 10 Modal tests of stator
core, stator, and whole motor

Multiphysics Model for Electromagnetic Vibration
and Noise Prediction

On the basis of current harmonics, radial force and structural
modal analysis, a multiphysics model for electromagnetic
vibration and noise prediction is established in this section.
The multiphysics model integrates the control model, the
electromagnetic model, the equivalent structural model,
and the acoustic radiation model. The specific calculation
process of electromagnetic vibration and noise is shown in
Fig. 13.

First, the operation condition of the ISPMSM including the
target torque and rotation speed is simulated by the control
model. The three-phase current considering dead-time current
harmonics, which will be used as the input of electromag-
netic simulation, can be obtained by setting the dead time.
Subsequently, the electromagnetic force can be calculated by
the 2-D electromagnetic model. It is assumed that the elec-
tromagnetic force of straight-slot motors is evenly distributed
along the axial direction, so the 2-D electromagnetic force can
be expanded to the 3-D electromagnetic force. Then the 3-D
electromagnetic force is transferred from the electromagnetic
mesh to the structural mesh via the NFMM. Since the non-
uniform distribution characteristic of electromagnetic force is

@ Springer
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unchanged, the NFMM is more accurate than the concentrated
force loading method. The NFMM can be expressed as

N,

mag

Z O mesh,i 'Amug,i
1

Gmesh,k = A

®

mesh.k

here, 0, and o,,,,; are the force densities in the struc-
tural mesh and electromagnetic mesh with the correspond-
ing areas A, and A, ;.N,,,, 1s the number of mesh ele-
ments whose centroid is positioned within the area of the
mechanical element A, .. After the nodal force mapping,
the electromagnetic force acting on the structural mesh is
shown in Fig. 14.

Based on the nodal force acting on the structural mesh and
the constraint modal characteristics of the equivalent struc-
tural model, the electromagnetic vibration of the ISPMSM
is calculated through the MSM. The calculation equations of

MSM can be given as

N N N
M1 {@}, +[C1 Y, {®,}x, + [K1 D {®}x, = {F}
=1 i=1 i=1
(10)
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Table 3 Comparison of modal characteristics of stator core, stator and whole motor
Modal shape and modal frequency Mode number
0,2) (1,2 ©,3) (1,3) 0,4 1,4
Stator core
Tested modal shape ’ y- 9 o
Simulated modal shape % ﬁ
Tested modal frequency 998 Hz 1240 Hz 2580 Hz 2970 Hz 4650 Hz 5020 Hz
Simulated modal frequency 991 Hz 1245 Hz 2623 Hz 3013 Hz 4622 Hz 4983 Hz
Relative error 0.7% 0.4% 1.67% 1.45% 0.6% 0.74%
Stator
Tested modal frequency 919 Hz 1130 Hz 2340 Hz 2660 Hz 4570 Hz 5220 Hz
Simulated modal frequency 916 Hz 1118 Hz 2432 Hz 2708 Hz 4207 Hz 4423 Hz
Relative error 0.3% 1.1% 3.9% 1.8% 7.9% 15.3%
Whole motor
Tested modal shape ) ==
Simulated modal shape
Tested modal frequency 1210 Hz 2260 Hz 3000 Hz 3890 Hz 4780 Hz 5770 Hz
Simulated modal frequency 1205 Hz 2388 Hz 2842 Hz 3786 Hz 4772 Hz 5360 Hz
Relative error 0.4% 5.7% 5.3% 2.7% 0.2% 7.1%
Constrained modal frequency 1270 Hz 2420 Hz 2855 Hz 3811 Hz 4777 Hz 5365 Hz

Fig. 11 Equivalent structural
model of the stator

here, x; is the nodal displacement in modal coordinates, {dDi}
is the modal shape of mode i, {F} is the electromagnetic
nodal force, N is the number of modes to be summed, [M],
[Cland [K] are the mass matrix, the damping matrix and the
stiffness matrix, respectively.

Finally, as shown in Fig. 15, an acoustic model of the
ISPMSM, which includes the enclosed acoustic mesh and field
point mesh, is established. To keep consistent with the test
conditions, the radius of the field point mesh is set as 0.5 m.
The vibration acceleration calculated by the MSM is used as
the acoustic boundary condition, and the electromagnetic noise
is calculated by the BEM.

To validate the accuracy of the established multiphysics
model, the vibration and noise tests of the ISPMSM are
performed in a semi-anechoic room. Figure 16 shows the
experimental environment. In the tests, the ISPMSM is
rigidly mounted on the bench by bolts. The motor is oper-
ated stably at a maximum speed of 3200 r/min by adjusting
the pedal. The corresponding vibration and noise signals
are captured by acceleration sensors and microphones,

Table 4 Orthotropic material

Material parameters
parameters of stator

Young’s modulus

Shear modulus Poisson’s ratio  Density (kg/m®)

Stator core

E, = E, = 1048%E,
E, = 100%E,

G, = 131.25%G, 03 7305
G,. = G, = 25%G,,
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Fixed
support

Fig. 12 Constraint condition of the whole motor

then collected and processed by the data collection system.
The vibration and noise under the same operation con-
ditions are also simulated using the multiphysics model.
Figure 17 exhibits the comparison results of vibration and
noise. It can be seen that the simulated results agree well
with the tested results. This illustrates that the established
multiphysics model is accurate enough for reflecting the
main peaks and the overall variation trend of vibration and
noise of the ISPMSM. However, it should emphasize that
some noise errors still exist at some frequencies. These
errors mainly come from two aspects, one is the variation
of modal characteristics, and the other is the mechani-
cal noise. Although the orthotropic material parameters
are adopted during the equivalent modeling, some errors
still exist between the simulated and tested modal frequen-
cies. Moreover, an empirical value of the damping ratio is
assigned to each mode in the multiphysics model, which
may also bring extra noise errors. In addition, the tested
noise not only contains the electromagnetic noise but also
the mechanical noise generated by the bearings.

As shown in Fig. 17, both the maximum peaks of vibra-
tion and noise occur at 1280 Hz. To analyze the vibroacous-
tic mechanism of the ISPMSM, the modal participation fac-
tor (MPF) at 1280 Hz is extracted from the LMS Virtual.Lab
software, as shown in Fig. 18. It can be observed that the
electromagnetic vibration and noise of straight-slot motors

2D electromagnetic 3D electromagnetic

Fig. 14 Nodal force on structural mesh

Field point mesh
Acoustic mesh
L

Fig. 15 Acoustic model of the whole motor

mainly come from the contribution of symmetrical modes.
Moreover, in addition to the zeroth mode, the second mode
is also crucial to the vibroacoustic behavior of the ISPMSM.
This is different from the conclusion in previous literature,
which believes that only the zeroth mode (breathing mode)
is the dominant mode of vibration and noise of ISPMSMs.

force
Current extend ’ =‘
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’ ’
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=
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=
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Fig. 13 Calculation process of electromagnetic vibration and noise
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Fig. 16 Vibration and noise test of the ISPMSM

Fig. 18 Modal participation factor at 1280 Hz
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In fact, the ISPMSMs used for EVs usually have a high
0-order modal frequency. Therefore, the 0-order modal
vibration is actually a forced vibration that the structural
mode satisfies the spatial match with the corresponding
radial force. In addition, at 1280 Hz, the frequency of the
corresponding radial force is very close to the 2-order con-
straint modal frequency (1270 Hz). Therefore, the 2-order
modal vibration is actually a resonance satisfying frequency
match. Considering the modulation effect of the slotted sta-
tor structure, the maximum peaks of vibration and noise
at 1280 Hz mainly come from the 1280-Hz 0-order and
24-order radial force harmonics. And the specific influ-
ence depends on their amplitudes. This illustrates that the
vibroacoustic behavior of ISPMSMs is actually a compre-
hensive result of radial force harmonics with different spatial
orders, not only attributes to the 0-order force. Therefore,
the vibroacoustic mechanism of ISPMSMs in the traditional
analysis is further improved in this study through the analy-
sis of dominant structural mode and dominant radial force.
Furthermore, using the established multiphysics model,
the effect of dead-time current harmonics on vibroacous-
tic behavior of the ISPMSM will be analyzed in detail in
Sect. 5.

Effect of Dead-Time Current Harmonics
on Vibroacoustic Behavior of ISPMSM

To analyze the influence of dead-time current harmonics,
the vibration and noise at 3200 r/min both under sinusoidal
and dead-time currents are calculated using the established
multiphysics model. During the simulation, the amplitude
and phase sequence of dead-time current harmonics are
summarized in Table 5, and the amplitude of the sinusoidal
current is equal to that of the fundamental wave of dead-time
current. Specific simulation results are exhibited in Fig. 19.
It can be seen that the vibration and noise peaks appear at
the frequency of 2 kpf under both two load conditions. This
indicates that the dead-time current harmonics do not pro-
duce extra vibration and noise orders. However, the dead-
time current harmonics have a certain impact on the vibra-
tion and noise peaks due to the variation of electromagnetic

Table 5 Amplitude and phase sequence of fundamental and harmonic
current

Order Amplitude (A) Phase sequence
1 110.22 ABC
5 3.5365 ACB
7 2.4486 ABC
11 0.2156 ACB
13 0.1012 ABC

@ Springer
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Fig. 19 Comparison of vibration and noise under sinusoidal and
dead-time currents a vibration; b noise

force amplitudes. Here, the maximum peaks of vibration
and noise at 1280 Hz are taken as examples to illustrate the
specific impact of dead-time current harmonics. As shown
in Fig. 19, both the vibration and noise peaks at 1280 Hz
show a decrease when considering the dead-time current
harmonics. Specifically, the vibration peak decrease from
2.55 to 2.45 m/s?, while the noise peak decrease from 72.7
to 72.08 dB (A). Changes in vibration and noise peaks at
1280 Hz are closely related to the variation of the corre-
sponding radial force, shown in Fig. 9. As the maximum
peaks of vibration and noise mainly come from the 1280 Hz
0-order and 24-order radial forces, namely f,(Oth, 1280 Hz)
and f,(24th, 1280 Hz), so the specific contribution of dead-
time current harmonics to these two force harmonics is theo-
retically derived according to (8).

First, the source of f,(0th, 1280 Hz) is analyzed. Accord-
ing to (8) or Table 2, it can be deduced that the 0-order radial
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the permeance harmonic. Thus, the following conditions
should be met to generate 1280 Hz O-order force

force mainly comes from three parts: (1) interaction between 6000
the PM field and the permeance harmonic; (2) interaction —Jr ° S0 T sty
between the PM field and the armature reaction field; (3) 4000 - A e Ie3
interaction of the PM field, the armature reaction field and | °°o°°°°o°°
2000

o
|

)

(n xny)p+xuQ =0 (np£vN,)=uQ =0
(n, £n)pf = 1280 '\ (ns,,hpf = 1280

'

N

o

o

o
L

here, when u = 0, the right part of (11) represents the inter-

Radial electromagnetic force (N/m2)

-4000

action of PM field and armature reaction field, namely the
third item of Table 2. Parameters such as the amplitude
and phase sequence of current harmonics for this 8p24s
ISPMSM are summarized in Table 5. By solving the left part

0.0000

0.0025 0.0050
Time (s)

of (11), the 1280 Hz 0-order force generated by the interac- Fig.20 Contribution of each source to 1280 Hz 0-order force

tion of PM filed and permeance harmonic can be deduced as

£,0(0th, 1280 Hz) = 1 /102 BB, s+ B,3B,; BB nis) | X cos 24wt (12)
n=1,3,5...
Similarly, by solving the right part of (11), the contribu-
tion of current harmonics to 1280 Hz 0-order force can also
be obtained.
The contribution of fundamental current can be calcu-
lated from
{ mS z /1(1” a(5+6u)
f.1(0th, 1280 Hz) = 2—/10 X X sin(24wt + 6,) (13)
Ho
+B,; X l |+ Z A a(7+6u)]
The contribution of the 5th current harmonic can be cal-
culated from
| ml Z /1““ a(14+6u)
f5(0th, 1280 Hz) = —/10 X sin(24wt + 05) (14)

2pg

5
+Bmll X lﬂalB + Z Aau a(11+6u)]
u=0

Springer



1148

Journal of Vibration Engineering & Technologies (2022) 10:1135-1152

The contribution of the 7th current harmonic can be cal-
culated from

S
7
Bml Z /lauBa(1+6u)
=0

f,7(0th, 1280 Hz) = ZL/{O X - X sin(24wt + 6;) (15)
Ho
+B,,3 X lﬂalBZ7 + 0Bl + Y AWBZ(BW)]
u=0
The contribution of the 11th current harmonic can be
calculated from
11

| BmS Z AauBa(5+6u)
f11(0th, 1280 Hz) = 2—/10 X = X sin(24wt + 0,;) (16)

Ho

B x [mzil I

Bll

au® q(17+6u)

|

u=0

The contribution of the 13th current harmonic can be
calculated from

£.13(0th, 1280 Hz) = ZLAO x

Ho 3 s
Z AauBa(19—6u)

u=1

|

o0
13 13
Bm7 X [AalBal + Z i!ll/iBa(7+6u)
u=0

o0
13
+ Z )’auBa(19+6u)‘|

when considering dead-time current harmonics. This is con-
sistent with the variation trend of f,(Oth, 1280Hz) in Fig. 9.

|

x sin(24wt + 0,5) 17)

u=0

Thus, the total 1280 Hz 0-order force can be given as

L =lo+ 1 +fs +a + i + s

B,,.B"  and 4,,in (12)—(17) can be obtained analytically
or numerically. Then, the contribution of each source can be
calculated analytically, and the results are shown in Fig. 20.
It can be seen that the total f, mainly depends on f,, f,s
and f,;. Due to specific phase relationships, the 7th current
harmonic has a remarkable contribution to the total 1280 Hz
0-order force, while the 5th current harmonic has a weaken-
ing effect. Moreover, the weakening effect is dominant due
to the large amplitude of the 5th current harmonic. There-
fore, compared with the sinusoidal current condition, the
amplitude of 1280 Hz 0-order force has a certain decrease

(18)

fo(24th, 1280 Hz) = ﬁzg X | ByyiBys + Bo3Bos +
0

n=13,5..

Similarly, the source of f,.(24th, 1280 Hz) is also dis-
cussed. According to (8) or Table 2, the 24-order electro-
magnetic force mainly originates from the following three
parts: (1) interaction of PM field harmonics; (2) interaction
between the PM field and the armature reaction field; (3)
interaction of the PM field, the armature reaction field and
the permeance harmonic. Thus, the following conditions
should be met to generate the 1280 Hz 24-order force

{ “\

By solving the left part of (19), the 1280 Hz 24-order
force generated by the interaction of PM field harmonics
can be deduced as

(n; £ny)p =24
(n; = ny)pf = 1280

(np £VvN,) zuQ =24

(n +s,,h)pf = 1280 (19)

BB +6)] X cos 24wt. (20)
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By solving the right part of (19), the contribution of fun-
damental current can be calculated from

Bm5 x [ alBaS + 2 AIJM a(ll+6u)]

1 1
+Bm7 X llalBa7 + /IaZB + Z )’au a(13+6u)]

f.,(24th, 1280 Hz) = 2#,10 X

X sin(24wt + 6,).
Ho

ey

The contribution of the 5th current harmonic can be cal-
culated from

Bml x l 1B + Zﬂ'au a(7+6u)]

+B,,, X l,a \B3 L+ A B +Z/1
u=0

£.5(24th, 1280 Hz) = —— 4, x
2p,

au a(l7+6u)]

X sin(24wt + 05).

(22)

The contribution of the 7th current harmonic can be cal-
culated from

7
Bml X l alB + Z A’au a(7+6u)]
+B,,13 X lz AuB] a(19-6uw) T Z AaB a(19+6u)]

u=

f.7(24th, 1280 Hz) = %/lo X

X sin(24wt + 0;).
Ho

(23)

The contribution of the 11th current harmonic can be cal-
culated from

11 11
B, ;5 X l,l Bl + Z AauBa(lH(m)]

(s8]
1 1
+B,,17 X lz AaB a3 T Z AauBa(23+6u)]
s

u=1

f.11(24th, 1280 Hz) = %AO X

Ho

X sin4wr + 6,,).

24
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The contribution of the 13th current harmonic can be cal-
culated from

B,; X | 4,BY + 4B + ) 4,BY
u=0

f.15(24th, 1280 Hz) = %AO X

Ho 4
+B,,16 X 2/1 BY

au= q(25-6u)

u=1

The contribution of each source to f,(24th, 1280Hz) is also
obtained analytically, and the results are shown in Fig. 21. For
PM motors, the PM field is dominant in the air gap. As a result,
the interaction of PM field harmonics has a dominant contribu-
tion to the total 1280 Hz 24-order force, as shown in Fig. 21a.
Moreover, as shown in Fig. 21b, the fundamental current and
the 7th current harmonic have certain contributions to the total
1280 Hz 24-order force, while the 5th current harmonic has a
weakening effect. Hence, compared with the sinusoidal cur-
rent condition, the amplitude of 1280 Hz 24-order force has
a slight decrease due to the existence of the Sth current har-
monic. This is also consistent with the variation trend of the
1280 Hz 24-order force in Fig. 9.

Since the amplitudes of 1280 Hz 0-order and 24-order
force have a certain decrease, the vibration and noise peaks
at 1280 Hz also have a slight decline when considering dead-
time current harmonics. Thus, the variation of the maxi-
mum vibration and noise peaks is well explained. Similar
theoretical analysis can also be performed to illustrate the
variation trend of vibration and noise peaks at other frequen-
cies, which has a significant guidance for the reduction of
electromagnetic vibration and noise.

Conclusion

Considering the dead-time current harmonics, the radial
electromagnetic force and vibroacoustic behavior of
ISPMSMs were studied in detail in this paper. The spati-
otemporal characteristics of radial force were analytically
derived. Then, the vibration and noise of an 8p24s ISPMSM
used for EVs were predicted by a multiphysics model con-
sidering the structural orthotropy of the stator and the
non-uniform distribution of the radial force. Moreover, the
vibroacoustic mechanism of the ISPMSM was revealed and

au™ q(13+6u)
X sin(24wt + 0,3). (25)

(s

13
+ Z idllBa(ZS +6u)
u=0

Thus, the total 1280 Hz 24-order force can be written as

L =lo+ 1 +hs +fa +h + s (26)

@ Springer

the specific influence of dead-time current harmonics on
vibration and noise was analyzed. The main conclusions are
summarized as follows.

1. The spatial orders of the radial force in ISPMSMs con-
tain 0 and 2 kp, while the frequency is 2 kpf. The intro-
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duction of (6k + 1)th dead-time current harmonics will
not induce extra spatial orders and frequency compo-
nents of radial force, but will change the amplitude.

2. Different from fractional-slot motors, the 0-order and
2-order modal responses commonly caused by the
0-order and slot-order radial force are the roots of vibra-
tion and noise in ISPMSMs. The former satisfies the
spatial match with the corresponding radial force, while
the latter satisfies the frequency match. Since the fre-
quency of both the 0-order and slot-order radial force
is 6 kpf, the main peaks of vibration and noise of the
ISPMSM appear at 6 kpf.

3. The dead-time current harmonics have a significant
impact on vibration and noise peaks by changing the
amplitudes of corresponding radial force harmonics.
Moreover, the specific influence of dead-time cur-
rent harmonics depends on their amplitudes and phase
angles.

This study provides guidance for the accurate calcula-
tion and analysis of electromagnetic vibration and noise,
which is beneficial for the design of low-vibration and noise
ISPMSMs.
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