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Comparative Analysis of Vibration and Noise in
IPMSM Considering the Effect of MTPA Control
Algorithms for Electric Vehicles

Zexiu Han

Abstract—For many servosystems in electric vehicles (EVs),
high-performance controls of permanent magnet synchronous mo-
tor (PMSM) drives are widely used due to their high efficiency and
low vibration and noise. In order to ensure the high efficiency of the
servosystems, some online and offline maximum torque per ampere
(MTPA) control strategies are proposed; meanwhile, the vibration
and noise of interior PMSMs (IPMSMs) in these servosystems
for EVs must be smooth and soft. In this article, the vibration
and noise of the IPMSM based on MTPA control algorithms are
evaluated and compared. First, the influence of the voltage inverter
on the noise of IPMSM is presented in detail and the relationship
between the harmonic frequencies of the air gap magnetic force
and the vibration frequencies of the IPMSM is investigated. Then,
combined with this relationship, the effect principle of the control
strategies on the magnetic vibration of the IPMSMs is defined.
Based on this definition, the operation process and noise mechanism
of different control methods are discussed. Finally, the performance
of the vibration and noise under classical field-oriented control,
offline MTPA control, and online MTPA control is concluded. With
the comprehensive analysis and overview provided in this article,
it is significant to guide the selection of a high-performance control
method for servosystems in EVs.

Index Terms—Interior permanent magnet synchronous motor
(IPMSM), maximum torque per ampere (MTPA), noise, vibration.

I. INTRODUCTION

T PRESENT, interior permanent magnet synchronous mo-
A tors (IPMSMs) have been widely used for electric vehicles
(EVs). As an important component of EVs, high-performance
IPMSM systems are in high demand [1]-[3]. For an EV, it has to
be paid special attention to the temperature rise and noise when
the high-performance IPMSM achieves basic operational func-
tions. Fig. 1 shows the requirements of the high-performance
motor. The IPMSM control system can not only operate accu-
rately and efficiently [4]-[6], but also the motor should generate
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Fig. 1. High-performance IPMSM control system.

less heat and low noise [7] [8]. In general, one of the benefits
of high efficiency is that it can reduce the temperature rise of
the motor. Therefore, in order to improve the efficiency, many
maximum torque per ampere (MTPA) control strategies based on
the field-oriented control (FOC) method have been proposed and
they do require less stator current, which reduces the temperature
rise of the motor. Actually, the MTPA control methods also have
positive effects on reducing motor vibration and noise. As a
consequence, if different MTPA control strategies are used to
improve the efficiency, the characteristics of the vibration and
noise of the IPMSM are quite different [9].

Under the same mechanical assembly conditions, the dif-
ferent control methods of the IPMSM mainly affect the elec-
tromagnetic vibration and noise. In addition, if the vibration
and noise of the motor cannot be effectively suppressed, the
control methods that can improve the efficiency still cannot
be applied in high-performance applications for EVs. In many
papers, researchers have proposed some effective MTPA control
algorithms [10]-[12]. According to the control process, these
control algorithms can be divided into offline methods and online
methods. The most popular offline method is the MTPA control
strategy based on the look-up table (LUT) method [13]. For
this method, reasonable d- and g-axis current references are
obtained from the LUT, which is generated in a series of preset
experiments. As a feasible and effective online MTPA control
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strategy, the virtual signal injection method is proposed to track
the MTPA points in some new lectures [14], [15]. A small
sinusoidal signal is added to the measured stator current angle
mathematically and the torque derivative is obtained through
various filters to generate the desired d-axis current. These
papers fully demonstrate the effective control effect of offline
and online MTPA control strategies on IPMSMs; however, under
these control strategies, the vibration and noise characteristics
of IPMSM are rarely detailed and comparatively analyzed.

In the past several years, many researchers have done exten-
sive research on the analysis and optimization of vibration and
noise in IPMSM [16]—-[27]. Some effective research studies fo-
cused on explaining the influence of motor structure parameters
on vibration and noise. In [16], different pole and slot combina-
tions were the core structure parameter, and the influence of this
parameter on vibration and noise was shown in detail. In [17],
when the motor adopts different skewed slots, the characteristics
of vibration and noise were analyzed. In [18], rotor slits on the
rotor’s outer circumference was adopted to reduce acoustic noise
and vibration in an [IPMSM. There are also important research
studies trying to find methods to accurately predict vibration
and noise. In [19], a numerical model to predict acoustic noise
due to electromagnetic forces in IPMSM was presented. In [20],
an analytical model was developed to predict electromagnetic
forces, and then four different PMSM topologies are compared
for their performances with regard to noise and vibration. In [21],
a novel black and white box method was presented to diagnose
the noise of the IPMSM. In [22], the force analysis was based
on the field reconstruction method, which is a very efficient
technique for predicting vibration and noise. In addition, a lot
of meaningful research studies focus on the effects of current
harmonics on noise and vibration. In [23], the strong influence
of the current harmonics on the acoustic level of a synchronous
machine is clearly shown. In [24], the effects of the current
harmonics from inverter operation on the additional electromag-
netic noise were analyzed. In [25], vibration and noise under
different supply currents were investigated, and the variation
patterns of the noise and vibration peaks were explained by the
amplitude changes of the lowest spatial order force due to current
harmonics. For an important goal, many research studies have
been used to reduce noise and vibration in PMSM. In [26], the
rotor shape especially geometry of flux barrier was optimized to
meet reduction design of electromagnetic exciting forces that
affect the noise and vibration. In [27], an optimal choice of
the carrier frequency, by an optimization method, allowed for a
reduction of the vibration in the targeted machine under different
operating conditions.

In comparison, this article aims to explore the mechanism of
vibration and noise in [IPMSM based on space voltage vector
control technology. Then, the relationship between the elec-
tromagnetic force and the control characteristics based on the
vector control strategy is summarized, and the characteristics
of the vibration and noise of the motor are obtained. At last,
combined with the electromagnetic analysis, modal analysis,
vibration analysis, and noise analysis, the correctness of the
laws is verified by experiment. The goal of this article is to
evaluate and compare the vibration and noise in IPMSM, which
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is controlled by MTPA strategies to achieve low copper loss and
high-efficiency operation. Different from the previous research
on the common mechanism of motor vibration and noise, this
article combines the widely used MTPA control strategies to
show the characteristics of vibration and noise in IPMSM. The
research content can play an important guiding role in the
application of electric power assist systems such as small EVs.

II. MATHEMATICAL MODEL OF SYSTEM
A. Conditions and Assumptions of Analysis

The noise of IPMSM can be divided into mechanical noise,
electromagnetic noise, and aerodynamic noise. Among them,
the mechanism of electromagnetic noise is complicated. More
importantly, the sound quality of electromagnetic noise is poor,
and it is often manifested as high-frequency whistling, which
can make human feel very uncomfortable.

The electromagnetic noise of the motor is caused by elec-
tromagnetic force, wherein the electromagnetic force can be
divided into Maxwell force and magnetostrictive force. In gen-
eral, the noise caused by the magnetostrictive force is very
small. Therefore, only the Maxwell force is discussed in this
article.

According to the structure of the electrical machines, the elec-
tromagnetic force can be divided into the tangential force and the
radial force. Generally, the effect of tangential electromagnetic
force on motor noise is not significant. The radial electromag-
netic force in the direction of the magnetic flux causes the stator
to vibrate, thereby transmitting vibration to the motor structure
and radiating noise to the air. The frequency and amplitude of
this radial electromagnetic force wave have a significant effect
on the vibration of the motor.

B. Mathematical Model of Radial Electromagnetic Force

According to the Maxwell tensor method, the radial electro-
magnetic force per unit area of the inner surface of the stator can
be calculated as [21]
b2 (0,1)

240
where 6 is the stator reference angle, ¢ is time, p is vacuum
permeability and its value is 47 x 10~ "H/m, and b is air-gap
flux density.

Multiplying magneto motive force (MMF) by air-gap perme-
ance, the air gap magnetic density b can be expressed as

b(0,t) = f(0,)2(0,1)

(e (97t) = (1)

@)

where f(0,t) is the MMF of air gap, and A(6, ) is the air-gap
permeance.

When the IPMSM is driven by a voltage source inverter, the
MMF of air gap is expressed as

F(0,8) = fu(0,8) + fo (0,8) + fo (0,8) + fu (0,8)  (3)

where 1, 0, v, and h are spatial orders of the normal electromotive
force. Correspondingly, f,(6,t) is the MMF caused by perma-
nent magnets, f,(6,t) is the fundamental MMF caused by the
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stator fundamental current, f, (6, ¢) is the harmonic MMF caused
by the stator fundamental current, f,(0, t) is the harmonic MMF
caused by the A time harmonic current. These MMFs can be
written as follows:

fO (97t)
fo(0,1)

= Fy cos (pf — wot — o) 4)

ZF cos (vl — wot — 1) 5)

Fu(0,8) =D Fucos (uf — puwot/p — p3)  (6)
"

In(0,t) = Z F}, cos (h8 — hwot — ¢3) . @)
h

The air-gap permeance can be expressed as

t)=Ao+ Y A ®)
k

where A is the invariant part of the air-gap permeance per unit
area, Ay is the periodic component of the air-gap permeance,
and it can be written as

e = Ag Zcos(kz@) k=1,2,3,... )
k
where z is the number of stator slots.

Therefore, according to (1)-(9), the radial electromagnetic
force is obtained as (10), shown at the bottom of this page,
where some functions, such as G, G, yn, G/i,m, 1, and so on, are
defined to express the radial electromagnetic force components.

For integer slot IPMSMs, the relationship between p and v,
are

v=(2nk; + 1) p,
- (2k2 + l)pa

where n is the number of phases. Further frequencies in (10)
become

ki =0,21,£2, ...
ks =0,1,2,...

)
12)

(Zi1>h—2bh (13)
(hil)fo:afcj:bfo (14)
(hiZ) fo=cfotdfo+(2k+1)fo.  (I5)
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TABLE I
COMPONENT, ORDER, AND FREQUENCY OF NORMAL
ELECTROMAGNETIC FORCE

Component Order Frequency
Go 2p 2f,
G, prtv=0/=2p 2f,
G ptu=0/22p (gil)fg
G ptv=0/22p (h £ 1f,
G 2ptmz>2p 2f,
Gum tmz+ptu (gi 1>fo
Gus v Gx1)s
Gyp 2v=2p (h £ 1)f,
Gom tmz+ptv 2f,

Gy pm tmz+vtpu (g + 1) fo
Gun vipu (h + %) fo
Gmp tmztp+v (h+ 1)f,

Gump tmztpu+v (h + g) fo

Considering the aforementioned situation comprehensively,
Table I presents the expression of the order and frequency of the
radial electromagnetic force generated by the IPMSM.

Only radial electromagnetic forces with low vibration orders
and large vibration amplitudes play major roles in the vibration
and noise of the motor, so radial electromagnetic forces with high
vibration orders and small vibration amplitudes can be simpli-
fied. Therefore, the radial electromagnetic force represented by
the expression (10) mainly includes the following parts:

1) vibration force wave generated by fundamental wave of

magnetic field (Gg, order = 2p, frequency = 2fy);

2) vibration force waves generated by the interaction of the
stator harmonic magnetic field and the rotor harmonic
magnetic field (G, ,, order = 0 or >2p, frequency =
2k fo);

3) radial electromagnetic excitation force wave gener-
ated by IPMSM powered by frequency converter
(Gh> Guns Giyhs Gluym,h, order = 0 or >2p, frequency
= f.t ksfygor 2f. + kafo, k3 is odd and k4 is even in
this article).

FyAg cos(ph — wot — o) + Ao Z F, cos (v9 wot — <p1) + Ay Z F,, cos (,u9 — fwot — cpg)

1y +A ZF cos (ph—*
+722F Ay cos [(pn+mz) 6 —

nom

@
3
1%

A3

= BI85 fcos (2p — 2wt — 20) + 1] + G {(p £ ) 0,2f0) + G, <(piu) 0, (%il) fo>+

Buwot— 302)+A0 Z Fj, cos (v0—hwot—¢3) +2 FO Z Ay cos [(p £ mz) 0—wot—po)

pUJQt - (pg]

Gm ((2p £m2)0,2fp)

+@m&@iuim@a(gigﬁﬁ+aw{@iuw«gigﬁQ+GWM@ivim@awm
G (CEm £ 0) 0, (£ 1) fo )+ G ((p£0) 0, (h £ 1) fo) + Gun (200, (R % 1) fo)
+Gun <(,U + )0, (h + %) f0> +Gmp(vEpEtmz)0, (h£1) fo) + Gumn <(v +p+mz2)0, (h + %) fo>

(10)
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It can be seen that there are six kinds of radial electro-
magnetic force components. Among them, the electromagnetic
force component generated by the fundamental wave magnetic
field and the stator harmonic magnetic field has no relationship
with the A-order time harmonic currents and the frequency is
low. However, another radial electromagnetic force component
with high frequency, small order, and large amplitude is a key
part, and this force is generated by the interaction between
the fundamental magnetic field of the stator generated by the
h-order harmonic and the fundamental magnetic field of the rotor
permanent magnet. Therefore, this part of force will significantly
affect the vibration and noise of the motor, and it is an important
aspect of studying the characteristics of motor vibration and
noise under different driving strategies.

C. Influence of Control Strategy on Radial
Electromagnetic Force

In the Appendix, (10) is more fully presented as (24). It can
be observed that

F2A2
Gy = Oﬂ 9 Jcos (2p — 2wot — 2¢0) + 1] (16)
0
In addition
Fy = Fs,l (G,t) + Fr,l (ﬁ,t) (17

where I 1(0,t) and F, 1(0,t) are the fundamental magneto-
motive force of the stator and rotor, respectively. According to
the theory of synchronous motors, the amplitude of the stator
fundamental magnetomotive force is

MV2

Fo1= Nk I (18)
p
and the currents of the three-phase windings are
A4 = V21 cos(wt + ¢)
2
iB:\/ﬁlcos (wt—;r—l—gp) (19)

ic = V2I cos <wt— 4;4-@).

The different control strategies cause the current character-
istics (I, ¢) of the motor to be different. Therefore, the stator
fundamental magnetomotive forces (Fj 1) are different, which
will lead to different radial force fundamental components of
radial force (Gy).

Similarly, the force components generated by the interaction
of the stator harmonic magnetic field and the rotor harmonic
magnetic field are expressed as

ZZFF

v

cos [(V +p)0— (1 + H) wol — 9012]
+ cos [(V — )b — (1 - *) wol — 9021}

’le"/ 2#0

X (20)
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Fig. 2. Control block diagram of the i3=0 control algorithm.
and
M+/2
F, = Nky1Ty. 1)

TUp

Therefore, when the control strategies are different, the am-
plitude of magnetomotive force at the same harmonic order will
be different due to the different currents.

According to the same influence mechanism, the components
Gh, Guhs G, and Gy o, of the radial electromagnetic force
are also affected by the control strategies.

III. FOC CONTROL METHOD AND ELECTROMAGNETIC
FORCE OF IPMSM

A. iq = 0 Control Algorithm

To facilitate the FOC control, researchers proposed ig = 0
control algorithm. In this algorithm, the d-axis current has to be
kept at zero regardless of the magnitude of the g-axis current.
Then, the torque is controlled by varying the value of the g-axis
current, as shown in Fig. 2. The computed torque is

T. =

5 (22)

\Ilmzsq

The structure of this algorithm is simple, and this system
has good torque control performance and a wide speed range.
However, in order to ensure that the speed control system has suf-
ficient power supply voltage under heavy load, the inverter needs
to have a sufficient voltage margin. When the load increases, the
power factor decreases, and the output torque capability is low.

B. MTPA Control Algorithm Based on LUT Method

The MTPA control methods based on offline LUTs were
proposed to improve the output torque capability and a typical
control block is shown in Fig. 3. In this method, the stator current
with a certain amplitude produces the largest torque. In other
words, this algorithm can produce a certain electromagnetic
torque by the use of the smallest stator current, which contributes
torelatively lower copper loss. Compared with the 7 = 0 control
method, for the same torque, the stator current of this control
method is much smaller. This control method significantly re-
duces the supply voltage of the stator and improves the operat-
ing efficiency of the motor. The MTPA control method based
on LUT is computationally intensive. However, this method
increases the workload of offline measurements. Besides, the
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MAIN PARAMETERS OF THE TEST IPMSM
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TABLE I

Control block diagram of the MTPA control algorithm based on VSIM.

Parameters Values
Air-gap length I mm
Number of pole pairs 3
Number of slots 36
Number of phases 3

Rated power 7.5 kW
Rated speed 3000 rpm

Fig.3. Control block diagram of the MTPA control algorithm based on LUT.
Taylor’s series expression of’ y
T (a+Aa) e
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¢ Q
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Fig. 4.  Signal processing scheme.

LUTs require additional storage resources. Therefore, the online
MTPA control method is expected.

C. MTPA Control Algorithm Based on Visual Signal
Injection Method

Instead of distributing the d-axis and g-axis current commands
based on offline LUTs, an online MTPA control

h=a+ Aa=a+ Asin (2nfut) (23)

is injected to the measured stator current angle mathematically,
where A and fj, are the magnitude and the frequency of the
injected signal, respectively.

Then, the corresponding calculated electromagnetic torque
is also injected to the high-frequency disturbance and the pro-
portional term of torque derivative is obtained through various
filters, as shown in Fig. 4. If the value of this proportional term
is controlled to zero, the MTPA angle is generated. The control
block diagram of this algorithm is shown in Fig. 5.

All processes of this strategy are based on the mathematical
level, so there is no real signal injected into the IPMSM. The
advantages of this strategy are that it retains timeliness and
parameter independence while eliminating additional copper
loss and additional torque vibration.

D. Analysis of Electromagnetic Force Harmonics Under
Different Control Algorithms

To investigate the force harmonics, the electromagnetic forces
are generated in a test motor. This motor is an [IPMSM drove
by different control algorithms, and Table II summarizes the
parameters of this tested [PMSM.

Figs. 6 and 7 show the spatial distribution and the frequency
map of radial electromagnetic force density under different
control algorithms. The speed was varied from 500 (low speed)
up to 3000 r/min (high speed), the load torque is 10 N-m, and
the switching frequency is 7.5 kHz.

It is noted that, with the i; = O control strategy, the peak
value of the radial electromagnetic force in spatial distribution
map will be slightly larger than the MTPA control strategies. The
VSIM-based MTPA strategy is slightly lower than the LUTM-
based MTPA control strategy. In addition, the frequencies of
the fundamental forces under these three working conditions
are 25 Hz, 75 Hz and 150 Hz, respectively. From Fig. 7, two
types of force harmonics are divided. The first type is force
harmonics which are 2ks times the fundamental frequency; and
the second type of force harmonics are closely related to the
switching frequency. It can be seen that in the first type of force
harmonics, major components are the harmonic generated by
fundamental wave of magnetic field (2f,) and the harmonics
caused by rotor poles, such as 4 fy, 6 fo, 8 fo, and so on. Moreover,
for these three control methods, the frequency points of the
force peak are very close at any speed. However, it is obvious
that, in the MTPA control mode, the force at 2 f has increased,
and this phenomenon is due to the efficiency advantage of the
MTPA control strategy. For the second type of force harmonics,
the frequencies are equal to f. + ks fo and 2f. & k4 fo. It also
found that near f., the frequency distributions and amplitudes
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(@) (b) ()

Fig. 8. Modal shapes and frequencies of the stator. (a) 1203 Hz. (b) 2811 Hz.
(c) 4110 Hz.

of the harmonics are close. However, near 2f., the amplitudes
of MTPA control based on VSIM and LUTM are smaller than
those of the iy = 0 control method, especially VSIM has the
most obvious effect.

In conclusion, the frequency of fundamental magnetic field
in 50-300 Hz, the natural frequencies in 10004000 Hz, the
frequencies near f. + 2fy and 2f. & fj influence electromag-
netic force density practically. Considering that the resonance
frequencies will not change significantly with the control strate-
gies when the structure of system is unchanged, the frequency of
fundamental magnetic field in 50-300 Hz, the frequencies near
fe£2fgand 2f. + fy are significant for comparative analysis.

IV. PREDICTION OF VIBRATION AND NOISE CONSIDERING
DIFFERENT CONTROL ALGORITHMS

A. Structural Modal Analysis of Stator

For an IPMSM, it is very important to investigate the low-
order natural frequencies and their modes of the stator for
reducing the noise [28]. Then, distributions of the frequencies
and their modes can effectively optimize the control strategies.
Most harsh noises are generated when the natural frequency
of the stator coincides with or is close to the frequency of the
magnetomotive force [29]. Therefore, the natural frequencies
of the stator core and stator assembly must be predicted at the
beginning of the design to reduce electromagnetic noise.

To predict the natural frequencies and their modes of the stator,
a model of stator core, which is laminated by silicon steel sheets
and the teeth are wound by coils, is built. Then, this stator core
and casing constitute the stator assembly. As a consequence, the
first three modal frequencies of the stator assembly are 1203,
2811, and 4110 Hz respectively. Fig. 8 shows the modal shapes
and frequencies of the stator.

B. Description of the Test Platform

In this article, the experiment can only observe vibration and
noise, and the characteristics of radial force mainly come from
mathematical calculations and FEM analysis. Fig. 9 shows the
schematic plot of the noise test. This system is independent in an
environment without outside noise. The test object is an IPMSM,
which is employed in a small EV. The motor shaft is connected
with the dynamometer by a coupling and the motor is located in
a locating frame by eight screws. The locating frame is firmly
connected to the pedestals. The vibration sensor for observation
is fixed on the outer surface of the motor casing. A Bluetooth
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Bluetooth microphone Noise enclosure

Coupling

Locating frame Dynamometer

Fig. 9. Schematic plot of the test platform.

Fig. 10.

Experiment platform for testing the acoustic noise.

microphone is suspended 20 cm above the motor using a rubber
band, which can transmit the noise waveform and data of the
motor in real time to the computer. Meanwhile, the dynamometer
is covered by a noise enclosure to isolate the noise. Fig. 10 shows
the corresponding experiment platform for testing the acoustic
noise.

C. Comparison of Electromagnetic Vibration

The motor being analyzed is a rotating PMSM with V-type
embedded permanent magnets, 6 poles, 36 slots, and double-
layer windings. The PMSM s a fully axially symmetric structure
and the electromagnetic force distributes uniformly in the axial
direction; therefore, a 2-D sectioning model of the PMSM is
sufficient to accurately demonstrate the structural and electro-
magnetic characteristics. The main parameters of the PMSM are
shown in Table II. The nodal forces acting on the stator can be
calculated. Then, the electromagnetic forces of 3-D model can
be obtained according to the axial symmetry of the model.

In order to improve the calculation accuracy, the electromag-
netic forces are loaded at the surface of each stator tooth. Then,
the stator surface vibration is calculated and the results based on
three different control algorithms are compared.

Fig. 11 shows the comparison of acceleration and equivalent
radiated power level of radial vibration. It can be seen that
the main vibration peaks are distributed in three frequency
regions. The most significant vibration band is close to the
switching frequency and these vibration frequencies contain
fe £ fo, fe £ 2f0, fe =3[y, and so on. In low-frequency band,
vibration peaks appear at 1500, 3850, and 5400 Hz, which are
resonance frequencies of the stator assembly. In high-frequency
band, dominant vibration peak appear at 15 000 Hz (2f.),
which is induced by time harmonics due to switching frequency.
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Fig. 11.

The comparison results show that, in the frequency band close to
the switching frequency, the vibration caused by MTPA control
based on VSIM is the slightest, and the vibration caused by
ig = 0 control method is the most severe.

D. Comparison of Electromagnetic Noise

This test IPMSM control system must be rigidly installed
to avoid introducing additional mechanical vibration and

Acceleration and equivalent radiated power level of radial vibration. (a) Speed is 500 r/min. (b) Speed is 1500 r/min. (c) Speed is 3000 r/min.

noise sources. When the motor operates at 500, 1500, and
3000 r/min without load, the noises of the motor are mea-
sured and the comparison of sound pressure level is shown in
Fig. 12.

In Fig. 12, through some peak values, the inherent noise
frequency characteristics of the system are fully displayed, in-
cluding low-frequency noise of the mechanical structure, the res-
onance frequency noises (near 1650 Hz, 2580 Hz, and 4190 Hz),
the switching frequency noise near 7500 Hz and 15000 Hz.
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Fig. 12.  Sound pressure level of IPMSM without load.

When the motor runs with load, these frequency components
are very significant for comparative analysis.

When the motor operates at 500, 1500, and 3000 r/min under
a load torque of 10 N-m, the noises of the motor are measured
and the comparison of sound pressure level is shown in Fig. 13.
The comparison of noise is from test motor controlled by the
previous three strategies. It can be seen that the frequency
domain waveform can detail the SPL of the motor noise at each
frequency. Moreover, in low-frequency band, main SPL peaks
are very significant, which are produced by a mechanical struc-
ture. Therefore, the noise in this frequency band is more closely
related to the physical structure of the motor. And the difference
is mainly caused by the resonance degree between the different
fundamental frequency and the natural frequency. In this low-
frequency band, it is found that the frequency distribution of the
SPL peak point changes little when the control method changes
at the same speed. The noise harmonics near the switching fre-
quency is the main noise in the middle frequency band, and this
part of harmonics is closely related to the switching frequency.
Compared with the noise harmonics in the low-frequency band,
these harmonics are sensitive to the control strategies of, and they
can cause motor howling. Fig. 13 shows that the MTPA control
methods can weaken the SPL mid-frequency amplitude, and the
effect of VSIM is very obvious. It is also found that the dominant
peaks in the high-frequency band are concentrated around the
twice switching frequency and the amplitude of these harmonics
can also be changed by the control strategies. Similarly, in the
high-frequency band, the MTPA control methods can still play
a very positive role to reduce noise.

V. EXPLANATION OF NOISE IN IPMSM CONTROLLED BY
DIFFERENT ALGORITHMS

When the test IPMSM is controlled by the three strategies
separately, the main noise peaks and frequencies generated by
the motor in low-frequency band are basically the same, but
the main noise peak and frequency generated in middle- and
high-frequency bands are quite different.

TABLE III
NOISE PEAKS OF THE TEST IPMSM FroM 0 TO 5 kHz

Speed i~0 VSI LUT
(rpm) Frequency  SPL Frequency SPL  Frequency  SPL
(Hz) (dB) (Hz) (dB) (Hz) (dB)
500 120 51.0 120 54.0 120 54.1
300 56.4 300 58.0 300 59.2
900 52.2 900 472 850 55.7
3000 37.0 3000 24.6 3000 22.8
1500 130 64.7 130 65.1 130 64.2
300 61.4 300 58.8 300 59.3
910 59.9 910 58.2 900 61.5
2700 41.0 2700 425 2540 433
4200 34.7 4200 345 4200 41.8
3000 100 74.8 100 76.8 100 74.1
300 69.9 300 74.0 300 69.6
930 76.8 930 75.6 930 75.8
2690 55.1 2680 54.2 2570 53.2

In the low-frequency band, the frequencies corresponding to
the noise peaks are shown in Table III.

Low-frequency noise of 120, 300, and 900 Hz is caused by
the mechanical system of the test motor. At the same speed,
three different control strategies can hardly change this part of
noise. However, 2680, 2690, 2700, and 3000 Hz are very close
to the modal frequencies of the stator assembly of the test motor.
Thus, structural resonance is the main reason for this part of the
noise peaks. In general, in the low-frequency field, when the
speed is low, the noises caused by the three control strategies
are not significantly different. But as the speed increases, the
single-point noises caused by the two MTPA control strategies
are slightly reduced.

In the middle-frequency band, the frequencies corresponding
to the noise peaks are shown in Table IV.

It is found in Table IV that the noise peaks appear at 7050,
7350, 7420, 7530, 7650 Hz, etc. Moreover, these frequencies
are close to switching frequency; so, the corresponding noise
peaks are caused by the interaction of the fundamental magnetic
field generated by the stator time harmonic current and the
fundamental magnetic field of the rotor permanent magnet. The
comparison of noise peaks in this frequency band shows that the
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Fig. 13.

noise of the test IPMSM driven by the MTPA control method
based on VSl is the smallest, and the maximum noise peak value
is 7.8%—-23.2% (varies with speed) lower than that of iy = 0
control method.

In the high-frequency band, the frequencies corresponding to
the noise peaks are shown in Table V.

It can be seen that, at 14 700, 15 000, and 15 300 Hz, the noise
peaks increase the sound sharpness. These harmonics are close

Sound pressure level of noise. (a) Speed is 500 r/min. (b) Speed is 1500 r/min. (c) Speed is 3000 r/min.

to the twice switching frequency and caused by the interaction
between the second harmonic magnetic field generated by the
stator current time harmonic and the fundamental magnetic field
of the rotor permanent magnet. The comparison results show
that, in this frequency band, the MTPA control method based on
VSI is most beneficial to reduce noise, and the maximum noise
peak value is 7.3% to 17.5% (varies with speed) lower than that
of iy = 0 control method.
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TABLE IV
NOISE PEAKS OF THE TEST IPMSM FroMm 5 1O 10 kHz

Speed =0 VSI LUT
Frequency  SPL Frequency SPL Frequency SPL
@Mz @B) () (@B)  (Hp  (dB)
500 7480 32.1 7420 233 7420 25.0
7530 349 7470 26.8 7520 27.0
7630 329 7520 26.1 7580 23.8
1500 7420 334 7400 29.9 7430 35.8
7550 35.6 7550 325 7580 359
7880 36.7 8180 29.5 7880 32.6
3000 7050 51.0 7050 47.0 7050 47.5
7350 50.6 7350 444 7350 47.0
7650 49.2 7650 44.7 7650 459
8250 47.6 8250 43.2 8260 45.7

TABLE V

NOISE PEAKS OF THE TEST IPMSM From 10 TO 20 kHz

Speed i=0 VSI LUT
(p m) Frequency =~ SPL  Frequency SPL  Frequency  SPL
P (Hz) ~ (dB) (Hz) (dB) (Hz) ~ (dB)
500 14950 319 14950 28.3 14950 314
15050 30.5 15050 28.5 15050 30.4
15300 12.7 15350 15.8 15350 19.8
1500 14980 28.5 14850 29.9 14850 32.6
15030 31.9 15000 31.8 15000 334
15100 343 15150 29.2 15150 332
3000 14700 44.7 14700 40.5 14700 43.4
15000 31.0 15000 345 15000 319
15300 49.1 15300 33.1 15300 343
TABLE VI
COMPARISON OF CONTROL CHARACTERISTICS
Method The d1fﬁcglty Copper loss Effectiveness
of realization
i=0 Low High Low
LUTM-based . .
MTPA High Low High
VSIM-based . .
MTPA Medium Low High
A Id=0 control tow fo 2
MTPA control based on LUTM frequency
MTPA control based on VSIM
Low speed : Medium speed } High speed
-
e | \
| \
| \
| \
| \
| \
| \ >
speed
Fig. 14.  Comparison of sound pressure level distribution in IPMSM driven by

three control strategies.
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In order to better clarify the guiding value of the abovemen-
tioned research in the assisted system applications, the charac-
teristics of the IPMSMs driven by the three control strategies are
further compared in Table VI and Fig. 14.

It can be seen that i; = 0 control strategy is easy to implement
with the high copper loss and low efficiency, which is not
conducive to temperature rise. Then, the noise is large. The
LUTM-based control strategy takes a lot of time to obtain an
accurate LUT, which is not easy to implement. However, when
the LUT is sufficiently comprehensive and accurate, the copper
loss will be low and the efficiency will be high enough. Then, the
noise is much better than i ; = 0 control. The VSIM-based control
strategy is also easy to implement, with low copper loss and high
efficiency. The most important thing is that noise characteristics
are much better than i ; = 0 control.

VI. CONCLUSION

This article analyzes and compares in detail the electro-
magnetic vibration and noise characteristics of the IPMSM
when driven by two MTPA control and i; = O control strate-
gies. As a result, the following conclusions are drawn in this
article.

1) The influence of control algorithms on vibration and

noise are discussed. Compared with the traditional iy =
0 control strategy, the two MTPA control strategies do
not introduce additional vibration and noise frequencies,
but can reduce vibration and noise peaks. Moreover, the
vibration and noise of IPMSM caused by MTPA control
based on the VSI method are slightly smaller than those
of MTPA control based on the LUT method. It is also
noted that when the speed is low, the vibration and noise
characteristics caused by these three control strategies are
similar. As the speed increases, the vibration and noise of
the IPMSM driven by MTPA control based on the VSI
method are significantly lower than that of i; = 0 control
method.

2) MTPA control strategy, especially MTPA control based
on VSI strategy, can be used to improve the efficiency
of IPMSMs for EVs. Moreover, this article focuses on the
noise characteristics of these control strategies. According
to the research, in practical applications, MTPA control
based on the VSI method can be utilized to improve
efficiency while suppressing noise of IPMSM. Moreover,
the suppression effect is different under different operating
conditions. From a control point of view, it provides a
detailed guide for seeking low-vibration and low-noise
motor systems for EVs.

APPENDIX

Each component in (10) can be fully expressed as the follow-
ing equation:
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