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A Study on the Acoustic Noise Reduction of Interior
Permanent Magnet Motor with Concentrated Winding

Sang-Ho Lee, Jung-Pyo Hong
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sh80@hanyang.ac.kr, hongjp@hanyang.ac.kr

Abstract—This paper deals with a study on the acoustic noise
reduction according to the change of the pole angle in interior
permanent magnet (IPM) motor with concentrated winding. This
research is divided into 3 steps. Firstly, noise sources, such as
resonant frequencies of stator and harmonic component of
magnetic forces, are analyzed by the simulation and experimental
results, respectively. Secondly, design of experiment (DOE) and
optimal design using response surface methodology (RSM) are
utilized to reduce the harmonic component of magnetic forces at
a stator tooth compared with prototype. Objective function in the
DOE and the optimal design is that the reduction of the
summation of harmonic magnitude of normal force at a stator
tooth. Finally, the reduction degree of the acoustic noise is
compared by experimental results under the rated operating
condition.

Keywords-Acousitc noise, EMC, Harmonics, IPM, Magnetic
force, Objective function, Optimal design

. INTRODUCTION

Resonance of stator mostly occupies mechanical noise
source in electric machines due to stator vibration generated by
the resonance of stator [1]. Especially, harmonic component,
which corresponds to the resonant frequencies of stator, boosts
the resonance of stator. [2]. As the excitation force vibrating
stator in electric machines, it is divided into tangential and
normal force. In order to reduce the acoustic noise in electric
machines, many papers dealt with focus on the reduction in
cogging torque and torque fluctuation, which are the results of
tangential force [3] - [4]. However, the harmonic magnitude of
normal force is so bigger than tangential force.

As one of the method of magnetic force calculation,
equivalent magnetizing current (EMC) method uses
magnetizing current which exists on element boundary and it
can directly calculate the electromagnetic force which affects
the surface of structure [5]. EMC only distributes on the
element surface of different material because the interior
magnetizing current in core is cancelled. The tangential and
normal force at a stator tooth are expressed as

ft =H;B, —H;B,, (1)
1 1
fn :E(Hnanl_HtlBtl)_E(HHZBnZ_HtZBtz) (2)

where B,,B, ,H,, , and H,are the components in the air,

B,, B, H,, ,and H,,are the components in the core.

This paper deals with a study on the acoustic noise
reduction according to the change of pole angle in IPM motor
with concentrated windings. This research consists of the
analysis of mechanical and magnetic noise sources, optimal
design using response surface methodology (RSM) which is to
reduce the harmonic component of magnetic forces at the stator
tooth, and the comparison with cogging torque, torque
fluctuation, the harmonic components which affect the stator
tooth, and acoustic noise between prototype and optimal model
under the rated operating condition. The objective function in
DOE and optimal design is the reduction of the summation of
the harmonic magnitude of normal force at the stator tooth.
And then, optimal model, which is changed the pole angle
compared with prototype, is designed. Finally, the relationship
between the acoustic noise and the magnetic forces is
compared by the simulation and experimental results.

Il.  CHARITERSITICS OF PROTOTYPE

Table | shows specifications of prototype and material
property of stator in the prototype. The prototype, which
consists of 4 poles and 6 slots with concentrated winding, is
driven by 6-step operation, and then PWM frequency is 4.0
kHz. In order to know the noise sources of the prototype, the
resonant frequencies of the stator and the harmonic component
of magnetic force are analyzed.

Fig. 1 shows noise spectra when mechanical operating
frequency of the prototype is 50 Hz and measured 1m away
from the motor by microphone under the rated operating
condition. Total noise is 74.2 dBA and the frequency aspects
(f.) of noise at the rated operating frequency (f,.) is expressed
as

f.=2nxf_,n=123, 3)

ro?

, and then the maximum noise is usually generated at the
2.2 kHz.

TABLE |. SPECIFICATIONS OF PROTOTYPE AND MATERIAL PROPERTY OF THE

STATOR
Contents Values
Rated speed 3000 rpm
Specifications Rated torque 8.0 Nm
Rated current 15 Ams
Material Mass dfznsity 7680 kg/m®
property P0|s§on s ratio 0.3
Elastic moudlus 200 GPa
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Fig. 1. Noise spectra of the prototype under the rated operating condition.

A. Mechanical noise source

The resonance of stator broadly occupies the mechanical
noise source of electric machines because it boosts the stator
vibration. In order to analyze the resonant frequencies of the
stator in prototype, modal analysis considering the material
property is performed by 2D finite element analysis (FEA)
ANSYS. Fig. 2 shows the resonance mode shape of the stator,
which is expressed by deformed. Previous work successfully
showed [6] that intensity of the acoustic noise is the highest

when the resonance mode shape of stator is an oval such as Fig.

2 (a). And then, the frequency of first mode of the stator is 1.9
kHz. Moreover, the resonant frequencies of the stator in
assembled status compared with only stator status are increased
because the stiffness of the stator is increased by the boundary
condition according to the change of assembly condition. In
order to reduce the harmonic magnitude continuous with the
resonant frequencies of the stator, the frequencies between 1.8
kHz and 2.4 kHz are designated by the resonant frequency
band.

B. Magnetic noise source

Table Il shows the fundamental frequency and harmonic
order of magnetic forces when the mechanical operating
frequency of the prototype is 50 Hz under the rated operating
condition. The fundamental frequency of cogging torque and
torque ripple, it so-called results of global forces, is decided by
combination of pole and slot number. In addition, the
fundamental frequency of tangential and normal force which
affect the stator tooth, it so-called results of local forces, is
determined by pole number. Although the harmonic
components of magnetic forces do not conform to the resonant
frequencies of the stator, it around the resonant frequencies of
the stator boosts the resonance of stator.

Fig. 3 shows the distribution of the local forces, which
affect the stator tooth, according to the change of rotor position
and its harmonic components. The harmonic magnitude of
normal force should be reduced because it is so bigger than that
of tangential force. Therefore, the reduction of the summation
of harmonic magnitude of normal force which affects the stator
tooth is designed by the objective function.

(a) First mode

(b) Second mode
Fig. 2. Resonance mode shape of stator in the prototype

TABLE Il. FUNDAMENTAL FREQUENCY AND HARMONIC ORDER FOR
MAGNETIC FORCES UNDER THE RATED SPEED

Fundamental Harmonic order
frequency
Cogging torque 600 Hz fe=12n x f,o
Torque ripple 600 Hz fr=12n x f,o
Tangential and n=123, ...
normal force at a 200 Hz fin=4nxf,
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(b) Harmonic components

Fig. 3. Characteristics of local forces which affect the stator tooth

I1l. DESIGN PROCEDURES

A. Calculation process of magnetic forces

Fig. 4 shows the calculation process of the magnetic forces.
In order to get the current according to the change of the stator
and rotor shape, dynamic simulation, which reflects not only
inductance but also PWM frequency, is performed. Although
the commutation section is important factor for the distribution
of normal force at the stator tooth, starting point of the



commutation section, which is lagged behind 10° in electrical
degree for the zero-crossing of back-EMF under the no-load, is
identical.

B. Obijective function

The normal force at the stator tooth in the prototype has
many harmonic components because the main flux
concentrates on the stator tooth. Therefore, objective function
in DOE and optimal design using RSM is the reduction of the
summation of the harmonic magnitude of normal force which
affects the stator tooth. The objective function and the
constraint condition are defined as follows:

Objective function:

(Frormar +Fa+Fw)

K=10log)'10  * 4)

Constraint condition:

Average torque > 8.0Nm

where Foma is the harmonic component of normal force at
the stator tooth, F, is the value of A-weighting in weighting
frequency curves [7], Fy is the weighting factor for 1.8~2.4
kHz which is the main resonant frequency band.

C. Design of experiment (DOE)

In order to select significant factor for the objective
function, DOE is performed. Fig. 5 shows the design variables,
which consist of bridge width (BW), pole angle (PA), slot open
(SO), and tooth height (TH). Full factorial design (FFD) is
utilized to select significant factor, and then advantages of FFD
are written as follows [8], [9]

The effect of design variables is shown in Fig. 6. The main
and interaction effect are significantly expressed by pole angle
slot open when the level of significance is 0.5. Therefore, two
design variables, which are pole angle and slot open, are
selected to reduce the values of objective function in the
optimal design. The design area of pole angle and slot open in
optimal design using RSM is newly designated based on the
high design area point in DOE because the values of objective
function at the high design area point are lower than other
design areas. However, design value both bridge width and
tooth height is fixed by 2.5mm in the optimal design using
RSM since the response values of bridge width and tooth
height have the lowest at the central point.

D. Optimal design using RSM

In this paper, central composite design (CCD) is used to
response of design variables [8]. Table Il shows the design
area of PA and SO based on the results of DOE, and then CCD
is required to conduct 9 experiments.

The predicted response surface is drawn as shown in Fig. 7.
As the optimal point, optimal model is found at the point,
which slot open and pole angle are 42 mm and 72°
respectively.

Start

'

| Calculation of back EMF under no-load |
Vv
| Calculation of inductance |

v
| Calculation of current using dynamic simulation
v
| Calculation of electromagnetic forces
v
End

Fig. 4. Calulation process of magnetic forces

] Symbol Design variables
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Fig. 6. The effect of design variables for the objective function

TABLE Ill. DESIGN AREA IN RSM

Design variables  Unit Coded values

-1.682 -1.0 0 1.0 1.682
Slot open (SO) mm 3.8 4.2 5.4 6.6 7.00
Pole angle (PA) ° 51.4 56.0 62.0 69.5 72.6
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Fig. 7. Response surface for the objective function



IV. DESIGN RESULTS AND DISCUSSION

A. Simulation results

Fig. 8 shows the comparison with cogging torque between
prototype and optimal model. The measured peak values of
prototype and optimal model are 0.36 Nm and 0.76 Nm,
respectively. The waveform of cogging torque according to the
change of the pole angle behaves differently. The phase and
peak values of cogging torque of optimal model compared with
prototype model are reversed and increased, respectively.

Torque fluctuation under the rated torque is shown in Fig. 9.

Torque ripple of prototype and optimal model are 36.0% and
59.0%, respectively.

Fig. 10 shows the comparison with local forces at the stator
tooth between prototype and optimal model. The distribution of
normal force according to the change of rotor position is shown
in Fig. 10 (a). Although commutation section is identical, the
distribution aspect of optimal model is more sinusoidal than
prototype model due to the extension of pole angle. Therefore,
the harmonic magnitude of normal force is reduced. As the
objective function to reduce the acoustic noise in IPM motor
with concentrated winding, the harmonic analysis for normal
force at the stator tooth is shown in Fig. 10 (b). The harmonic
magnitude of optimal model entirely is lower than prototype
model. The values of predicted by RSM and calculated by
FEM are 64.2 and 63.2, respectively.

The comparison with design results between prototype and
optimal model is shown in Fig. 11. Although the values of
objective function for optimal model is lower than prototype,
cogging torque and torque fluctuation of optimal model are
higher than prototype. From this result, in order to reduce the
acoustic noise in IPM motor with concentrated, significant
factor among the harmonic magnitude of normal force which is
related with the resonant frequency band of stator, cogging
torque, and torque fluctuation is clearly compared by
experimental results under the rated operating condition.

B. Experimental results

Fig. 12 shows the noise spectra, which are measured by one
of third octave band under the rated operating condition. Total
noise of prototype and optimal model is 74.2 dBA and 71.4
dBA, respectively. The noise of prototype is generated from
the resonant frequency band of stator and PWM frequency
band. The noise of optimal model only is generated from the
resonant frequency band of stator but its overall noise value is
lower than that of prototype. The reason is that inductance of
prototype is lower than optimal model due to the increase in
magnetic saturation by the reduction in pole angle. Therefore,
current waveform of prototype more exactly reflects the PWM
characteristics and the noise around PWM frequency is more
highly measured than optimal model.
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V. CONCLUSIONS

In order to reduce the acoustic noise in IPM motor with
concentrated winding, the analysis of noise sources, DOE, and
optimal design using RSM are presented in this paper. The
acoustic noise of optimal model reduced the harmonic
magnitude of normal force which affects the stator tooth is
reduced about 3 dBA compared with prototype model.

The acoustic noise in electric machines has close correlation
between the resonant frequencies of stator and the harmonics
of normal force. Accordingly, design procedures pay more
attention to the reduction of the harmonic magnitude of normal
force which affects the stator tooth, which corresponds to the
resonant frequency band of the stator.
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