
Vol.:(0123456789)1 3

Journal of Electrical Engineering & Technology 
https://doi.org/10.1007/s42835-022-01173-5

INVITED PAPER

Analysis on Noise Source of Claw Pole Machine in Duplex Three‑Phase 
and Belt‑Driven System

Jun‑Yeol Ryu1 · Min‑Ro Park2 · Jae‑Hyun Kim1 · Myung‑Seop Lim1 

Received: 6 March 2022 / Revised: 21 June 2022 / Accepted: 27 June 2022 
© The Author(s) under exclusive licence to The Korean Institute of Electrical Engineers 2022

Abstract
The acoustic noise, which is generated in a belt-driven integrated starter and generator (BSG) system, is the recent issue. By 
many studies, it has been known that the noise can be caused by both radial and tangential components of electro-magnetic 
force. A duplex three-phase claw pole type machine is widely used in the BSG system. In this case, due to its structural fea-
ture and difficulty in control, additional noises at unexpected frequency can be generated. In this paper, a method to analyze 
noise sources was proposed and applied to a prototype that is the duplex three-phase and claw pole type machine designed 
for BSG system. First, the electro-magnetic force was calculated by a finite-element analysis considering the unbalanced 
current measured by the experiment. The obtained force was decomposed according to the frequency and then analyzed. 
Through the force harmonics, additional noises according to the frequency, which are generated by the unbalanced claw 
shape in the axial direction and current imbalance between phases, were deduced. Finally, the predicted noise sources were 
compared with the noise measured through the experiment.

Keywords  Belt-driven integrated starter and generator (BSG) · Claw pole type machine · Duplex three-phase · Noise · 
Vibration

1  Introduction

Electric machines have many advantages such as high-
power density and efficiency. In those reasons, the electric 
machines have been widely used for vehicular components. 
Despite those advantages, the acoustic noise of the vehicle 
component is still issue to be overcome in machine design. 
In many studies, the noise is generally caused by the vibra-
tion of the stator, which is generated by the electro-magnetic 
force [1, 2]. However, there are other noise sources besides 

the stator vibration caused by the electro-magnetic force, 
such as vibrations generated by the gearbox, resonance of 
the mechanical structure, and load fluctuations [3]. And it is 
hard to clearly separate those mechanical and electro-mag-
netic noise sources. Therefore, an analysis method for the 
noise sources is essential to consider the electro-magnetic 
noise in the design stage.

A belt-driven integrated starter and generator (BSG) 
machine is operated under the condition that is repeatedly 
driven and stopped. In a conventional analysis on noise 
source, because the radial electro-magnetic force is much 
larger than the tangential component, the only vibration gen-
erated by the radial force has been considered [4]. Although 
it is the widely used method to analyze the noise sources, the 
predicted vibration has been often different with the experi-
ment result in the belt-driven system. So, the accurate analy-
sis on the noise source is required. Figure 1 shows the noise 
sources in the belt-driven system. In the figure, the BSG 
machine is connected to an engine with a belt. The noise 
sources in the belt-driven system are both radial and tangen-
tial components of the electro-magnetic force of the BSG 
machine because the stator is vibrated by the radial force, 
and then the vibration of the stator causes the acoustic noise. 
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Besides, the tangential force, which means a torque ripple, 
brings out an additional vibration by the belt. In recent stud-
ies, the analysis on the noise source including the tangential 
component of the electro-magnetic force as well as the radial 
force have been proposed to predict the noise in the belt-
driven system [5].

In the consideration of the recent environmental issue, the 
BSG system should be designed to save the fuel. To improve 
the energy efficiency, operating performance, and compact-
ness, the duplex three-phase system has been adopted [6, 
7]. In the system as shown in Fig. 2, the electric machine is 
operated with dual inverters. Each three-phase winding set is 
connected to a respective inverter, and those two sets have an 
electrical phase difference of 30 degrees. Compared with the 
three-phase system, the duplex three-phase machine is dif-
ficult to control as two sets of three phases are strongly cou-
pled [8]. Under the control with the same carrier frequency, 
a duplex three-phase system can cause higher current har-
monics than the conventional three-phase system because 
of the control difficulty. So, the current harmonics can be 

generated in the practical operation. In addition, the current 
imbalance between phases may occurs. Those current har-
monics and imbalance between phases, which are caused by 
the control difficulty, can generate additional noise.

Due to its robust structure and high reliability, a claw pole 
type machine is widely used in the BSG system. However, 
this type of machine also has a deficiency of high acoustic 
noise because of its structural feature [9]. In this paper, the 
analysis on the noise source of the claw pole type machine 
designed for the BSG system was proposed. The analysis 
process to predict the acoustic noise is as follows. First, a 
finite-element analysis (FEA) is performed to calculate the 
electro-magnetic force, which is considered as the excitation 
source. For more accurate prediction, the current measured 
by the experiment was considered to calculate the electro-
magnetic force. Second, the radial force is decomposed 
according to the frequency through the spectrum analysis. 
Besides, the tangential force harmonics are calculated using 
the harmonic analysis of the torque. Finally, each force har-
monic according to the frequency is compared with the noise 
result measured by the experiment. Through the comparison, 
the noise sources are classified.

The proposed analysis was applied to a prototype that is 
claw pole type machine designed for the BSG system. The 
electro-magnetic force was calculated using the FEA, and it 
was decomposed according to the frequency. The harmonics 
according to the frequency were compared with the noise 
result measured by the experiment. Through the comparison, 
an additional noise by the structural feature of the claw pole 
type machine can be determined [10]. Moreover, the effect 
of torque ripple caused by current harmonics on noise in the 
belt-driven system was analyzed [11]. Thus, the proposed 
analysis is suitable to analyze the noise sources of the claw 
pole type machine designed for BSG and duplex three-phase 
system. In the next chapter, details of the proposed analysis 
will be presented.

2 � Excitation Source Calculation

Figure 3 shows the proposed analysis procedure to analyze 
noise sources of the BSG and duplex three-phase system. Its 
details are as follows.

(1)	 Current is measured by the experiment to analyze the 
effect of current harmonics on noise.

(2)	 Excitation source analysis: the electro-magnetic force 
is calculated using the FEA.

(3)	 Spectrum analysis: the radial component of the force 
was decomposed according to the frequency.

(4)	 Torque ripple: the harmonics of the torque ripple are 
calculated using the harmonic analysis.

Fig. 1   Noise sources in a belt-driven BSG system

Fig. 2   Structures of duplex three-phase system
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(5)	 The obtained excitation sources are compared with the 
noise measured by the experiment.

The proposed analysis was applied to the prototype 
designed for the BSG system to predict the noise sources.

2.1 � Prototype of the BSG System

Figure  4 shows the prototype of the claw pole type 
machine designed for the BSG system. Its specifications 
are presented in Table 1. Because the prototype is the 
duplex-three phase system, it is operated with two con-
ventional three-phase inverters. The pole and slot number 
are 16 and 96, respectively. The carrier frequency of the 
inverter is 10 kHz. At the low-speed region, the proto-
type is operated with sine-wave drive. On the contrary, 
it is controlled with the six-step drive control under the 
high-speed range. The analyses on noise source were con-
ducted at the rotating speed of 2000 rpm and 5200 rpm.

2.2 � Electro‑Magnetic FEA

To determine the noise caused by the electro-magnetic force, 
the electro-magnetic FEA was performed to calculate the 
excitation source of vibration and noise. To consider the 
effect of current harmonics on noise, the input current of the 
prototype was measured by the experiment. Figure 5a shows 
the input current and its fundamental wave at 2000 rpm, 
where the motor is operated with the sine-wave drive. Those 
current harmonics are obtained through the harmonic analy-
sis. In Fig. 5b, the current harmonics were presented. At the 
rotating speed of 2000 rpm, the input frequency is calculated 
as

where f is the input frequency, p is the pole pair number, and 
ωrpm is the rotating speed in rpm. The ratio of the input and 
carrier frequency is presented as follows.

where nc is the ratio of the input and carrier frequency and 
fcarrier is the carrier frequency. The current harmonics, which 
are caused by the pulse width modulation (PWM) control, 

(1)f =
p

60
× �rpm

(2)nc =
fcarrier

f

Fig. 3   Process of the proposed analysis on noise source

Fig. 4   Prototype of the claw pole type machine designed for BSG 
system

Table 1   Specifications of the prototype

Quantity Unit Value

Phase Duplex 3ph
Pole/slot number 16/96
DC link voltage V 48
Carrier frequency kHz 10
Series turn Armature 15

Field 150
Permanent magnet Residual induction T 1.22

Recoil permeability 1.05

Fig. 5   Input current of phase A, which is measured by the experiment 
and its fundamental component, at 2000  rpm. a the current wave b 
current harmonics
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are generated at the harmonic order of nc-2, nc + 2, 2nc-1, 
and 2nc + 1 [12]. Besides, Fig. 6a shows the current wave at 
the rotating speed of 5200 rpm. At the speed, the prototype 
is operated under the six-step drive. In [13], the ideal cur-
rent form of the six-step drive is the square wave. Figure 6b 
shows the current harmonics of the input current measured 
by the experiment and the square wave. To achieve the same 
power, the amplitude of the square wave was used as the rms 
value of the experiment current. Table 2 shows the normal-
ized value of the fundamental component of current. There 
was the current imbalance between phases because the 
duplex three-phase machine can be hard to control. Moreo-
ver, the imbalance at high speed is more severe than at low 
speed, which can make larger noise in BSG system. Those 
currents were input to the FEA to obtain the radial and tan-
gential components of the electro-magnetic force.

2.3 � Radial Component of Excitation Source

The vibration and noise have been analyzed by the radial 
force. Because the vibration and noise are generated by the 
force exerted on the stator, it makes sense that the noise 
according to frequency is caused by each force harmonics. 
In this reason, in a conventional spectrum analysis, the radial 
force is decomposed into spatial harmonic and temporal 

harmonic components to analyze the sources of the vibra-
tion and noise [14, 15].

The electro-magnetic force is generated by interaction of 
magnetic flux of armature and field. The flux density har-
monics of the armature are directly affected by the current 
harmonics as in Eq. (3)

where Br_arm is the flux density generated by an armature, 
Fr_arm is the magneto-motive force (MMF) of an armature, 
Λ is the relative permeance, kw is the coefficient of the arma-
ture winding, N is the series turns of the armature winding, 
Ia is the armature current, n is the harmonic order, In is the 
amplitude of the current harmonics, ω is 2πf, t is time, and 
ϕn is the phase difference of current harmonics.

The electro-magnetic force is obtained by the Maxwell 
stress tensor. The radial component of the force density is

where pr is the radial force density or electro-magnetic pres-
sure, Br is the radial component of the air-gap flux density, 
Bt is the tangential component of the air-gap flux density, 
and μ0 is the vacuum permeability. Because the tangential 
flux density is much smaller than the radial component, the 
force density is calculated by only the radial component of 
the air-gap flux density.

In the claw pole type machine, the magnetic field distribu-
tion of the air gap is determined by the field, the armature, 
and the slot effect. When the magnetic saturation of an iron 
core is neglected, the radial component of the flux density 
in air gap can be expressed as follows:

where Br_field are the slot less flux density by the field. Each 
term can be expressed using the Fourier series as follows:

where Bmμ and Banν are the amplitude of the flux den-
sity harmonics by the field and by the armature reaction, 

(3)

Br_arm = Fr_arm × Λ = kwNIa × Λ

∝

[∑
n

In cos
(
n ⋅ �t + �n

)]
× Λ

(4)pr =

(
B2
r
− B2

t

)
2�0

≈
B2
r

2�0

(5)Br =
(
Br_field + Br_arm

)
Λ

(6)Br_field =
∑
�

Bm� cos
(
��t − �p� + ��

)

(7)Br_arm =
∑
n

∑
�

Ban� cos
(
n�t − �p� + �n�

)

(8)Λ = �0

[
1 +

∑
k

Λak cos (ks�)

]

Fig. 6   Input current of phase A, which is measured by the experiment 
and square wave component, at 5200 rpm. a the current wave b cur-
rent harmonics

Table 2   Normalized fundamental components of phase currents

Rotation speed

2000 (rpm) 5200 (rpm)

Set 1 Ph. A 1 0.81
Ph. B 0.89 0.81
Ph. C 0.91 0.84

Set 2 Ph. A 1 0.79
Ph. B 1 0.91
Ph. C 0.96 1
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respectively, μ is the spatial harmonic order of the air gap 
magnetic flux density by field and the positive integer, θ 
is the mechanical angle, ϕμ and ϕnν are the phase differ-
ence of the flux density harmonics by the field and by the 
armature reaction, ν is the spatial harmonic order of the air 
gap magnetic flux density by the armature reaction and is 
determined by the winding, λ0 is a constant component in the 
relative permeance, s is the slot number, k is the harmonic 
order, and Λak is the amplitude of relative specific perme-
ance harmonics. In Eq. (9), the method to determine ν is 
proposed [16, 17].

where fν is the frequency of armature MMF, and m is the 
number of phases. The radial electro-magnetic force density 
can be obtained by substituting Eqs. (5)–(8) into (4).

From Eq. (10), the vibration order and frequency of 
the radial component of force are summarized in Table 3. 
Through the equations, the vibration sources at a specific 
frequency can be analyzed. For example, the armature cur-
rent is sinusoidal (n = 1), when μ is 1, the force of 2f fre-
quency component occurs. Therefore, the excitation sources, 
which is radial force density, of the claw pole type machine 
can be analyzed based on the same equations.

Figure 7 shows the example of spectrum analysis result 
of the radial force density at 2000 rpm. Because of the 
unbalance of the claw shape along the axial position, the 
flux density distributions according to the axial position are 
different, which brings out diverse force density harmon-
ics according to the axial position. In this reason, the force 
density was calculated with the flux density extracted at two 
positions as shown in Fig. 7a, which is line A and B is 1.5 
and 10.5 mm apart from center, respectively. Figure 7b and c 
is the spectrum analysis results at line A and B, respectively. 

(9)
if . fv = (6k + 1) f , � = (2mk + 1)

if . fv = (6k − 1) f , � = −(2mk + 1)

(10)

pr =
1

2�0

⎡⎢⎢⎣

∑
�

Bm� cos
�
��t − �p� + ��

�

+
∑
n

∑
�

Ban� cos
�
n�t − �p� + �n�

�
⎤⎥⎥⎦

2

×

�
1 +

�
k

Λak cos (ks�)

�2

In the result at line A, dominant harmonics are generated 
at 1f and 2f, and those amplitudes are presented in Fig. 7d, 
e and Table 4. At line B, the force density of the vibration 
order r = 16 is generated by the interaction between μ = 1 
component of the flux density by the field and the ν = 1 
component of the armature reaction at the air gap, which 
is commonly generated in 16-poles and 96-slots model. On 
the other hands, the force density of r = 8 at 1f, which is a 
half of the pole number, is rarely generated in other types of 
motors. Though the force density of r = 8 is about half that 
of r = 16 component, the deformation of stator generated by 

Table 3   Vibration order and 
frequency of radial electro-
magnetic force

Source Vibration Order (r) Spatial order

Field p
(
�
1
± �

2

) (
�
1
± �

2

)
Armature p

(
�
1
± �

2

) (
n
1
± n

2

)
Interaction of field and armature p(� ± �) (� ± n)

Interaction of field and stator slotting p
(
�
1
± �

2

)
± ks

(
�
1
± �

2

)
Interaction of armature and stator slotting p

(
�
1
± �

2

)
± ks

(
n
1
± n

2

)

Fig. 7   Spectrum analysis results at 2000 rpm. a position where force 
density is extracted. b spectrum analysis result at the end side of the 
claw (line A). c spectrum analysis result at the center of the claw (line 
B). d force density at 1f. e force density at 2f 
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the force density of r = 8 can be larger. The deformation of 
the stator is determined by Eq. (11).

where d is the deformation of the stator. So, it means that 
the electro-magnetic force density of the minimum vibration 
order is the main vibration and noise source. As mentioned 
before, the component of r = 8 at 1f is generated at the end 
side of the claw. Because the claw has the unbalanced width 
along the axial position, the offset component of flux density 
occurs as shown in Fig. 8. Due to the structural feature of the 
claw pole type machine, the radial flux density by the field 
of Eq. (6) is changed as follows:

where B0 is the offset component of the flux density and 
ϕk is the phase of the kth flux density harmonics. The spa-
tial harmonic order of the B0 is zero. So, the force density 
of the vibration order r = 8 is generated by the interaction 
between components of the μ = 0 component and the ν = 1. 
In addition, because the temporal harmonic order of B0 is 
n = 0, the force density is generated at 1f. Although only the 
results at 2000 rpm were presented in this chapter consider-
ing the space limit, the spectrum analysis results at 5200 rpm 
has the same trend of force density harmonics. Therefore, 
the minimum vibration order of the radial force density is 

(11)
1

r4
∝ d

(12)Br = B0 +
∑
k

Bk cos
(
k�t + �k

)

essential to predict the vibration of stator, and the proposed 
method can provide a theoretical approach to obtain noise 
sources of the claw pole type machine.

2.4 � Tangential Component of Excitation Source

Because the vibration can be generated by the torque ripple 
in the belt-driven system, the harmonics of the vibration are 
matched with the torque ripple harmonics in this chapter. 
The torque ripple, which is determined based on the current 
harmonics, is expressed as

where T is the torque, m is the phase, em is the induced volt-
age of phase m and im is the current of phase m. The torque 
ripple is affected by the current harmonics of all phases. 
In the duplex three-phase system, the current harmonics of 
phases are represented as follows:

where Fa is the armature MMF generated by currents of 
phases and In is the amplitude of the nth current harmonic. 
Using the angle addition and subtraction formulas, the Eq. 
(14) can be simplified as:

The above equation of the armature MMF is determined 
by the harmonic order as follows:

(13)T(t, �) =
1

�

∑
m

em(t, �) ⋅ im(t, �)

(14)

Fa(t, �) =

3�
m=1

⎧
⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

NIn sin

�
�t −

2(m − 1)�

3

�

×
�
n

cos

�
n

�
� −

2(m − 1)�

3

��
+

NIn sin

�
�t −

�

6
−

2(m − 1)�

3

�

×
�
n

cos

�
n

�
� −

�

6
−

2(m − 1)�

3

��
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(15)

Fa(t, �) ∝

3∑
m=1

sin

{
�t + n� + (n + 1)

2(m − 1)�

3

}

+

3∑
m=1

sin

{
�t − n� + (n − 1)

2(m − 1)�

3

}

+

3∑
m=1

sin

{
�t + n� + (n + 1)

2(m − 1)�

3
−

�

6
(n + 1)

}

+

3∑
m=1

sin

{
�t − n� + (n − 1)

2(m − 1)�

3
+

�

6
(n + 1)

}

(16)Fa(t, �) =

{
0 at {(n + 1) ≠ 12l}

≠ 0 at {(n + 1) = 12l}

Table 4   Spectrum analysis result @ 2000 rpm

Axial position Temporal 
harmonic

Minimum 
vibration order

Force 
density (kN/
m2)

End of claw (line A) 1f 8 111.3
2f 16 145.7

Center of claw (line B) 1f 8 12.1
2f 16 221.3

Fig. 8   Flux density extracted at 2000  rpm. (Left: flux density 
extracted at line A, 10.5 mm apart from the center. Right: flux density 
extracted at line B, 1.5 mm apart from the center)
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where n and l are integer. It means that under the condi-
tion that all phases are in balance, only a torque ripple of 
a multiple of twelve is generated regardless of the current 
harmonics.

Figure 9 shows the torque wave and torque ripple at 
2000 rpm and 5200 rpm. The torques was calculated with 
the current measured by the experiment and its basic form 
in Figs. 5 and 6. Theoretically, the torque ripple in the 
duplex three phase system should be generated at 12f, 24f 
and 36f as presented in Eq. (16). However, additional har-
monics of the torque ripple were generated at 1f and 2f. 
Such harmonics indicate that the currents between phases 
are unbalanced. The torque wave under the current unbal-
ance is obtained as follows:

where Ek and Il are harmonics of the induced voltage and 
current, respectively, k and l are harmonic order, ϕk, ϕl, ϕkl 
are phase of induced voltage, current, and torque ripple, 
respectively. If a fundamental component of the induced 
voltage is considered, the torque ripple harmonics generated 
by the unbalanced current is presented in Eq. (18).

(17)

T(t) =
1

�
e(t) ⋅ i(t)

=
1

�

[∑
k

Ek cos
(
k�t + �k

)∑
l

Il cos
(
l�t + �l

)]

=
1

2�

[∑
k

∑
l

EkIl cos
(
(k ± l)�t + �kl

)]

where E1 is the fundamental component of the induced 
voltage. So, the first and second current harmonics, that are 
generated when the current between phases are unbalanced, 
brings out torque ripple at 1f and 2f. Therefore, the current 
unbalance between phases can affect the noise and vibration 
in the belt-driven system.

3 � Comparison Between Noise Source 
and Experiment

The noise sources, such as the radial and tangential force 
density, were compared with the noise results which were 
measured by the experiment. The experiment set is shown 
in Fig. 10. The prototype was connected to dynamometer 
through the torque transducer and belt. Under the load torque 
of 6 Nm, the noises were measured with microphone which 
are placed on the side of the prototype as shown in Fig. 11. 
The measured overall noise according to the rotating speed 
and waterfall plot are below reported in Figs. 12 and 13. The 
prototype is operated with sine-wave drive under 2000 rpm 
and with the six-step drive under 5200 rpm, respectively. 
In the overall noise result, the noise increases according to 
speed. And the noise at the speed of 5200 rpm is the most 
severe. The noise cause can be analyzed through the water-
fall plot. In the waterfall, the dominant noise sources at 1f, 
2f, and 12f were selected considering the noise amplitude. 

(18)T(t) =
1

2�

[∑
l

E1Il cos
(
(1 ± l)�t + �kl

)]

Fig. 9   Torque wave and its torque ripple at 2000 rpm and 5200 rpm. 
(Load torque: 6 Nm)

Fig. 10   Experiment setup of the belt-driven system

Fig. 11   Noise measurement of the reference BSG motor
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Especially, the maximum noise is generated at the speed 
of 5200 rpm, and its main noise source is 12f component. 
Each noise result at 2000 rpm and 5200 rpm is shown in 
Fig. 14. In the results, the multiples of the input frequency 
were determined. Among the frequencies, 1f and 2f, which 
can cause the critical vibration, were selected, and the 
frequency at 12f, 24f and 36f was chosen because it is a 

common component in the duplex three-phase system. The 
human audible frequency is from 20 to 20,000 Hz, and the 
frequency of 36f component at 5200 rpm is 24960 Hz, which 
is outside this range. So, the target frequencies at 5200 rpm 
were determined only for 1f, 2f, and 12f.

Figures 15 and 16 show the comparison between the 
noise measured by the experiment and the noise sources 
obtained through the simulation at 2000 rpm and 5200 rpm, 
respectively. And those values are presented in Tables 5 and 
6. In Fig. 15b and Fig. 16b, those noise sources are the radial 
force density. Among the results, the radial force density 
at 1f is generated because of the structural feature of the 
claw pole type machine, which can be the dominant noise 

Fig. 12   Overall noise measurement of the reference BSG motor under 
the load condition (load torque is 6 Nm)

Fig. 13   Waterfall plot of the reference BSG motor under the load 
condition (load torque is 6 Nm)

Fig. 14   The noise according to frequency measured by the experi-
ment

Fig. 15   Comparison between simulation and experiment at 2000 rpm. 
a Noise amplitude of experiment. b Radial force density harmon-
ics according to the frequency. c Tangential force density harmonics 
according to frequency

Fig. 16   Comparison between simulation and experiment at 5200 rpm. 
a Noise amplitude of experiment. b Radial force density harmon-
ics according to the frequency. c Tangential force density harmonics 
according to frequency
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source when its vibration order is minimum. Besides, the 
tangential component of force density, which is harmonics 
of torque ripple, are presented in Fig. 15c and Fig. 16c. As 
forementioned in Eq. (16), the torque ripple at 12f, 24f and 
36f is commonly generated in duplex three-phase system. 
However, the harmonics of the torque ripple at 1f and 2f 
can be generated by the unbalanced current between phases 
of armature windings. In Fig. 15 and Table 5, although 
the magnitude of the excitation source does not necessar-
ily mean the amplitude of noise because of the mechanical 
properties, the noise sources at dominant frequencies can be 
analyzed. Through the comparison, the noise sources of the 
claw pole type BSG machine can be obtained and analyzed 
by the proposed method.

4 � Conclusion

This paper proposes the analysis on noise sources of claw 
pole type machine designed for the BSG and duplex three-
phase system. From the noise, which is measured by the 
experiment, the target frequencies for the analysis were 
determined as 1f, 2f, and a multiple of twelve. The noise 
sources, which are the radial component of the electro-
magnetic force density and torque ripple, were calcu-
lated using the FEA. To consider the practical control, 
the FEA was performed with the input current measured 
by the experiment. The obtained radial force density was 
decomposed into spatial and temporal harmonics through 
the spectrum analysis. Besides, the harmonic analysis 
of the torque ripple was performed. Those noise sources 

were compared with the noise measured by the experi-
ment. Through the comparison, the following conclusions 
were deduced. Because the torque ripple can bring out the 
vibration and noise in the belt-driven system, the noise at 
a multiplex of 12f is generated by the torque ripple. The 
noise sources at 1f and 2f are affected by both the radial 
and tangential components of the force density. The radial 
force density at 1f is inevitably generated due to the struc-
tural feature in claw pole type machine. Besides, the noise 
sources of the torque ripple at 1f and 2f can be generated 
by the unbalanced current between phases, which can eas-
ily occur in the duplex three-phase system. Thus, more 
attention to control for input current and balance between 
phases is required in belt-driven system. In those reasons, 
the noise sources can be analyzed by the proposed method. 
It is also expected to be used to deal with the acoustic 
noise at a specific frequency in the belt-driven and duplex-
three phase system.
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