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Abstract—Fan motors are used in many equipments. 

Common requirements for the fan motors are high 

efficiency, high air capacity, and low vibration and noise. 

Recent changes in many people’s lifestyle brought up 

reduction and noise of fan motors as an important issue. In 

this study, features on the vibration and noise in the axial 

direction were explained, and resonance frequency between 

electromagnetic force and structural natural frequency were 

investigated by numerical simulation. First, equations of 

motion for the fan motor were expressed. And a 3-D model 

was build, and electromagnetic forces (in the radial, 

tangential and axial direction) were calculated. Next, a 3-D 

model for structural vibration was build, and vibration 

characteristics were calculated. Finally, resonance 

phenomena caused by harmonics of the electromagnetic 

force that occurred in the fan motor in the axial direction 

were clarified. 
 

Index Terms—rotary machinery, fan motor, noise, vibration 

of mechanism, electromagnetic induced vibration, natural 

frequency 

 

I. INTRODUCTION 

In the current market of electric motors, more and 

more importance is placed on low noise and low vibration 

as well as high power and high efficiency.  Since an 

increase in power density and rotational speed of a motor 

can cause more noise and vibration, measures must be 

taken to reduce the noise and vibration. There have been 

considerable researches on motors with lower vibration 

and noise in terms of both electromagnetic and structural 

dynamics. 

In the field of research on electromagnetic forces in 

electric motors studies on the effect of pole-slot 

combination [1], and modeling of excitation forces 

caused by harmonic components of the current in a 

brushless motor [2], have been reported. In the field of 

electromagnetic analysis on electromagnetic 

                                                           
Manuscript received October 5, 2016; revised December 15, 2016. 

characteristics of electrical motors, researchers on 

electromagnetic analysis using the nodal force method 

[3],  and calculation of the characteristics of axial –gap 

solid motor [4] have been reported. In the field of study 

of numerical simulation of electromagnetic forces, 

researches on methods for analyzing vibration and noise 

induced by electromagnetic force [5], and methods for 

analyzing electromagnetic force in rotary machines using 

three-dimensional models [6], have been reported. In the 

field of study on natural frequency and normal mode,    

researches on the vibration of stator on the motors using 

modal analysis method [7] has been reported. Finite 

element studies have been done on natural frequencies of 

the stator. [8] 

A fan motor is an electrical machine which consists of 

a motor and a fan, and used in a machinery cooling 

system. It is used in various kinds of equipments such as 

electrical household appliances, information equipments, 

OA equipments, in-vehicle equipments, and industrial 

equipments. Common requirements for fan motors are 

high efficiency, high air capacity, and low vibration and 

noise. Recent changes in many peoples’ lifestyle brought 

up reduction of vibration and noise of fan motors as an 

important issue. 

As for noise and vibration in a fan motor, a number of 

studies have been done on fluid noise of a fan [9], [10] 

[11]. However few papers discuss the issue in terms   of 

both electromagnetic and structural vibration. Especially, 

there are no studies on noise and vibration in the axial 

direction. A paper [12] reports the study that analyzed 

mechanisms of vibration and noise generation in a small 

fan motor experimentally and concluded that significant 

noise is caused by resonance between harmonics of 

electromagnetic force in the axial direction and natural 

frequency of the fan motor. 

In this study, the features on the vibration and noise in 

the axial direction were explained, and resonance 

phenomenon between electromagnetic force and 

structural natural frequency were investigated by 

numerical simulation. First, a 3-D model for 
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electromagnetic analysis was built, and electromagnetic 

forces (in the radial, tangential, and axial direction) were 

calculated. Next, a 3-D model for structural vibration 

model was built, and vibration characteristics were 

calculated. Finally, resonance phenomena caused by 

harmonics of the electromagnetic force that occurred in 

the fan motor in the axial direction were clarifed. 

II. VIBRATION AND NOISE CHARACTERISTICS OF THE 

OPERATING FAN MOTOR 

Fig. 1 shows fan the motor model and Table I shows 

specification. Main results of vibration and noise 

characteristics obtained by experimental methods were 

described as follows. Please refer to reference [12] for 

measuring methods. 

H

WT

 

Figure 1.  Model of the fan motor 

TABLE I.  SPECIFICATION OF THE FAN MOTOR 

Width：W ×Hight:H ×Thicｋness:T ［mm］ 120×120×25

Number of poles 4

Number of stator slots 4

Number of blades 9

Operating speed ［min
-1］ 2200  
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(b) 3-D visualization of noise 

Figure 2.  Noise level 

Rotational speed was continuously decreased from 

2200 min
-1

 to 1200 min
-1

 while the measurements were 

taken. Fig. 2(a) shows the overall noise level. Significant 

peaks were present at 1922min
-1

, 1534min
-1

, and 

1280min
-1

. Fig. 2(b) shows a three-dimensional 

representation of noise plotted against frequency and 

rotational speed that corresponds to the overall noise 

described in Fig. 2(a). Fig. 3 shows the results of 

frequency analysis at 1922 min
-1

 where the significant 

peak occurred. In Fig. 3, the rounded squares indicate 

frequencies of 576 Hz and 1152 Hz where blade-passing 

frequencies, which are determined by the number of 

blades, coincided with harmonic frequencies of 

electromagnetic forces. For this reason, significant peaks 

were present at 576 Hz and 1152 Hz. Frequency of 512 

Hz is both a structural natural frequency of structure and 

the 32nd harmonics of the electromagnetic force. These 

facts imply that the significant resonance at 512 Hz was 

caused by the 32nd
 
component of electromagnetic force 

at 1922min
-1

.  
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Figure 3.  Noise level at 1922 min-1 
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Figure 4.  Noise level at 512 Hz measured at multiple microphone 
position 

Fig. 4, which describes noise levels measured at 

multiple microphone position, shows the directivity of 

noise in each plane. Compared with the noise levels in the 

X and Y, the noise level in the direction Z was higher by 

about 20 dB. These facts indicate that the noise at 512 Hz 

mainly generated in the axial direction. 

Fig. 5 shows results of frequency analysis on vibration 

in the axial direction at 1922 min
-1

. Compared to the 
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radial direction (Fig. 5(b)), vibration amplitude level at 

512 Hz was high in the axial direction (Fig. 5(a)). These 

results of the analysis on noise and vibration of the 

operating fan motor indicate that a maximum peak was 

generated by resonance between the natural frequency for 

the 0th nodal diameter of the fan (umbrella mode) in 

which the entire impeller vibrates in the axial direction in 

the same phase and harmonic component of 

electromagnetic force. 
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(a) Axial direction 
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(b) Radial direction 

Figure 5.  Vibration amplitude at 1922 min-1. 

Fig. 6 shows vibration amplitudes of the 32nd 

electromagnetic force in the axial and radial direction 

versus rotational speed. Vibration amplitude in the axial 

direction has a prominent peak at 1922min
-1

 when the 

rotational speed was shifted with a focus on the 32nd 

electromagnetic harmonic component. On the other hand, 

vibration amplitude in the radial direction, and no 

prominent peaks were present.  
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Figure 6.  Vibration amplitude of the 32nd electromagnetic force in the 
axial and radial direction versus rotational speed 

 

Figure 7.  Acoustic analysis model 

It was estimated that significant noise peak caused by 

electromagnetic force were vibration-radiated-noise 

generated from the blades in the axial direction of the fan. 

Fig. 7 shows acoustic analysis model. When Φ(p) is a 

velocity potential at arbitrary point p in a domain V, the 

relations between the sound pressure P(p) and particle 

velocity ( )
n

v q  in the tangential direction at the boundary 

surface A is described as follows. [5] 

P(p) = －jωρΦ(p)                          (1) 

  n
q

v(q) Φ q / n                        (2) 

where j is the imaginary unit, ω is the angular velocity, ρ

is density of medium, and 
q

n  is the normal vector at any 

position q of boundary surface. 

III. ELECTROMAGNETIC ANALYSIS 

In this and next chapters, phenomena of vibration and 

noise of the fan motor caused by electromagnetic force 

were clarified by numerical simulation. Equation of 

motion for the fan motor is expressed follows. 

          ( )M x C x K x f t              (3) 

where [M] is the mass matrix, [C] is the damping matrix, 

and [K] is the stiffness matrix. A motor and a fan are 

included in [M], [K], [C] matrix, and {f(t)} is the external 

force matrix. Matrix of {f(t)} is coupled with  

electromagnetic force, unbalance force, and fluid 

dynamic force. Fig. 8 shows the procedures for 

electromagnetic and structural vibration analysis. 

3D electromagnetic analysis

Fourier expansion

Analysis of electromagnetic force

Calculation of harmonic components 

for electromagnetic force

Modeling for vibration analysis

FEM modeling

Structural vibration analysis

Display of result

Rotor

Stator

Rotor

Stator

Radial direction

Tangential direction

Axial direction

 

Figure 8.  Procedures of electromagnetic and structural vibration 

analysis  
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In this chapter, first, electromagnetic force in the radial, 

tangential, and axial direction were calculated by 

simulation. Harmonic components were also investigated 

by Fourier series expansion. Next, the influence of the 

offset between the magnet and the stator on harmonic 

components of electromagnetic force was investigated. 

A. The Model of Electromagnetic Analysis 

As described in chapter 2, noise level (radiated noise) 

was biggest at 1922min
-1

 where resonance between the 

32nd harmonic component of the electromagnetic force 

and the natural frequency of the fan motor occurred. Fig. 

9 shows the model of the electromagnetic analysis, which 

consists of a stator, winding, rotor flame, and magnet. 

Only one side of rotor flame is which a fan installed was 

included in the model. Fig. 10 shows spatial relationship 

of the magnet and rotor in Fig. 9. 

A

A

Stator core

Rotor flame

Winding

Magnet

 

Figure 9.  Motor model for electromagnetic analysis 
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Figure 10.  Spatial relationship of the magnet and rotor A-A section in 

Fig. 8 

TABLE II.  SPECIFICATION OF THE MOTOR MODEL 

Number of turn

Ratio magnetic permeability

bHC[Oe] 2160

Magnet BHmaxMGOe] 1.4

Ratio magnetic permeability

The length from a suction side end face of a magnet to the standard location for the offset ： a

The length from a discharge side end face of a magnet to the standard location for the offset ： b

Offset : δ

0.465

0.035

Motor winding

Retentivity

1.06

0.535

Specifcation value

260

1

 
 

Table II shows parameters used in the electromagnetic 

analysis. This describes dimensionless parameters where 

the axial length of magnet is 1. In this case, the axial 

length of the stator is 0.522, and offset δ in the axial 

direction is 0.035. We used there-dimensional 

electromagnetic analysis because thinness of the rotor and 

the stator in the axial direction and the offset between the 

rotor and the stator in the axial direction were likely to 

cause electromagnetic force in the axial direction.  
The electromagnetic force is mathematically expressed 

follows.  


i

ifF


                                  (4) 

 dvTf ii N ・


                             (5) 

where F


 is electromagnetic force, f


 is 

electromagnetic force acting on a node in the FEM model, 

T

 is Maxwell stress tensor, and N is shaped function.  
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 (6) 

where μ is ratio magnetic permeability, Bx By Bz are 

magnetic flux density in respective directions. 

When the electromagnetic analysis with a constant-

voltage source and a constant rotational speed was 

performed, an electric current wasn’t determined, only by 

circuit constants because induced voltage and inductance 

affect current. Therefore, transient phenomenon was 

involved on the first step stage in the analysis of the 

electromagnetic force. In this study, data from 6 steps and 

later steps, which did not include transient stages, were 

used. 

B. The Analysis of the Electromagnetic Force 

Electromagnetic force which acted on the magnet and 

the stator were investigated at 1922min
-1

 where the noise 

level was biggest. To investigate the influence of offset 

between the magnet and the stator has on harmonic 

components of electromagnetic force, analysis was 

performed on several cases of offsets (-0.0875, -0.07, -

0.035, 0, 0.035, 0.07, 0.0875) in the axial direction.   

Fig. 11 shows calculated results of the electromagnetic 

force in the radial, tangential, and axial direction which 

acted on the magnet. Maximum value of electromagnetic 

force was written in Fig. 11. The level of electromagnetic 

force in the radial direction was highest among three 

directions. The level of electromagnetic force in the 

tangential direction was the second highest. Also, the 

electromagnetic force in the axial direction occurred as 

well.  
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Figure 11.  Electromagnetic force in the radial, tangential, and axial 
direction at 1922 min-1 

When the offset in the axial direction was changed, the 

level of electromagnetic force in the radial and tangential 

direction stayed unchanged. Electromagnetic force was in 
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the same phase regardless of the changes in the offset. On 

the other hand, when offset in the axial direction was 

bigger, the electromagnetic force in the axial direction 

was also bigger. When the offset value was switched 

from positive to negative or vice versa, the 

electromagnetic force was in the opposite phase.  

Frequency analysis on electromagnetic force was 

performed, and harmonic components were investigated. 

Fig. 12 shows the results of frequency analysis and 

harmonic components of electromagnetic force in the 

radial and axial direction at the offset of 0.035. Harmonic 

components were present in the axial direction as well.  
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(b) Axial direction 

Figure 12.  The frequency analysis and harmonic components of 
electromagnetic force at 1922 min-1 
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Figure 13.  32nd electromagnetic force at 1922 min-1 

Fig. 13 shows the relationship between the offset in the 

axial direction and the 32nd component of 

electromagnetic force which acted in the magnet and the 

stator. Fig. 13(a) shows the relation between the offset in 

the axial direction and the 32nd component radial 

direction. Fig. 13(b) shows the relation between the offset 

in the axial direction and the 32nd component in the 

tangential direction. Fig. 13(c) shows the relation 

between the offset in the axial direction and the 32nd 

component in the axial direction. 

Even when the offset in the axial direction changed, 

the level of the 32nd component of electromagnetic force 

in the radial and tangential direction stayed unchanged. 

On the other hand, when offset in the axial direction was 

larger, the 32nd component of electromagnetic force in 

the axial direction was also greater. When the offset is 

zero, the 32nd component of electromagnetic force in 

axial direction was not zero. Since outer rotor structure 

has a rotor frame only on one side, the harmonic 

components on electromagnetic force were generated in 

the axial direction even when the offset was zero.  

Fig. 14(a) shows vector representation of magnetic 

flux vector, and Fig. 14(b) shows magnetic flux lines at 

1922min
-1

. The magnet and the stator are hidden in Fig. 

14. The flux had components in the axial direction as well 

as radial and tangential direction, and this is considered to 

be the cause of harmonic components of the 

electromagnetic force in the axial direction.  

As mentioned above, electromagnetic force had axial 

components, and that changes in the axial offset made 

harmonic components of an axial electromagnetic force 

bigger. 

X
Y

Z

          
(a) Magnetic flux vector         (b) Magnetic flux lines 

Figure 14 -1 

IV. STRUCTURAL VIBRATION ANALYSIS 

In this chapter, first, natural frequencies and natural 

vibration modes were determined by analysis on the 

structural vibration model with a focus on axial 

components which had significant peak in actual 

measurements [12].  

Table III shows material properties used in the 

structural vibration analysis. The number of nodes was 

172271, and the number of elements was 88181 in the 

finite element model. The structural analysis of the fan 

motor was performed, and main principal vibration 

modes were investigated. The natural frequency in the 

axial direction where the noise was biggest was 

experimentally determined to be 530 Hz [12]. By the 
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structural analysis, the natural frequency, which 

corresponds to be experimentally determined natural 

frequency of 530 Hz, was determined to be 538 Hz. Fig. 

15 shows three-dimensional contour figure and a 

schematic illustration of natural vibration mode at 538 Hz 

which resulted from the structural analysis. This is 

vibration mode with the 0th nodal diameter of the fan 

(umbrella mode) which each blade vibrates in the same 

phase in the axial direction.  

TABLE III.  MATERIAL PROPERTIES FOR STRUCTURAL ANALYSIS 

Parts Material Yong's　modulus [Gpa]
Density

[Kg/m
3
]

Blade Plastic 5.95 1630

Rotor flame Steel 200 7850

Magnet Plastic magnet 5 3500

Shaft Steel 200 7850

Stator Electromagnetic plate and sheet 200 7850

Casing Plastic 6.3 1430  
 

Undeformed shape

Deformed shape

Y 
ZX

  Z axis

Impeller

Impeller

Boss

 

Figure 15.  Natural vibration mode at 538 Hz 

Therefore, results from both structural vibration 

analysis and experimental analysis showed the same 

vibration mode, and the calculation precision was within 

2%. As mentioned above, the peak frequency of vibration 

and noise peak in an operating fan motor was presumed 

to the natural frequency with the 0th nodal diameter of 

the fan (umbrella mode). 
In chapter 3, when the offset in the axial direction was 

bigger, the 32th component of electromagnetic force in 

the axial direction was also bigger. In chapter 4, the peak 

frequency of vibration and noise in the operating fan 

motor was presumed to be the natural frequency with the 

0th zero nodal diameter of the fan (umbrella mode). 

As mentioned above, it was presumed that the noise 

peak in operating fan motor was caused by resonance 

between the harmonic component of the electromagnetic 

force in the axial direction caused by the offset and the 

natural frequency with the 0th nodal diameter of the fan 

(umbrella mode).  

V. CONCLUSION 

By using three-dimensional magnetic field analysis 

and structural vibration analysis, following conclusions 

regarding vibration and noise in a fan motor with an 

offset in the axial direction were obtained. 

(1) The results of the three-dimensional magnetic 

analysis showed that electromagnetic force had axial 

components, and that changes in the axial offset made 

harmonic components of an axial electromagnetic force 

bigger.  

(2) In the structural vibration analysis, the peak 

frequency of the vibration and noise in an operating fan 

motor were estimated to the natural frequency with the 

0th nodal diameter of the fan (umbrella mode). 

(3) Conclusion (1) and (2) lead to another conclusion 

that the noise peak in an operating fan motor was caused 

by resonance between the harmonic component of the 

electromagnetic force in the axial direction caused by the 

offset and the natural frequency with the 0th nodal 

diameter of the fan (umbrella mode). 
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