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In this paper, a static rotor eccentricity analysis method is proposed. Electromagnetic noise by static eccentricity occurs in the 

course of manufacturing. The increase in errors is attributed to manufacturing errors of the components: the assembly error and the 
torsional error caused by shrink-fitting. For these reasons, the rotor is displaced from the center of the stator bore, but it still turns on 
its own axis. Accordingly, in this study, the acoustic noise using the electromagnetic excitation force was analyzed according to the 
rotor eccentricity. Finite element analysis (FEA) was used to analyze the rotor eccentricity considering the electrical and mechanical 
characteristics. To verify the proposed method, an induction machine was fabricated and an experiment was conducted. 
 

Index Terms—Acoustic noise, electromagnetic excitation force, induction machine, rotor eccentricity, spectral analysis 
 

I. INTRODUCTION 

LECTRIC motors are among the most fundamental motion 
generation mechanisms in both industrial and household 

products. Although there are various types of electric motors, 
induction machines are the most popular due to their low cost 
and ease of operation. Much effort has been exerted of late to 
find the most suitable motor for a certain application and 
existent drive system. In addition, both environmental issues 
and the demand for low-noise induction machines have 
increased. In this regard, various researches on the reduction 
of noise and vibration of induction machines have been 
conducted for many years. The vibrations are measured on the 
surface of the motor frame together with the sound pressure 
levels around the motor, and then the measurements are 
analyzed in connection with the modal properties of the motor 
structure and electromagnetic excitation mechanisms [l-3]. 

In the analytical studies, the estimation of the Maxwell 
stress acting on the stator due to the magnetic flux in the air 
gap is the major concern. The Maxwell stress can be estimated 
using the classical electromagnetic excitation force and 
permeance wave theory [4-6], but the effects of the vibration 
and noise are not predicted. Accordingly, finite element 
analysis (FEA) was used in this study due to the effects 
considering the saturation factor and current waveform. 

Rotor eccentricity is a fault that mainly affects induction 
machines. In the worst-case scenario, an eccentricity fault can 
result in a stator rotor rub, thereby causing severe damage to 
the motor as well as acoustic noise and vibration. The creation 
of an unequal air gap may involve many different factors, 
including (a) unbalanced load, (b) bearing wear, (c) bent rotor 
shaft, (d) mechanical resonance at the critical load, and         
(e) manufacture and assembly tolerance. 

In this study, the noise of the induction machine with rotor 
eccentricity was calculated using the electromagnetic 
excitation force and mechanical analysis. First, the force was 
calculated via two-dimensional (2D) FEA analysis 

 
considering the saturation factor, the current waveform, and 
the changing rotor eccentricity. Second, the natural frequency 
of the induction machine was calculated for the mechanical 
characteristics. Third, the electromagnetic excitation force, 
mechanical characteristics such as the natural frequency of 
each mode, and deformation of the stator and noise were 
calculated via FEA. The calculated spectrum using the air gap 
flux density was analyzed to determine the effects of 
eccentricity. 

The motor consisted of two poles, 24 stator slots, and 31 
rotor slots at 3.7 kW rated power. To change the quantity of 
the static rotor eccentricity, the motor was fabricated using a 
bolt on the front and back housing. The acoustic noise and the 
vibration of the motor were measured in a motor-based test at 
the no-load condition to eliminate the noise generated by the 
dynamo. 

II. ANALYSIS METHOD 

The specifications of the induction machine are shown in 
Table I. The motor consisted of two poles, 24 stator slots, and 
31 rotor slots at 3.7 kW rated power. 

To reduce the harmonic components, the winding pitch was 
set at 9, as shown in Fig. 1, and a skewed rotor was employed 
to reduce the harmonic components. The acoustic noise of the 
induction machine was measured in a motor-based test at the 
no-load condition, according to the quantity of the static 
eccentricity. Therefore, 2D analysis was conducted under 
experimental conditions. 

E
TABLE I 

SPECIFICATIONS OF THE TESTED MOTOR 

List Values 
Phase/pole 3/2 
Rated output power 3.7 kW 
Voltage/frequency 220V/60 Hz 
Number of slots (stator/rotor) 24/31 
Winding method Distribution winding (short pitch: 5/6) 
No-load current  6.0 A 

Skew Rotor 3.1° 
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Hong (e-mail: hongjp@hanyang.ac.kr 

Digital Object Identifier inserted by IEEE 



> CMP-684 < 
 

2

 
 

 
 

A. Variable Time-stepping FEM 

To consider the flux density, which is affected by time, 
time-stepping FEM was used for the analysis of the magnetic 
field [7]. The governing equation for 2D FEA is given by 

 

0

1 1A A dA
J

x x y y dt


 
     

          
, (1) 

 
where A  is the z-component of the magnetic vector potential, 
  is the permeability,   is the conductivity of the materials, 

and 
0J is the exciting current density of the stator winding. 
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where 

aV , 
aI , 

aR , and 
a  are the voltage, current, resistance, 

and flux linkage, respectively. 
eL  is the end coil inductance 

calculated using the equivalent method. 

B. Skew effect 

In this model, a skewed rotor is employed in the induction 
machines. When a skewed rotor is employed, the current 
waveform for the skewed model, is(t), corresponding to the 
total current, can be obtained using equation (3). The higher 
harmonic components of the skewed rotor are smaller than the 
no skewed model. The noise of the skewed model was reduced 
due to the reduction of the harmonic components that affect 
the noise [8]. 
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N is the rotor speed in rpm, Δθ is the slice angle, L is the stack 
length of the motor, ΔL is the stack length of the single slice, 
and p is the pole pair. 

C. Electromagnetic excitation force 

Spectrum analysis was performed for the air gap flux 
density, which consists of the time and space harmonics. The 
radial force calculated from the air gap flux density was 
analyzed using a Fourier series. 

 

   , ,, cosv l v l
l

F t F vp l t


      , (5) 

 
where Fv,l is the magnitude of the k space harmonic 
component, l is the time harmonic component, ω is the 
fundamental angular frequency of the phase voltage, α is the 
circumferential position of the air gap, and αk,l is the phase 
angle of the electromagnetic force. The stator deformation 
mode and frequency occurred due to the space and time 
harmonic components, respectively. In the case of the pure 
static eccentricity illustrated in Fig. 3, the position of the radial 
minimal air gap length was fixed in space. To consider the 
static eccentricity, the variation of the air gap around the 
magnetic circuit periphery and with the time is 
 

 ( , ) 1 cosg t g t        , (6) 

 
where g R r  , R  is the inner stator core radius, and r  is 

the outer rotor radius. The equation is /e g  . e . The rotor 

eccentricity, g , is an ideal uniform air gap. 

In the case of the no-eccentricity model, the 2nd and 31st 
time harmonic components were produced by pole number 
and stator-rotor slot combination. The time harmonics are 
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Fig. 3. Spectrum analysis of the no-eccentricity model.
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Fig. 2. Cross-section view of a motor with static eccentricity. 

         
(a)                                                          (b) 

Fig. 1. Configuration of the 3.7kW induction machine: (a) cross-section view;
and (b) short-pitch winding of phase A (9/12). 
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directly related to the frequency of the acoustic noise and 
vibration. 

In the case where the rotor had static eccentricity, the 1st 
harmonic component was increased as the complex 
components that are produced by even harmonics produced 
from the eccentricity and the fundamental component. The 1st 
and 31st forces affected the noise and vibration. To understand 
the efforts of the static rotor eccentricity, the calculated 

simulation results of the time and space harmonic components 
are compared in Fig. 4. 

D. Natural frequencies 

To consider the mechanical characteristics and resonance, 
the natural frequency and mode of each component of the 
motor assembly were calculated via FEA, with the material 
and geometry. The components of the motor, such as the rotor 
assembly, stator assembly with housing, and motor assembly, 
and the designed model, can avoid motor resonance by 
mismatching the frequency of the electromagnetic excitation 
force to the mechanical natural frequency. 

E. Noise simulation 

The distribution of the radiated noise was identified using 
acoustic analysis. The noise in a high-frequency region was 
used to analyze the distribution of the radiation. The acoustic 
noise was simulated using an LMS Virtual Lab. Harmonic 
acoustic analysis was conducted using modal-based force 
response analysis from the electromagnetic excitation force. 
The components of the radial force were calculated on the air 
gap that was put in the tooth of the stator according to the 
rotor position. The measurement points of the noise in the 
simulation are similar to the actual case data at the no-load 
condition. The result of the noise simulation is shown in Fig. 5. 

III. EXPERIMENT 

To verify the proposed method, a motor was fabricated 
using a bolt on the front and back housing. The natural 
frequency of each component and motor assembly were 
measured, and the results obtained were compared with the 
FEA results in Table II. To measure the quantity of the static 
rotor eccentricity, a dial gauge was installed in the front and 
back parts of the motor. 

To shed light on the eccentricity effect tendency, the 
quantity of the rotor eccentricity was determined considering 
the air gap. The quantity of the rotor eccentricity was 
measured using the dial gauge from the shaft, and is shown in 
Fig. 6. The experiment setup, which was set in a soundproof 
room to reduce the external efforts, is shown in Fig. 7. A 
motor test was conducted under the no-load condition to 
eliminate the noise generated by the dynamometer. A 
microphone was installed on one side and at the front part of 
the motor. To 
verify the proposed process, the measured noise and the FEA 
analysis result were compared, as shown in Fig. 8 and 9. The 

 

 

(a)                                                            (b) 
Fig. 6. Experimental setup for measuring the eccentricity: (a) dial gauge at
the front part of the motor; and (b) dial gauge at the back part of the motor.

(a)                                                      (b) 
 

 
                                           (c) 

Fig. 5.  FEA simulation for calculating the noise of the motor: (a) force
injection; (b) motor modeling of the acoustic noise simulation; and
(c) simulation result. 
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Fig. 4. Electromagnetic excitation force according the rotor eccentricity
(a) 1st space, 2nd time harmonic component, and (b) 31st space, 31st time
harmonic component. 



> CMP-684 < 
 

4

 
 

noise that occurred due to the rotor, stator slots, and 
eccentricity combination was increased by the rotor 
eccentricity. Table III shows the results of the FEA and 
experiment. 

IV. CONCLUSION 

In this paper, a static rotor eccentricity analysis method is 
proposed, and its effects are analyzed by considering the 
electrical and mechanical characteristics. The influence of the 
rotor eccentricity on the magnetic forces acting on the stator 
surface on the harmonic spectrum of these forces and on the 
noise level of the machine is shown. Comparison from the 
simulation results obtained via FEA was made for the no-
eccentricity case and for the case where the eccentricity level 
was changed for a 3.7kW induction machine. According to the 
efforts of the rotor eccentricity, the 1st and 31st harmonic time 
harmonic components increased. The 1st and 31st harmonic 
components of the acoustic noise occurred, and the rotor 
eccentricity was considered. 
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TABLE III 
ACOUSTIC NOISE OF THE MOTOR IN THE NO-LOAD CONDITION 

Eccentricity Value [mm] 
Noise @ 1860 Hz [dB] 

Experiment FEA 
0 53.6 - 

0.15 59.5 60.0 
0.30 61.7 61.1 
0.45 64.8 65.4 
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Fig. 9. Acoustic noise of the measured noise according to the rotor
eccentricity and frequency. 
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(b)  
Fig. 8. Frequency spectrum of the measured noise: (a) noise spectrum
analysis @ no eccentricity; and (b) noise spectrum analysis @ static
eccentricity. 

TABLE II 
MECHANICAL NATURAL FREQUENCY TEST RESULTS 

Frequency Experiment [ Hz ] FEA [ Hz ] 
Rotor with 

shaft 
1st mode 1140 1196 
2nd mode 2050 1981 

Stator with 
winding 

1st mode 1440 1508 
2nd mode 1880 1872 

motor 
assembly 

1st mode 1890 1698 
2nd mode 3160 3296 

Microphone
Microphone

Test motor

 
Fig. 7. 3.7kW induction machine undergoing a noise test. 




