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Abstract: A numerical model of the bearing fault of a motor with a closed-slot rotor using the finite element method (FEM) is 

proposed. The rotor’s radial motion can be regarded as static eccentric at the defect time points and healthy at other time points. The 

frequency of the harmonic component is analyzed corresponding to bearing fault in stator current according to the radial movement of 

the motor shaft. Moreover, the relative permeability variation region is established to achieve the radial motion of the rotor with 

bearing fault. Firstly, the relative permeability variation region is established in the health and static eccentric models. Then, the defect 

time points are estimated and the static eccentricity model by transient field is analyzed. Finally, the relative permeability of the 

variable region in the static eccentric model is imported into the variable region of the health model at the defect time points. The 

simulation results show that the air gap flux density of the bearing fault model is different from that of the health model and static 

eccentric models. In addition, the stator current contains harmonic components of the bearing fault. The analysis results prove the 

applicability of the proposed model.  
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1  Introduction1 

The submersible motor is commonly used in water 
supply and drainage systems [1-2]. The water-cooled 
submersible motor with the closed-slot rotor is filled 
with circulating water inside the motor, enabling the 
motor to have good heat dissipation performance. 
Since the motor is filled with water, the water-cooled 
submersible motor is equipped with guide bearings on 
both sides of the shaft instead of rolling bearings to 
bear the radial force of the motor. The supporting force 
of guide bearings is provided by a rotating water film 
in the internal clearance, which is different from that 
of rolling bearings. However, the bearing fault is a 
critical issue in submersible motors [3-4]. To ensure the 
safe operation of the motor, it is necessary to study the 
guide bearing fault mechanism and diagnosis. 

Electrical and vibration signal analysis are most 
commonly used for fault diagnosis [5-7]. Wang et al. [8] 
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constructed the graph mapping spectrum of a vibration 
signal to diagnose bearing faults. Alabied et al. [9-10] 
realized the application of empirical mode 
decomposition (EMD) and ensemble empirical mode 
decomposition (EEMD) algorithms in fault diagnosis 
of submersible motors. Xian [11] proposed a motor pump 
state identification algorithm based on multimodal 
features and combined it with the XGBoost model to 
detect the state of a submersible motor under complex 
operating conditions. But since the submersible motor 
runs underwater, the vibration signal will be 
interrupted by the flowing water. Boueri [12] used the 
vibration analysis method to judge the operation state 
of the guide bearing, but required additional conditions. 
The study revealed that the electromagnetic 
performance of the motor was not affected by the 
water. It is a feasible bearing fault diagnosis method to 
analyze the variation of the electromagnetic properties 
of the motor. Mbo’o et al. [13] developed a fault 
diagnosis system based on current characteristics 
generated by frequency selection in the stator current 
spectrum, which evaluated the fault characteristics by 
linear discriminant analysis and fault diagnosed by 
Bayesian classifier. Husna et al. [14] designed a 
centrifugal pump fault detection system based on 
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motor current characteristic signal. 
Nevertheless, bearing fault motor data are required 

to verify the effectiveness of a method. Damaging the 
guide bearings of the submersible motor to conduct 
fault tests is not only expensive but dangerous. There 
are limited fault models capable of reflecting the 
electromagnetic response of the motor under the guide 
bearing fault. Feng et al. [15] proposed a bearing fault 
model by injecting fault harmonic current into the 
stator current. However, the radial movement of the 
rotor was not considered in this model. The rotor of 
the bearing fault motor will move in the radial 
direction, resulting in changes in the air gap 
length [16-17]. Therefore, the bearing fault model can be 
established by moving the rotor radially. The rotor 
cannot move radially while rotating axially in the 
finite element model. The permeability variation 
regions can be established at the junction of the air gap 
and rotor, which imitate the radial movement of the 
rotor in the bearing fault motor. Because the guide 
bearing fault will lead to the rotor’s periodic 
eccentricity (static eccentricity), the influence of the 
bearing fault on the motor performance can be 
considered by periodically changing the relative 
permeability of these regions. 

This study proposes a bearing fault numerical model 
of the closed-slot rotor submersible motor. In the 
model, two relative permeability variation regions are 
created, and the permeability data of bearing fault time 
points are imported into the regions. The radial air gap 
flux and stator current of the bearing fault model 
reveal unique characteristics compared with the health 
and static eccentric models. Furthermore, the variable 
regions and fault time points can be defined according 
to the characteristics of simulated bearing faults. 

2   Characteristic analysis of motor eccentricity 
and guide bearing fault 

The guide bearings, which are mounted on the upper 
and lower ends of the shaft, bear the radial force of the 
motor in the wet submersible motor. The mechanical 
structure of the guide bearing is shown in Fig. 1. The 
guide bearing structure includes a bearing shell, bush, 
and flow hole; moreover, there is a gap between the 
bearing shell and bush. As the shaft rotates, a rotating 

water film provides radial support between the bearing 
shell and bush. The radial force is borne by the guide 
bearings in the submersible motor, hence bearing fault 
will seriously affect safe operation of the motor. 

 

Fig. 1  Structure of guide bearing 

However, temperature changes caused by motor 
operation and shutdown lead to larger sealing 
clearance. When the working environment of the 
submersible motor contains impurities, such as dirt 
and sand, the impurities easily find their way into the 
motor through the gap. In addition, the rotating 
operation of the motor may also form a small number 
of particle impurities. Sand and other impurities will 
enter the water film of the guide bearing with the 
circulating water. As a result, the balance of the water 
film is destroyed, and the impurities collide with the 
guide bearing shell and bush, which finally leads to the 
failure crack and defect points in the guide bearing. 
Fig. 2 shows the guide bearing of the submersible 
motor with a cracked inner wall. Cracks are marked by 
the dash line and friction marks can be seen in the 
black circle. 

 

Fig. 2  Schematic diagram of the guide bearing  

mechanical structure 
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The thickness of the water film change when defects 
exist in the inner and outer walls of the bearing and 
bush. Therefore, the radial support force provided by 
the water film will also change. The circumstances 
will lead to static eccentricity of the motor rotor. The 
analysis of a static eccentric motor is a prerequisite for 
the fault analysis of motor guide bearing. 

2.1  Length of air gap in the static eccentric motor 

Motor eccentricity occurs when the motor rotor, stator, 
and rotary centers do not coincide. Types of motor 
eccentricities include static, dynamic, and mixed [18]. The 
two most basic are static and dynamic eccentricity [19]. 
Fig. 3 shows the radial section of static and dynamic 
eccentric motors; the dot represents the center of 

rotation of the rotor. For the static eccentric motor, the 
geometric centers of the rotor and stator do not coincide, 
and the geometric center and rotation centers of the 
rotor are consistent. Simultaneously, the air gap length 
of the motor is non-uniform, but will not change. For 
the dynamic eccentric motor, the geometric center of 
rotor and stator coincide, but the rotor rotation center is 
offset, and the air gap length varies regularly with time. 
Mixed eccentricity occurs when the motor’s static and 
dynamic eccentricity coexist. The geometric centers of 
the rotor and stator of the mixed eccentric motor do not 
coincide, and the rotation center does not coincide with 
the two geometric centers. The following section will 
discuss the motor’s air gap flux density for a static 
eccentric induction motor. 

 

Fig. 3  Static and dynamic eccentric radial section diagram of the motor 

The motor’s static eccentricity fault is attributable to 
the rotor geometric center point being different from 
that of the stator, and the rotary center of the rotor 
rotary center coinciding with the geometric center [20]. 
A coordinate system was established with the stator 
geometric center as the origin, as shown in Fig. 4. OS 
and OR are the geometric centers of the stator and rotor; 
OR is also the rotation center.  is the angle between 
the selected position and the coordinate axis and  is 
the rotor offset distance caused by static eccentricity. 
The inner and outer diameter of the motor stator are 
denoted Rs and Rr. Essentially, OSB=Rs and ORA=Rr. 
According to the law of cosines 
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The length of OSA can be estimated by solving the 
above equation 

 

Fig. 4  Air gap length of the static eccentric motor 

 2 2 2 2
S rcos cosO A= + R +χ θ χ θ χ⋅ −⋅  (2) 

The outer diameter of the rotor is much larger than 
the offset distance caused by the eccentricity, and Eq. 
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(2) can be simplified as 

 S rcosO A +Rχ θ≈ ⋅    (3) 

The motor air gap length ge(θ) is 

Se s rS 0( ) = ( cos + )= cos g O RA gB ROθ χ θ χ θ⋅ −− −=  

   (4) 
where g0 is the air gap length in a healthy motor. 

2.2  Length of air gap in the guide bearing fault 
motor 

The primary fault type of the guide bearing of the 
submersible motor is cracks or defects in the inner 
wall of the bearing bush, which causes imbalance of 
the water film. The water film imbalance will cause 
the rotor to wobble, as shown in Fig. 5. When the 
motor shaft rotates at the defect point, the rotor is in a 
static eccentric state. After leaving the defect point, the 
rotor returns to its original position. Fig. 6 shows the 
submersible motor’s rotor position change with the 
guide bearing fault.  

 

 

Fig. 5  Change of the submersible motor’s rotor position with 

the guide bearing fault 

 

 

Fig. 6  Air gap length diagram of the static eccentric motor 

The radial displacement change is approximated as 
a pulse change, and the deviation distance of the 
rotation center χ(t) is 

 b
b

( ) 0,1,2, ,kt t k n
f

χ χ δ
⎛ ⎞

= − =⎜ ⎟
⎝ ⎠

"   (5) 

where χb is the maximum eccentric distance caused by 
bearing fault and fb is the characteristic frequency of 
the guide bearing fault. The air gap length of the motor 
with guide bearing fault is determined as 

 b 0 b
b

( , ) coskg t g t
f

θ χ δ θ
⎛ ⎞

= − −⎜ ⎟
⎝ ⎠

  (6) 

In this case, the air gap permeance is [21]  
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where λ( ,t) is the air gap permeance in the healthy 
motor and εb is the eccentricity ratio. Eq. (7) can be 
simplified to 

 b b
b

( , ) ( , ) 1 coskt t t
f
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    (9) 

The impulse function in the above equation can be 
transformed into the Fourier series form as 

 0 b b
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where c0 is a constant and ωb=2πfb. The air gap 
permeance in the motor with a guide bearing fault can 
be expressed by 
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2.3  Air gap flux density and stator current of the 
motor with guide bearing fault 

Next, the air gap flux density of the motor with a guide 
bearing fault is analyzed. The magnetomotive force 
(MMF) of the healthy motor is determined as [22] 

 ( , ) ( , ) ( , ) ( , )pf t f t f t f tν μ
ν μ

θ θ θ θ= + +∑ ∑   (12) 
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where fp(θ,t) is the synthetic fundamental MMF; fν(θ,t) 
and fμ(θ,t) are the ν-order stator and μ-order rotor 
harmonic MMFs. In the induction machine, the MMF 
of each item in Eq. (12) can be expressed as 

 
1 0

1

( , ) cos( )
( , ) cos( )
( , ) cos( )

p pf t F p t
f t F t

f t F t
ν ν ν
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θ θ ω ϕ
θ νθ ω ϕ
θ μθ ω ϕ

⎧ = − −
⎪ = − −⎨
⎪ = − −⎩

    (13) 

where Fp, Fν, and Fμ are the magnitudes of the 
corresponding order of the fundamental, stator, and 
rotor harmonic MMFs. p is the polar logarithm of the 
motor, ω1=2πf is the rotational angular velocity of the 
power supply, and f is the frequency of the power 
supply. φ0, φν and φμ are the corresponding phase 
angles. ωμ is 

 2
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where s is the slip of the motor. 
The air gap flux density of the motor with guide 

bearing failure is 
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where s is the slip of the motor. 
According to Eq. (15), the harmonic component 

caused by the guide bearing fault will appear in its air 

gap flux density. The order and frequency of the 
harmonic component will change, and the frequency 
change is related to the frequency of the power supply 
and bearing fault. The change of air gap magnetic field 
will distort the stator current, and the harmonic 
component of the air gap magnetic density caused by 
bearing fault will induce a corresponding harmonic 
component in the stator current [23], whose frequency 
is 

 b b 1,2, ,F f kf k n= ± = "    (16) 

3  Bearing fault numerical model  

The bearing fault will cause complex periodic static 
eccentricity of the motor rotor. In the induction motor, 
the magnetic field energy is mainly concentrated in the 
air gap, and the change of the air gap magnetic field 
greatly influences the motor’s electromagnetic 
performance. This study presents a simplified bearing 
fault numerical model for the closed-slot rotor. The 
model simulates bearing fault by periodically changing 
the rotor into static eccentricity with the finite element 
method (FEM).  

The length of the air gap changes because of the 
rotor’s static eccentricity. Similarly, the air gap length 
changes periodically because of the bearing fault. The 
electromagnetic performance of the motor will change, 
corresponding to the change of the air gap length. In 
the finite element numerical model of the motor, the 
radial position of the rotor is changed by creating the 
permeability variation regions.  

The model creates two relative permeability 
variation regions in the rotor edge and air gap. Fig. 7 
shows the relative permeability variation regions. 
Circle 1, 2, and 3 represent the inner diameter of the 
stator, outer diameter of the healthy rotor, and outer 
diameter of the static eccentric rotor; OS is the center 
of circles 1 and 2 and OE is the center of circle 3. The 
non-coincidence parts of circles 1 and 2 are the 
relative permeability variation regions, which are 
marked region 1 and 2 as shown. When the rotor is 
turned to the defect point, the position of the rotor will 
change from circle 1 to 2, and the rotor will turn back 
after passing this point. In the model of the healthy 
motor, the material of region 1 is silicon steel, and 
region 2 is air. In contrast, region 1 is air, and region 2 
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is silicon steel in the model of the static eccentric 
motor. The health and static eccentric motor models 
need to be established in advance to obtain the 
permeability value of the relative permeability 
variation regions in the two cases. The regions should 
be set in the same position. The relative permeability 
of the magnetic conductivity change region at each 
time point can be obtained by analyzing the two 
models. The following steps establish the bearing fault 
numerical model, as shown in Fig. 8. 

 

Fig. 7  Location diagram of relative permeability  

variation regions 

 

Fig. 8  Establishment of bearing fault model 

(1) Employ FEM to establish two 2-D models of 
healthy and static eccentric motors that contain 
relative permeability variation regions.  

(2) Calculate time points of bearing fault. 
(3) Conducts finite element analysis of the static 

eccentric model using the transient field. Then extract the 
relative permeability of the regions at the defect time points. 

(4) Replace the relative permeability values in the 

health model with the values obtained in Step (3), 
which are at the exact location and time points. 

By following the above steps, a numerical model of the 
bearing fault is established. The stator current of the 
bearing fault can be qualitatively analyzed with this 
model. 

4  Simulation and analysis 

4.1  Motor parameters and numerical model 

This study uses a 55 kW closed-slot rotor submersible 
motor as an example. The motor parameters are shown 
in Tab. 1. It is assumed that the motor guide bearing 
inner wall has one defect point which establishes the 
fault’s numerical model. 

Tab. 1  Parameter of closed-slot rotor submersible motor 

Parameter Value 

Rated power/kW 55 

Number of pole-pairs 2 

Rated voltage/V 380 

Rated frequency/Hz 50 

Outer diameter of stator/mm 400 

Inner diameter of stator/mm 225 

Inner diameter of rotor/mm 85 

Length of iron core/mm 180 

Length of air gap/mm 1.2 

Number of stator slots 36 

Number of rotor slots 42 

Firstly, two 2-D models of the submersible motor are 
established, corresponding to the health and static 
eccentric states. To simplify the analysis, the rotor 
eccentricity caused by the bearing fault is set as 0.5 mm. 
Therefore, the static eccentric model’s offset value is also 
0.5 mm. Secondly, the time points of bearing fault are 
estimated. The speed of the motor is 1 440 rad/min, and 
there is only one defect point on the inner wall of the 
bearing shell. Then the rotation frequency of the shaft is 
24 Hz. The motor rotor repeats the process from healthy 
to eccentric to healthy every 1/24 s. The fault duration is 
0.000 2 s, and the bearing fault characteristic frequency is 
24 Hz. Thirdly, the relative permeability of regions 1 and 
2 at the bearing fault time point are extracted. To simplify 
the model, this experiment extracts the relative 
permeability of the broadest part of the regions which is 
320. Finally, the relative permeability data of the two 
regions in the healthy motor are replaced with extracted 
data every 1/24 s starting at 0.25 s. 
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The experiment established three models: bearing 
fault, health, and static eccentric. Fig. 9 shows the 
bearing fault numerical model of the single point 
defect. The left half of the model in Fig. 9a displays 
the meshing of the motor model. Figs. 9b and 9c show 
regions 1 and 2 marked. Meanwhile, the healthy and 
static eccentric motor models were established to 
compare the changes in electromagnetic performance 
with the bearing fault model. 

 

Fig. 9  FEM numerical model of single point bearing fault 

4.2  Analysis 

Finite element analysis of the three models is 
conducted by transient field. Because the bearing fault 
model periodically changes the air gap length, its 
radial air gap flux density is bound to change [24]. Fig. 
10 shows the 3-D waveform of the radial air gap flux 
density in the guide bearing fault model, with the 
acquisition time ranging from 0.5 s to 0.52 s.  

 

Fig. 10  Air gap flux density waveform of the motor model 

with guide bearing fault 

Fig. 11 shows the 2-D spectrum diagram of air gap 
flux density of the bearing fault. The harmonic 
component is invisible for better spectrum analysis, 
with an amplitude of less than 0.02 in the figure. The 
amplitude of the fundamental wave of the air gap flux 
density is 0.629 5, and the -34th and 38th harmonics 

are the first-order stator tooth harmonics with 
amplitudes of 0.286 9 and 0.142 7. The 40th and 44th 
harmonics are the first-order rotor tooth harmonics 
with amplitudes of 0.070 7 and 0.065 2. −10th, −22nd, 
14th, and 26th harmonics are phase band harmonics. 
Then, the air gap flux density of the guide bearing 
fault model is compared with that of the healthy and 
static eccentric motor models, and the differences 
between the models are analyzed. 

 

Fig. 11  Spectrum diagram of the radial air gap flux density  

in the bearing fault model 

The 2-D FFT is performed for the air gap flux 
density of the healthy and static eccentric motor 
models, and the spectral results are compared with the 
bearing fault results. The comparison of the air gap 
flux density harmonic amplitudes of the three models 
is shown in Fig. 12. In order of priority, the data on the 
left is the order and amplitude of the air gap flux 
density harmonics of the bearing fault model. The 
middle is the healthy model, and the right is the static 
eccentric model. Clearly, the static eccentric model’s 
the amplitude of the air gap magnetic density 
fundamental wave is smaller than that of the health 
model but larger than that of the bearing fault model. 
The amplitudes of most harmonic components are 
larger than that of the two models. Rotor static 
eccentricity will change the harmonic order of the air 
gap magnetic density, increase the amplitude of the 
harmonic component and decrease the amplitude of 
the fundamental wave [25]. The air gap magnetic 
density fundamental wave amplitude in the bearing 
fault motor model is slightly smaller than that in the 
static eccentric model. Similar to the static eccentric 
model, the amplitudes of the −34th and 38th (stator 
first tooth harmonics) order harmonics of the air gap 
flux density increase in the bearing fault model. 
However, the 40th and 44th order harmonics (rotor first 
tooth harmonics) amplitudes decrease, distinguishing 
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static eccentric fault from the bearing fault.  

 

Fig. 12  Specific order component of the air gap magnetic 

density of the three models 

According to the theoretical analysis of the second 
part, the stator current will have the corresponding 
harmonic component when the bearing fault exists in 
the motor. The stator current waves of the three 
models are shown in Fig. 13. To facilitate observation 
of the difference, the three current waveforms are 
staggered. The x-axis in the figure is not the real-time 
axis. The stator current of the bearing fault model 
appears slightly distorted, which is marked in circle. 

 

Fig. 13  Stator current waves of the three models 

Furthermore, the two distortions in stator current 
occur at 0.010 4 s and 0.052 0 s. The time between the 
two current distortions is approximately 1/24 s, which 
is identical to the bearing fault period time. In addition, 
the stator current peak value of the bearing fault model 
is smaller than that of the other two models. Then, the 
FFT analyzes the stator current of the bearing fault 
model. Fig. 14 demonstrates the spectrum diagram of 
the stator current. In the figure, we hide the 
components with amplitudes less than 0.5 for 
observation and analysis. Fig. 14b is the local enlarged 
drawing of Fig. 14a, marked by the rectangle with a 
dotted line. In Fig. 14a, the fundamental, third 
harmonic, and fifth harmonic components of the stator 
current are 337, 4.975, and 3.823. There are two 
harmonic components with amplitudes larger than 0.5 

around the fundamental wave. The stator current 
contains 46 Hz and 48 Hz components, which are the 
||f − 3fb|| and double frequency components of bearing 
fault frequency. Compared with the fundamental wave 
amplitude of the stator current, the current distortion 
caused by the bearing fault is slight, and the amplitude 
of the component corresponding to the fault 
characteristic frequency is also small in the spectrum 
diagram. However, all of them can be displayed in the 
spectrum diagram. Therefore, the fault of the motor 
guide bearing can be diagnosed by detecting the 
distortion in the stator current and its corresponding 
frequency. 

 

Fig. 14  Stator current spectrum diagram of bearing fault model 

The above results prove that the bearing fault motor 
model is different from the healthy motor and static 
eccentric motor models in air gap flux density and 
stator current. In addition, it verifies the validity of the 
model and the fault characteristic frequency 
component in the stator current. Finally, provides a 
new theoretical basis for distinguishing motor guide 
bearing fault from static eccentric fault.  

5  Conclusions 

(1) This study presents a novel numerical model of a 
submersible motor with guide bearing fault. In the 
model, the radial mechanical movement of the rotor 
with bearing fault is realized by creating a relative 
permeability variation region. This model can be used 
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to analyze the electromagnetic characteristics of the 
motor with guide bearing faults.  

(2) The variation characteristics of air gap flux 
density and stator current under guide bearing fault are 
deduced theoretically. The results show that the order 
and frequency of air gap flux density will change due 
to the guide bearing fault, and the characteristic 
component of the bearing fault will be induced in the 
stator current. The analysis of simulation results 
verifies the effectiveness of the proposed model.  

(3) This method can be used to establish the fault 
model of rolling bearings. Meanwhile, the results 
reflect the different effects of the bearing and static 
eccentric fault on the electromagnetic performance of 
the motor, which can be used as the basis to 
distinguish two kinds of faults in fault diagnosis.  

(4) The numerical model can be applied to the field 
of bearing fault diagnosis to prove the effectiveness of 
diagnosis technology and avoid the repetition of actual 
experiments. However, the numerical model of the 
bearing fault constructed in this study applies to the 
motor with the closed-slot rotor. Subsequent research 
should aim at the establishment of the bearing fault 
motor model with an open-slot rotor.  
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