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Abstract. The asymmetry in the manufacturing and assembling is the common issue of rotor 
systems. Different degrees of errors are inevitable in alternating current (AC) motors, which 
causes degraded performances. Furthermore, around 80 % of mechanical faults link to rotor 
eccentricity. The eccentricity faults (EFs) generate excessive mechanical stress and then lead to 
fatigue in the other parts of the motor. Motor current signal analysis (MCSA) can be used to 
diagnose induction machine (IM) faults. As the EF leads to an unequal air gap when the rotor 
rotates, the inductance of IM also responds to the EF. Moreover, the dynamic load is a typical 
situation due to residual dynamic unbalance and misalignment. To study how EFs and dynamic 
load affect the stator current. The current model of symmetrical motor, asymmetrical motors with 
three-level EFs and with dynamic load are investigated numerically. The correctness of models is 
verified through experimental study. The results show the level of EF affects the sideband peak 
values significantly in the stator current spectrum. These findings will provide a foundation for 
the accurate diagnosis of motor health conditions. 
Keywords: motor current signal analysis, modelling, eccentricity fault, dynamic load, induction 
machine. 

1. Introduction 

Eccentricity faults (EFs) refer to the air-gap space between stator and rotor that varies when 
the induction machine (IM) is working [1]. 80 % of mechanical faults result in rotor eccentricity 
[2]. The eccentric motor generates excessive mechanical stress and then leads to fatigue in the 
bearing [3]. Although motor manufacturers make every effort to minimise the asymmetry in the 
manufacturing and assembling, the error still exists [4]. As Fig. 1 shows, eccentricity faults include 
static eccentricity (SE) fault, dynamic eccentricity (DE) fault and mixed eccentricity fault of SE 
and DE [5]. SE refers to the air-gap space is fixed when the rotor rotates. However, the air gap at 
different radians is unequal as Fig. 1(b) shows. As illustrated in Fig. 1(c), DE fault refers to the 
space change periodically at a fixed circumferential position periodically. Fig. 1(d) shows the 
mixed eccentricity of SE and DE. 

Misalignment is the main cause for SE [1]. Misalignment causes the rotor’s physical centre 
away from the stator centre. DE usually results from oval cores, bent shaft and worn bearings [6]. 

Motor current signal analysis (MCSA) is an effective method used to diagnose EF faults  
[7], [8], [9]. To study how EFs affect the stator current. The current model of symmetrical motor, 
asymmetrical motors with three-level EFs are investigated numerically. 

Rotor eccentricity results in an unbalanced magnetic pull. Consequently, vibration, acoustic 
noise, increasing in stator-rotor rub, bearing wearing and/or rotor deflection failure will happen. 
It also, which might have bad effects on the stator or rotor core, conductor, and/or insulation [10]. 

https://crossmark.crossref.org/dialog/?doi=10.21595/mrcm.2021.22145&domain=pdf&date_stamp=2021-08-06
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The low-frequency range of dynamic eccentricity frequency is: 𝑓௘௙ ൌ 𝑓௥ . (1)

The fault related sidebands around the supply frequency are: 𝑓௘௙௦௜ௗ௘௕௔௡ௗ ൌ 𝑓௦ േ 𝑘𝑓௥ , (2)

where 𝑓௦ and 𝑓௥  represent supply frequency and rotating frequency, respectively. 𝑘 ൌ 1, 2, 3… 
represents the order of the sideband. 

Dynamic load faults come from external faults instead of from an IM. It is mainly caused by 
gearbox transmission failure, load imbalance and misalignment [11]. The load faults primarily 
cause a non-constant load torque with time [12]. 

If the load torque oscillates as the IM working, the current will be modulated with spectral 
components related to abnormal load faults [13]. The supply current signal in the healthy motor is 
sinusoidal. Any torque oscillation at a multiple of the rotational speed will produce stator currents 
at eccentricity frequency (Eq. (1) (2)) [14]. 

The rest of this article consists of four sections. Section 2 proposes a motor current model of 
symmetrical motor and asymmetrical motor with different level EFs. Section 3 carries out 
simulation analysis using MATLAB software. Section 4 set up the experiment and presents the 
test procedure to verify the proposed model. Section 5 analyses the test data and discuss the results. 
Section 6 concludes this work. 

 
a) Healthy case 

 
b) Static eccentricity 

 
c) Dynamic eccentricity 

 
d) Mix eccentricity 

Fig. 1. Different types of air-gap eccentricity faults 

2. Motor current models  

2.1. Motor current model of healthy motor 

A three-phase IM has three-phase distributed windings, displaced relative to each other by 120 
degrees, each of the stator and rotor winding circuits has the same form of the voltage equations. 
According to Kirchhoffs Voltage Law the voltage equation can be given as [15]: 

𝑉 ൌ 𝐼𝑅 ൅ 𝑑𝜑𝑑𝑡 ൌ 𝐼𝑅 ൅ 𝑑𝑑𝑡 ሺ𝐿𝐼ሻ ൌ 𝐼𝑅 ൅ 𝐼 𝑑𝐿𝑑𝑡 ൅ 𝐿 𝑑𝐼𝑑𝑡, (3)

where 𝑉 and 𝐼 are the voltage and current vector matrices, respectively, 𝑅 represents the motor 
resistance and 𝐿 is the inductance matrix. An equivalent circuit of the symmetrical rotor is shown 
in Fig. 2. If 𝑉 is the voltage vector, then: 𝑉 ൌ ሾ𝑉ௌ  𝑉ோሿ ൌ ሾ 𝑉஺ௌ  𝑉஻ௌ  𝑉஼ௌ  𝑉௥ଵ  𝑉௥ଶ  𝑉௥ଷ  …   𝑉௥௡  𝑉௘ሿ், (4)

where 𝑉ௌ and 𝑉ோ represent stator voltage vector and rotor voltage vector, respectively. 𝑉஺ௌ, 𝑉஻ௌ, 𝑉஼ௌ  are the voltage of phases A, B, and C. There are 𝑛 bars in the rotor. 𝑉௥௜  ሺ𝑖 ൌ 1,2,3 …𝑛ሻ 
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represent the voltage of the 𝑖th rotor bar. 𝑉௘ is the voltage in the end ring. If 𝐼 is the current vector, 
then: 𝐼 ൌ ሾ𝐼ௌ  𝐼ோሿ ൌ ሾ 𝐼஺ௌ  𝐼஻ௌ  𝐼஼ௌ  𝐼௥ଵ  𝐼௥ଶ  𝐼௥ଷ  …   𝐼௥௡  𝐼௘ሿ் , (5)

where 𝐼ௌ and 𝐼ோ represent stator current vector and rotor current vector, respectively. 𝐼஺ௌ, 𝐼஻ௌ, 𝐼஼ௌ 
are currents of phases A, B, and C. 𝐼௥௜ ሺ𝑖 ൌ 1,2,3, … ,𝑛ሻ represents the current of the 𝑖th rotor bar. 𝐼௘ is the current in the end ring. 

 
Fig. 2. Equivalent circuit of the asymmetrical rotor 

The inductance 𝐿 is expressed as: 𝐿 ൌ ൤𝐿ௌௌ 𝐿ௌோ𝐿ோௌ 𝐿ோோ൨, (6)

where 𝐿ௌௌ is the stator self-inductance, 𝐿ௌோ  is the stator-to-rotor inductance, 𝐿ோௌ is the rotor-to 
stator inductance, and 𝐿ோோ is the rotor self-inductance. see Eqs. (7) to (20): 

𝐿ௌௌ ൌ ൥𝐿஺ௌ஺ௌ 𝐿஺ௌ஻ௌ 𝐿஺ௌ஼ௌ𝐿஻ௌ஺ௌ 𝐿஻ௌ஻ௌ 𝐿஻ௌ஼ௌ𝐿஼ௌ஺ௌ 𝐿஼ௌ஻ௌ 𝐿஼ௌ஼ௌ൩. (7)

The inductances are given as follows: 

𝐿௑௒ሺ𝜃௥ሻ ൌ 𝜇଴𝑟𝑙 න 𝑁௑ሺ𝜑ሻ𝑁௒ሺ𝜑ሻ𝑔ሺ𝜑,𝜃௥ሻ 𝑑𝜑ଶగ
଴ , (8)

where: 𝜇଴  – permeability of free space, 𝑟 – effective radius of the air gap, 𝑙  – machine stack  
length, 𝑁௑ሺ𝜑ሻ,𝑁௒ሺ𝜑ሻ – the winding functions for windings 𝑋 and 𝑌 respectively which depends 
solely on the spatial stator circumferential position 𝜑, 𝑔ሺ𝜑,𝜃௥ሻ – air gap function, 𝜃௥  – rotor 
circumferential position. 

2.1.1. Stator self-inductance calculation 

According to the matrix equations, the stator-to-stator inductance can be derived as [16]: 

𝐿஺ௌ஺ௌ ൌ 𝜇଴𝑟𝑙 න 𝑁஺ௌሺ𝜑ሻ ൈ 𝑁஺ௌሺ𝜑ሻ𝑔ሺ𝜑,𝜃௥ሻଶగ
଴ 𝑑𝜑 ൌ 𝜇଴𝑟𝑙 න 𝑁ௌcosሺ𝑝𝜑ሻ ൈ 𝑁ௌcosሺ𝑝𝜑ሻ𝑔଴ଶగ

଴ 𝑑𝜑ൌ 𝜇଴𝑟𝑙𝜋𝑁ௌଶ𝑔଴ , (9)

where: 
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𝑁஺ௌ = 𝑁ௌcosሺ𝑝𝜑ሻ,      𝑁஻ௌ = 𝑁ௌcos ൬𝑝𝜑 − 2𝜋3 ൰ ,       𝑁஼ௌ = 𝑁ௌcos ൬𝑝𝜑 + 2𝜋3 ൰, 𝑁ோଵ = 𝑛cos൫𝑝ሺ𝜑 − 𝜃௥ሻ൯,       𝑁ோଶ = 𝑛cos ൬𝑝ሺ𝜑 − 𝜃௥ሻ + 2𝜋𝑛 ൰ , … …,   𝑁ோ௡ = 𝑛cosቆ𝑝ሺ𝜑 − 𝜃௥ሻ + 2𝜋ሺ𝑛 − 1ሻ𝑛 ቇ, 
where 𝑔଴ is constant and represent the airgap for the healthy motor. 𝑝 represents pole pairs of 
induction machines. 𝑁ௌ is the number of the stator turns similarly: 

𝐿஺ௌ஺ௌ = 𝐿஻ௌ஻ௌ = 𝐿஼ௌ஼ௌ = 𝜇଴𝑟𝑙𝜋𝑁ௌଶ𝑔଴ , (10)𝐿஺ௌ஻ௌ = 𝐿஻ௌ஺ௌ = 𝐿஻ௌ஼ௌ = 𝐿஼ௌ஻ௌ = 𝐿஺ௌ஼ௌ = 𝐿஼ௌ஺ௌ = −𝜇଴𝑟𝑙𝜋𝑁ௌଶ2𝑔଴ , (11)

𝐿ௌௌ = ൥𝐿஺ௌ஺ௌ 𝐿஺ௌ஻ௌ 𝐿஺ௌ஼ௌ𝐿஻ௌ஺ௌ 𝐿஻ௌ஻ௌ 𝐿஻ௌ஼ௌ𝐿஼ௌ஺ௌ 𝐿஼ௌ஻ௌ 𝐿஼ௌ஼ௌ൩ = 𝐿௠௦ ൥ 1 −0.5 −0.5−0.5 1 −0.5−0.5 −0.5 1 ൩, (12)

where 𝐿௠௦ = ఓబ௥௟గேೄమ௚బ . 

2.1.2. Stator-to-rotor inductance calculation 

𝐿ௌோ = 𝐿ோௌᇱ = ൥𝐿ௌ஺ோଵ 𝐿ௌ஺ோଶ ⋯ 𝐿ௌ஺ோ௡ 𝐿ௌ஺ோ௘𝐿ௌ஻ோଵ 𝐿ௌ஻ோଶ ⋯ 𝐿ௌ஻ோ௡ 𝐿ௌ஻ோ௘𝐿ௌ஼ோଵ 𝐿ௌ஼ோଶ ⋯ 𝐿ௌ஼ோ௡ 𝐿ௌ஼ோ௘൩, (13)

𝐿ௌ஺ோଵሺ𝜃௥ሻ = 𝜇଴𝑟𝑙 න 𝑁ௌ஺ሺ𝜑ሻ𝑁ோଵሺ𝜑ሻ𝑔ሺ𝜑,𝜃௥ሻ 𝑑𝜑ଶగ
଴ = 𝜇଴𝑟𝑙𝜋𝑁ௌ𝑛2𝑔଴ cosሺ𝜃௥ሻ. (14)

Similarly: 

𝐿ௌ஺ோଶሺ𝜃௥ሻ = 𝜇଴𝑟𝑙 න 𝑁ௌ஺ሺ𝜑ሻ𝑁ோଶሺ𝜑ሻ𝑔ሺ𝜑,𝜃௥ሻ 𝑑𝜑ଶగ
଴ = 𝜇଴𝑟𝑙𝜋𝑁ௌ𝑛2𝑔଴ cos ൬𝜃௥ + 2𝜋𝑛 ൰, (15)𝐿ௌ஺ோ௡ሺ𝜃௥ሻ = 𝜇଴𝑟𝑙 න 𝑁ௌ஺ሺ𝜑ሻ𝑁ோ௡ሺ𝜑ሻ𝑔ሺ𝜑,𝜃௥ሻ 𝑑𝜑ଶగ
଴ = 𝜇଴𝑟𝑙𝜋𝑁ௌ𝑛2𝑔଴ cosቆ𝜃௥ + 2𝜋ሺ𝑛 − 1ሻ𝑛 ቇ, (16)𝐿ௌ஻ோ௡ሺ𝜃௥ሻ = 𝜇଴𝑟𝑙 න 𝑁ௌ஻ሺ𝜑ሻ𝑁ோ௡ሺ𝜑ሻ𝑔ሺ𝜑,𝜃௥ሻ 𝑑𝜑ଶగ
଴ = 𝜇଴𝑟𝑙𝜋𝑁ௌ𝑛2𝑔଴ cosቆ𝜃௥ − 2𝜋3 + 2𝜋ሺ𝑛 − 1ሻ𝑛 ቇ, (17)𝐿ௌ஼ோ௡ሺ𝜃௥ሻ = 𝜇଴𝑟𝑙 න 𝑁ௌ஼ሺ𝜑ሻ𝑁ோ௡ሺ𝜑ሻ𝑔ሺ𝜑,𝜃௥ሻ 𝑑𝜑ଶగ
଴ = 𝜇଴𝑟𝑙𝜋𝑁ௌ𝑛2𝑔଴ cosቆ𝜃௥ + 2𝜋3 + 2𝜋ሺ𝑛 − 1ሻ𝑛 ቇ. (18)

2.1.3. Rotor self-inductance calculation 

𝐿ோோ = ⎣⎢⎢
⎢⎡𝐿ோଵோଵ 𝐿ோଵோଶ ⋯ 𝐿ோଵோ௡ 𝐿ோଵோ௘𝐿ோଶோଵ 𝐿ோଶோଶ ⋯ 𝐿ோଶோ௡ 𝐿ோଶோ௘𝐿ோଷோଵ 𝐿ோଷோଶ ⋯ 𝐿ோଷோ௡ 𝐿ோଷோ௘… ⋯ ⋯ ⋯ ⋯𝐿ோ௡ோଵ 𝐿ோ௡ோଶ ⋯ 𝐿ோ௡ோ௡ 𝐿ோ௡ோ௘⎦⎥⎥

⎥⎤, (19)

where the 𝐿ோ௜ோ௬ (𝑖, 𝑦 = 1, 2, 3,…, 𝑛) can be calculated using Eq. (20): 
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𝐿ோ௜ோ௬ = 𝜇଴𝑟𝑙 න 𝑁ோ௜ሺ𝜑ሻ𝑁ோ௬ሺ𝜑ሻ𝑔ሺ𝜑,𝜃௥ሻ 𝑑𝜑ଶగ
଴ = 𝜇଴𝑟𝑙𝜋𝑛ଶ2𝑔଴ cosቆ2𝜋ሺ𝑦 − 𝑖ሻ𝑛 ቇ. (20)

𝑅 is the resistance matrix [8] and is given in Eq. (21). The matrices of stator resistance 𝑅ௌௌ and 
rotor resistance 𝑅ோோ are given in Eqs. (22) and (24), respectively: 𝑅 = ൤𝑅ௌௌ 𝑅ௌோ𝑅ோௌ 𝑅ோோ൨, (21)

𝑅ௌௌ = ൥𝑅஺ௌ 0 00 𝑅஻ௌ 00 0 𝑅௖௦൩, (22)

𝑅ோௌ = 𝑅ௌோᇱ = ൥0 0 0 ⋯ 00 0 0 ⋯ 00 0 0 ⋯ 0൩, (23)

𝑅ோோ =
⎣⎢⎢
⎢⎢⎢
⎡2(𝑅௕ + 𝑅௘) −𝑅௕ 0 … −𝑅௕ −𝑅௘−𝑅௕ 2(𝑅௕ + 𝑅௘) −𝑅௕ … 0 −𝑅௘0 −𝑅௕ 2(𝑅௕ + 𝑅௘) … 0 −𝑅௘0 0 −𝑅௕ … 0 −𝑅௘… … … … … …−𝑅௕ 0 0 … 2(𝑅௕ + 𝑅௘) −𝑅௘−𝑅௘ −𝑅௘ −𝑅௘ −𝑅௘ −𝑅௘ 𝑛𝑅௘ ⎦⎥⎥

⎥⎥⎥
⎤
. (24)

According to Eq. (3), the current differential equation of the healthy motor is derived as follows: 𝑑𝐼𝑑𝑡 = ൥𝑉 − 𝐼 ൭𝑅 + 𝜔 𝑑𝑑𝜃௥ ൫𝐿(𝜃௥)൯൱൩ 𝐿(𝜃௥)ିଵ. (25)

To obtain the speed and displacement of the rotor which are required to calculate the cross 
inductances in Eqs. (13)-(18), dynamic load balance equation is given as follows: 

𝐽 𝑑𝜔𝑑𝑡 = 𝐽 𝑑ଶ𝜃௥𝑑𝑡ଶ = 𝑇௘ − 𝑇௟ , (26)

where 𝐽 represents mechanical inertial. 𝑇௟ represent external load. The electric torque 𝑇௘ is given 
in Eq. (27) [15]: 

𝑇௘ = 12 [𝐼]் 𝜕𝐿(𝜃௥)𝜕𝜃௥ [𝐼]. (27)

2.2. Motor current model of eccentricity motor 

According to the current differential equation of the healthy motor in Eq. (25), the current will 
respond to the changes in the voltage 𝑉, inductance 𝐿, resistance 𝑅 and rotor angular speed 𝜔. For 
the asymmetrical motor, the voltage 𝑉, resistance R and angular speed 𝜔 are the same as for a 
healthy motor.  

According to Eq. (8), The inductance is affected by the air-gap 𝑔(𝜑,𝜃௥). For a healthy motor, 
the air gap (𝑔଴) is constant, see Fig. 3(a). With an eccentricity fault, the air-gap at a given point 
on the stator between the stator and rotor will change (𝑔௫) as the rotor rotates, see Fig. 3(b). 
Therefore, the inductance matrix for a motor with an eccentricity fault (𝐿௘௙) will be different from 
that of a healthy motor (𝐿). 

The air-gap distance for an eccentric rotor is: 
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𝑔௫ = 𝑔଴[1 − 𝜌 cos(𝜃௥)], (28)

where 𝜌 is degree of eccentricity. 

 
a) Healthy motor 

 
b) Motor with eccentricity fault 

Fig. 3. Eccentricity fault: schematic diagram 

For 𝑔଴ = 1, and 𝜌 = 0.001 as an example, the air gap 𝑔௫ changes with the rotation angle, as 
shown in Fig. 4. 

 
Fig. 4. Schematic diagram of change in the air gap, where 𝑔௫ = 1(1 − 0.001 cos(𝜃௥)) 

The inductance of the eccentric motor is given in Eq. (29): 

𝐿௘௙ = ൤𝐿௘௙ௌௌ 𝐿௘௙ௌோ𝐿௘௙ோௌ 𝐿௘௙ோோ൨. (29)

The air gap changes as the rotor rotates, the stator self-inductance (𝐿௘௙ௌௌ), rotor self-inductance 
(𝐿௘௙ோோ) and mutual inductance of an eccentric motor (𝐿௘௙ௌோ) are given as follows: 

𝐿௘௙ௌௌ = 𝐿ௌௌ𝑔௫ = 𝐿ௌௌ𝑔଴(1 − 𝜌cos (𝜃௥)), (30)𝐿௘௙ோோ = 𝐿ோோ𝑔௫ = 𝐿ோோ𝑔଴(1 − 𝜌cos (𝜃௥)), (31)𝐿௘௙ௌோ = 𝐿௘௙ோௌᇱ = 𝐿ௌோ𝑔௫ = 𝐿ௌோ𝑔଴(1 − 𝜌 cos(𝜃௥)). (32)

Therefore, the current differential equation for the motor with an eccentricity fault can be 
written as: 

0 /2 3 /2 2
Rotor rotation angle

0.99

0.995

1

1.005

1.01
Air gap (gx)

gx
g0
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𝑑𝐼௘௙𝑑𝑡 = ൥𝑉 − 𝐼 ൭𝑅 + 𝜔 𝑑𝑑𝜃௥ ቀ𝐿௘௙(𝜃௥)ቁ൱൩ 𝐿௘௙(𝜃௥)ିଵ. (33)

2.3. Motor current model of dynamic load 

When there are time-varying external loads such as rotor DE and unbalances, the airgap, 
inductance, and resistance are the same as the healthy condition. The variable parameters would 
be the external load 𝑇௟ which can be modelled by Eq. (34): 𝑇௟ = 𝑇௕[1 − 𝛿௟sin(𝜃௥ − 𝜃௟)], (34)

where 𝑇௕ is constant load. 𝛿௟ is the coefficient of the dynamic load, 𝜃௟ represent the original angle. 
The external load 𝑇௟ can be set as a constant or time-varying one to correspond to different load 
scenarios according to set the coefficient 𝛿௟. 

Combining the resistance and inductance matrices with the current differential equation, etc., 
the current of the healthy motor, the motor with different degree eccentricity and motor with 
dynamic working load can be calculated and simulated as described in Section 3. 

3. Eccentricity motor simulation analysis 

3.1. Motor current characteristics with eccentricity  

The parameters of the simulation at set up are as shown in Table 1. 

Table 1. Parameters used in simulations 
Category Main parameters Technical data 

Motor 

Supply power 3.0 kW 
Supply voltage (𝑉) 220 V 

Supply frequency (𝑓௦) 50 Hz 
Torque (𝑇௕) 

Mechanical inertia (𝐽) 15.7 N·m 
0.089 

Angular speed (𝜔) 152.89 rad/s 
Rated speed 1460 rpm 

Number of bars (𝑛) 28 
Number of turns per stator phase 183 

Pole pairs (𝑝) 2 
Phase 3 

Resistance 
Stator resistance (𝑅஺ௌ = 𝑅஻ௌ = 𝑅஼ௌ) 4.4 Ω 

Rotor bar resistance (𝑅௕) 3.8×10-5 Ω 
End ring resistance (𝑅௘) 4.75×10-5 Ω 

Inductance 
Permeability of free space (𝜇଴) 1.26×10-6 H/m 

Effective radius of the air gap (𝑟) 0.0455 m 
Machine stack length (𝑙) 0.125 m 

Others Sampling frequency 2000 Hz 
Sampling time 3 s 

Based on the theoretical study in Section 2 and the parameter setting above, a simulation was 
carried out by solving the differential equations Eq. (24) and (32) using solver ode45 in MATLAB 
(Version: 2020a) software. The stator current of the healthy motor is shown in Fig. 5. The stator 
current is a sine wave, see Fig. 5(a). The current spectrum in Fig. 5(b) shows a substantial peak at 
the supply frequency is 50 Hz, this will be the case in all the following simulations of the rotor 
and stator current spectrums. 

For eccentricity studies, the simulation was implemented using the same parameters defined 
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for the healthy model, but Eq. (29) (30) (31) are set with different degrees of eccentricity degree 
(𝜌) as shown in Table 2. 

 
Fig. 5. Stator current signal for the healthy motor 

Table 2. Parameters used for simulating different degrees of eccentricity 

Motor health condition Degree of 
eccentricity (ρ) Value Notation in Figures Others 

Healthy motor 𝜌1 0 % BL Comparison case 

Motor with eccentricity fault 
𝜌2 0.2 % 0.2 % EF 

Study cases 𝜌3 0.4 % 0.4 % EF 𝜌4 0.6 % 0.6 % EF 

According to the analysis made in Section 1, the eccentricity frequency occurs at frequencies 
of 𝑓௦ ± 𝑘𝑓௥. The supply frequency, 𝑓௦ is 50 Hz. the rotational frequency, 𝑓௥ is calculated from the 
rotational speed. 𝑓௥ ≈ 24.1 Hz, and the eccentricity fault 𝑓௘௙ = 50±24.1 ≈ 25.9 and 74.1 Hz. The 
simulated stator current spectrum in Fig. 7 shows sidebands around the 50 Hz peak at fault 
frequencies of 25.9 Hz and 74.1 Hz for study cases but no sidebands for the healthy cases (BL). 
Furthermore, when an eccentricity was introduced, the speed fluctuated, see Fig. 6. The speed 
fluctuation increased with the degree of the eccentricity as did the amplitude of the sidebands. 

 
Fig. 6. The simulated speed with eccentricity faults 

3.2. Influences of dynamic load on motor current characteristics with eccentricity  

To simulate dynamic loads, the torque balance equation of Eq. (27) is set up as constant and 
dynamic as follows. 
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Fig. 7. Simulated stator current spectrum with eccentricity faults 

Table 3. Parameters used for simulating dynamic load 
Cases Coefficient of the dynamic 

load (𝛿௟) Degree of 
eccentricity (𝜌) 

Notation in 
Figures 

Original angel 𝜃௟ 
Constant 

load 0 0 % 0 % EF-cLd 
0; 𝜋/2;  𝜋; 3𝜋/2 

0.2 % 0.2 % EF-cLd 
Dynamic 

load 0.02 0 % 0 % EF-dLd 
0.2 % 0.2 % EF-dLd 

To better understand how the original angle affects the diagnosis results. All the cases with for 
original angles (𝜃௟ = 0; 𝜋/2; 𝜋; 3𝜋/2) respectively. 

Fig. 8 shows the speed of the healthy case (0%EF-cLd) is stable but with eccentricity or 
dynamic load fluctuation. When the motor with a 0.2 % eccentricity, the speed under dynamic 
load fluctuates more than under constant load. Fig. 8 illustrate the speed of different cases with 
the original angles (𝜃௟) of 0, 𝜋/2, 𝜋, 3𝜋/2. Fig. 8(a) and 8(b) show when 𝜃௟ = 0 and 𝜋/2, under 
the same dynamic load, the speed fluctuates more when eccentricity getting severe. However, the 
Fig. 8 (c) and (d) show when 𝜃௟ = 𝜋 and 3𝜋/2, under the same dynamic load, the speed fluctuates 
less when eccentricity getting severe. 

 
Fig. 8. The simulated speed with different degrees of eccentricity and dynamic load 
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Fig. 9. Simulated current spectrum with eccentricity and dynamic load (𝜃௟ = 0) 

Fig. 9 shows the current spectrum of different dynamic load cases when 𝜃௟ = 0. there are 
sidebands for eccentricity or dynamic load cases. Take the lower sideband as the example, to better 
compare the sideband amplitude when 𝜃௟  changes, Fig. 10 illustrate the current spectrum of 
different cases with the original angels (𝜃௟) of 0, 𝜋/2, 𝜋, 3𝜋/2. For a balance (no eccentricity) 
motor, the sidebands of cases under the dynamic load are higher than that under constant load. 
However, when the motor is with eccentricity, the sidebands of the dynamic load cases in the 
spectrum a related to the original angle. 

 
Fig. 10. Left sideband for different original angle a) 𝜃௟ = 0, b) 𝜃௟ = గଶ, c) 𝜃௟ = 𝜋, and d) 𝜃௟ = గଶ 

4. Experimental setup and test procedure 

An IM test rig (Fig. 11) is set up to validate the proposed simulation. It includes an induction 
motor and a generator, which is mechanically coupled with the motor to provide different loads. 
Three induction motors with the same specifications but different health conditions are tested 
subsequently. The specifications of the motor are listed in Table 4.  

To verify the efficiency of the proposed method under different operations. In the experiment, 
all the cases are tested under five representative loads (0 %, 20 %, 40 %, 60 % and 80 %) at 100 % 
rated speed. All the operating conditions are summarized in Table 5. The eccentricity level of 
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healthy case <= 0.07 mm, of the eccentric motor are 0.5 mm and 1 mm respectively as shown in 
Fig. 12. Note that the motors are controlled under openloop mode, a no feedback mechanism that 
keeps a constant main supply frequency 50 Hz at 100 % rated speed. 

 
Fig. 11. The IM test rig 

 
a) Baseline (<= 0.07 mm) 

 
b) Misalignment 1 (0.5 mm) 

 
c) Misalignment 2 (1 mm) 

Fig. 12. Schematic diagram showing the degree of misalignment 

Table 4. Specification of test motor 
Parameters Value 

Rated voltage (Δ/𝑌) 230/400 V 
Rated current (Δ/𝑌) 15.9/9.2 A 

Motor power 4 kW 
Number of phases 3 

Pole Pairs 2 Pairs 
Supply frequency 50 Hz 

Rated speed 1420 rpm 
Number of rotor bars 28 

Table 5. Test operations for EF test 
Degree of misalignment (mm) Load (%) Speed (%) 

<= 0.07 0 20 40 60 80 100 
0.50 0 20 40 60 80 100 
1.00 0 20 40 60 80 100 

 

 
a) Eccentricity measurement 

 
b) Introducing eccentricity 

Fig. 13. a) Eccentricity measurement and, b) introducing the eccentricity into the induction motor 
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The eccentricity fault was seeded into the test rig with different severities. As mentioned in 
Section 1, misalignment is the main cause of static EF. Therefore, misalignment is made in this 
research experimental study to make EF. The degree of eccentricity was measured using a dial 
indicator. The dial indicator was installed on its magnetic base, which can be attached to the 
coupling to guide the positioning of the motor, see Fig. 13(a). Fig. 13(b) illustrates changing the 
eccentricity by adjusting the two-axis compound table. The parameters of the instrument are listed 
in Table 6. 

Table 6. Parameters of dial indicator 
Manufacturer Matrix coventry gauge and tool 

Range 0-12.7 mm / 0.5 inch 
Resolution 0.001 mm / 0.00005 inch 

5. Data analysis and result discussion 

The supply frequency, 𝑓௦  in openloop control mode is constant at 50 Hz. The rotational 
frequency, 𝑓௥, can be calculated using the encoder signal. According to Eq. (1), the eccentricity 
frequency, 𝑓௘௙ equals the rotational frequency 𝑓௥ . The fault information will be contained in the 
modulation of the supply signal (50 Hz). Take the lower sideband (𝑓௦ − 𝑓௘௙) frequencies of the 
two EF cases as the example. According to Eq. (2), the lower eccentricity-related sideband 
frequency equals the supply frequency minus the eccentricity frequency (𝑓௘௙௦௜ௗ௘௕௔௡ௗ = 𝑓௦ ± 𝑓௘௙) 
and they are listed in Table 7.  

Table 7. Eccentricity frequency for healthy motor and EF cases 

Case Eccentricity frequency (Hz) 
Load: 0 % 20 % 40 % 60 % 80 % 

Healthy 24.95 24.77 24.57 24.32 24.03 
EF0.5mm 24.95 24.77 24.55 24.30 24.02 
EF1mm 24.95 24.77 24.55 24.32 24.02 

Table 8. Frequency of lower sideband for healthy motor and EF cases 

Case Sideband frequency (Hz) 
Load: 0 % 20 % 40 % 60 % 80 % 

Healthy 25.05 25.23 25.43 25.68 25.97 
EF0.5mm 25.05 25.23 25.45 25.70 25.98 
EF1mm 25.05 25.23 25.45 25.68 25.98 

The current spectrums of healthy motor (HealthyOP, where the subscript OP stands for 
openloop control mode), motor with 0.5 mm eccentricity (EF0.5OP) and motor with 1 mm 
eccentricity (EF1OP) is shown in Fig. 14. The supply frequency is stable at 50 Hz under all three 
conditions. According to the lower EF sidebands in Table 8, the sidebands around 25 Hz are 
related to an EF. Under 0 % load (solid dark blue line in Fig 14), the amplitude of the sidebands 
increases as the eccentricity increases. However, the sidebands under other loads are not clear. To 
better observe the sideband amplitude, the lower sidebands under the three operating conditions 
in the range from 25 Hz to 26 Hz are shown in Fig 15.  

Fig. 15 shows the frequencies of the EF sidebands increase as load increases. Unlike the BRB 
fault, the amplitude of the fault indicator for the EF decreases as the load increases. The fault 
indicators are clear to observe under light loads, but almost buried in the noise under heavy loads, 
especially 60 % and 80 % loads. 

Using the Hilbert-based envelope method to extract the fault information, the derived spectrum 
in Fig. 16 confirms that envelope analysis can extract eccentricity information from the current 
signal. Similarly, with the spectrum analysis, the peak amplitudes at fault frequencies in the 
envelope spectrum decrease as the load increases and are nearly buried in the noise and 
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interference under high loads, at and above 40 %, 60 % and 80 %, see Fig. 17(b). Compared with 
spectrum analysis (Fig. 17(a)) envelope analysis shows better performance in separating the EF1OP 
case with the highest amplitudes at 0 % to 60 % loads but shows better capability when separating 
healthy and EF0.5OP under 20 %, 60 % and 80 % loads. 

 
Fig. 14. Current spectrum of a) healthy motor, b) motor with 0.5 mm EF,  

c) motor with 1 mm EF for various loads 

 
Fig. 15. Current spectrum showing lower sideband for healthy motor  
and motor with EF0.5OP, and motor with EF1OP under various loads 

The amplitudes of the lower sidebands in the spectrum, see Fig. 17(a), increase as the degree 
of eccentricity increases under loads of 0 %, 20 %, 40 %, and 60 %. But it is difficult to separate 
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the two eccentricity levels with a load of 80 %. 
The analysis results under different loads show the fault indicator increase when the 

eccentricity increase which consistent with the proposed model analysis under different loads, 
especially under light loads, which verify the correctness of the model of eccentricity. The result 
under higher loads does perform as well as under light loads which illustrate the eccentricity motor 
is more difficult to diagnose under heavier loads. 

 
Fig. 16. Envelope spectrum for healthy motor and motor with EF0.5OP,  

and motor with EF1OP under various loads 

 
Fig. 17. Amplitudes of EF indicators under various loads using a) spectrum analysis b) envelope analysis  
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6. Conclusions 

This study develops AC motor models with eccentric effects. It firstly studies motor current 
spectrum behavior when there are different degrees of rotor eccentricity along. Subsequently, the 
behavior is also investigated when dynamic loads were applied to the eccentric motor, which is a 
typical situation due to residual dynamic unbalance and misalignment. The key findings of this 
study can be summarized as follows: the eccentricity fault leads to changes in air-gap flux as the 
rotor rotates. The inductance, including the stator self-inductance, rotor self-inductance and 
mutual inductance will change with the air gap. The simulated stator current spectrums for 
different degrees of eccentricity fault and dynamic load fault show that in the baseline case 
(healthy motor) no fluctuation occurred in the motor speed and no sidebands are observed. 
However, introducing an eccentricity fault causes fluctuation in the motor speed, which increases 
as the eccentricity fault increases. Eccentricity induces fault-related sidebands, which increases in 
amplitude as the eccentricity fault becomes more serious. For the balance (no eccentricity) motor, 
the sidebands of cases under the dynamic load are higher than under constant load. And the speed 
fluctuates more than the constant load cases. However, when the motor is with eccentricity, the 
sidebands of the dynamic load cases in the spectrum and the speed fluctuations related to the 
original angle. Among them, the amplitude at a rotating frequency which regarded as the fault 
indicator has been experimentally certificated increase when eccentricity getting serious.  
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