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The open phase fault is much specified in three—phase squirrel cage induction  motors. 
However, this defect develops an unsymmetrical magnetism generates noise and vibration in the 
motor. Finite Element Method (FEM) is the most accurate technique to analyze the induction 
motor, because it can include all actual characteristics of both healthy and faulty conditions. In 
this paper, an FEM to analyze a 2.2 (kW) three—phase squirrel cage induction motor with the 
open phase fault is proposed. An experimental investigation to display the stator current 
waveforms with healthy and faulty conditions are obtained and compared under different load 
operations. The currents obtained are introduced into FEM analysis, which is used for magnetic 
field calculation  and the magnetic flux density in the air-gap, stator teeth and in the stator yoke 
for both healthy and faulty operations.  
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1. Introduction 

 

Induction machines are widely used in the industry, thanks to their low cost, reasonable 

size and low maintenance. But, these machines are exposed to faults such as the open phase 

fault which leads to asymmetry of the machine. This fault is most often caused by a blown 

fuse, a broken wire, a thermal overload, a worn-out contact, or a mechanical failure [1]. 

Indeed, the open phase faults disturb motor operation and shorten its lifetime. But, diagnosis 

and detection of this fault can preserve good motor performance and lifetime [2]. Moreover, 

this helps the motor designers to improve fault tolerance as well as the overall design of the 

motor drive system. Therefore, a proper modelling of the induction motor with open phase 

fault is the first step in the development of fault diagnosis and fault tolerant machine design. 

The fault study of electrical machines can be operated either by experimental tests, or 

computer-based analysis. Obviously, studying faults in induction machines by numerical 

models enables correct evaluation of data produced by diagnostic techniques [3]. However, 

the most used method to model electrical machines, especially under fault conditions is the 

Finite Element Method. FEMs are based on the magnetic field distribution, which gives more 

precise information about the motor, indeed both consider the complicated non-linear 

behaviour of the motor, and the spatial harmonic effects [4-11], whereas other methods use 

linear parameters. In addition, the reason are that having a precise magnetic field distribution 

and performance of the induction motor makes it possible to predict performance of the faulty 

motor due to the change of parameters. FEM is widely used for electrical machine model and 

parameter identification, especially under different conditions. For example, research [12, 

13], presented the application of an FEM to predict the performance of induction motors 

having electric and magnetic asymmetry of the rotor cage due to some broken rotor bars. 

However, propagation of broken rotor bar defects and their influence on the magnetic flux 
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density distribution of the machine cage were observed. In addition, the study reported in 

papers [14, 15], investigated different improved methods for broken rotor bar detection in a 

squirrel-cage induction motor. Moreover, the works presented in research [16, 17], focused 

on the application of an FEM to predict the performance of an induction motor with broken 

rotor bar and an inter-turn short circuit in the stator winding. In reference [18], a time-

stepping FEM that identifies mixed eccentricity by analysis, without direct access to the 

motor, has been proposed. This method simulates the spectrum of the line current of a 

production-line motor and compares it to the spectrum of a known healthy motor, to detect 

eccentricity. On the other hand and out of these defects, the open phase fault is much noted 

in induction motors. For example, L. Alberti and N. Bianchi [19], proposed a set of 

experimental tests of a dual three-phase induction motor. In this paper, different winding 

configurations have been studied and compared in cases of both open-circuit and short-circuit 

faults. Moreover, in references [20, 21], the authors have dealt with the modelling of a three-

phase induction motor under open-phase fault using the Matlab/Simulink implementation.  

The aim of our research is to develop a thermal model of the 2.2 (kW) three–phase squirrel 

cage induction motor, with an open phase fault, to validate the experimental results obtained 

in paper [22]. For that, it is important to provide and investigate the electromagnetic 

performance of the machine. However, in this paper, an FEM analysis of the motor is 

established to simulate the flux density distribution of the induction motor for healthy and 

faulty operations. 

 

2.  Maxwell’s equations 

 

In order to study the electromagnetic behaviour of the induction motor, we have used the 

FEMM (Finite Element Method Magnetics) software, which addresses some limited cases of 

Maxwell’s equations [23]. However, these equations describe the relationships between the 

electric field intensity E (V/m), the field intensity H (A/m), the electric flux density D (C/m2) 

and flux density B (T). 

 

∇ × E = − 	

	�                                                                                                                                                (1) 

  

∇ × H = J                                                                                                                                                     (2) 

 

∇ . D = ρ                                                                                                                                                       (3) 

 

∇ . B = 0                                                                                                                                                       (4) 

 

Where J (A/m2) and ρ (C/m3) represent source current density and charge density 

respectively. Moreover, Maxwell equations have to be subject to a constitutive relationship 

between B and H for each material:   

                                            

B = μH                                                                                                                                                         (5) 

  

On the other hand, electric flux density and electric field intensity are related to one 

another via the constitutive relationship: 

 

D = εE                                                                                                                                                          (6) 
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Where μ (H/m) and ε (F/m) are the permeability and the permittivity of the materials. 

The flux density is computed by means of the magnetic vector potential, A (T.m), which, 

is written in terms of the vector potential A, as: 

 

B = ∇ × A                                                                                                                                                  (7) 

 

Finally, this definition of B always satisfies equation (4). Equation (2) can be rewritten 

for magneto-static problems in which the fields are time-invariant, as: 

 

∇ × � �
μ�
� ∇ × A� = J                                                                                                                               (8) 

 

If the magnetic field is time-varying, eddy currents can be induced in materials with the 

presence of electric conductivity σ (Ω��. m��). In this case, other Maxwell equations related 

to the electric field distribution must be accommodated: 

The electric field intensity E and the current density J, obey this equation: 

 

J = �E                                                                                                                                                           (9) 

 

Substituting the vector potential form of B into (1) gives: 

 

∇ × E = −∇ × A�                                                                                                                                       (10) 

 

In 2-D problems, (10) can be integrated to give: 

 

E = −A� − ∇V                                                                                                                                          (11) 

 

The relationship (9) employed to yield: 

 

J = −σA� − σ∇V                                                                                                                            (12) 

 

Substituting into (8) yields the equation:  

 

∇  × � �
μ�
� ∇ × A� = −σA� + J�� − σ∇V                                                                                             (13) 

 

Where J��  and ∇V represent applied current sources and additional voltage gradient. 

 

3. Models of induction motor 
 

The analysis was performed for a 2.2 (kW) totally enclosed fan-cooled (TEFC) induction 

motor manufactured by Electro-Industries company of Algeria. The geometry of the studied 

motor is represented in Figure 1. The motor parameters are: rated voltage 380 (V), rated 

current 5.2 (A), rated torque 15 (N.m), rated speed 1420 (rpm), pole number 4, frequency 50 

(Hz), stator slot 36, rotor slot 28, outer diameter of stator 145 (mm), inner diameter of stator 

88.5 (mm), air-gap length 0.5 (mm) and insulation class F.  

From the electromagnetic point of view, the end-effect on radial-field squirrel cage 

induction motor is not very important, so that a two-dimensional analysis is largely 

satisfactory [24]. For that, in this study, the motor has been modelled by FEMM 2D software 

using the FEM for Magneto-static problems.  



J. Electrical Systems 17-2 (2021): 232-241 
 

 235

 
Figure 1. Cross-section of proposed induction motor 

 

4. Electromagnetic analysis 

 

To simulate the electromagnetic performance of the induction motor with and without 

defect, a test bench has been realized as shown in Figure 2. The aim of this test is to display 

the new stator currents waveforms which are recorded by using an oscilloscope of the coils 

I1, I2 and I3, for both healthy and faulty operations under different loads, then the currents 

obtained are introduced in the FEM analysis. The experimental test rig is composed of a 2.2 

(kW) three phase induction motor. The machine is mechanically coupled to a separately 

excited DC machine for loading processes. Moreover, the temperatures are controlled using 

thermocouples. Indeed, the thermal experimental results obtained under open phase fault are 

reported in paper [22]. 

 

 
Figure 2. Test bench: (1) Induction motor, (2) An oscilloscope, (3) Power supply, (4) 

Temperatures data logger, (5) DC machine 

 

4.1. A full load test  

 

To not exceed the rated temperatures of the motor with an open phase fault, it is necessary 

to develop a thermal test with a full load operation [22]. However, during this study, the 

motor is operated at rated values and the rated load of the motor is about 15 (N.m) with class 
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F insulation. The stator current waveforms of coils I1, I2 and I3 obtained for a delta-connected 

three phase induction motor in healthy condition are shown in Figure 3. In this experiment 

peak motor current obtained are about 4.2 (A). Based on actual motor parameters, the 

numerical model is built and tested through the simulation. Figures 4 and 5 show the 2D FEM 

of the flux density distribution and of the magnetic flux density in the:  

1) Air-gap which is obtained where radius is chosen from the middle position between the 

outside radius of the rotor and the inside radius of the stator.  

2) In the stator teeth, which is obtained where radius is chosen in the middle of the teeth.  

3) In the stator yoke which is obtained where radius is chosen from the middle between the 

outside and inside radius of the stator yoke. 

 

 
Figure 3. Currents I1, I2 and I3 waveforms at full load with healthy mode 

 

                         
Figure 4. Flux density distribution of the motor at full load with healthy mode 

 

 
                       (a)                                             (b)                                            (c) 

Figure 5. Flux density distribution for a full load under healthy operation: a) air-gap, b) 

stator teeth, c) stator yoke 
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4.2. A load of 5.4 (N.m) 

 

To avoid exceeding the rated values of the motor with an open-phase fault, we will 

gradually increase the load on the machine. Initially, we will impose a load of 5.4 (N.m). The 

current waveforms of the phases I1, I2 and I3 obtained under open-phase fault are shown in 

Figure 6. However, if a balanced induction motor is fed from a balanced three-phase power 

system, peak value of the motor current is approximately 2.9 (A). On the other hand, the 

presence of the defect creates a remarkable imbalance in the machine. It is found that peak 

stator currents I1, I2 and I3 become respectively 2.6 (A), 4.7 (A) and 2.6 (A). So, we can note 

that the results obtained from the test are as expected because in our motor the windings are 

coupled in delta configuration and in the presence of the open-phase fault, thus we will have 

two coils with equal currents, in parallel with the third coil. The insertion of the new 

instantaneous stator currents into the numerical model, gives a new distribution of flux 

density in the induction motor. Figures 7 and 8 show the 2D FEM of flux density distribution 

for both healthy and faulty operations. In addition, Figure 9 shows the magnetic flux density 

in the air-gap, the stator teeth and the stator yoke with and without the open phase fault. 

 

 
Figure 6. The currents I1, I2 and I3 waveforms with a load of 5.4 (N.m) for healthy and 

faulty operating conditions 

 

 
Figure 7. Flux density distribution of the motor with a load of 5.4 (N.m) for healthy 

operation 
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Figure 8. Flux density distribution with a load of 5.4 (N.m) for faulty operation 

 

 
                        (a)                                            (b)                                             (c) 

Figure 9. Flux density distribution with a load of 5.4 (N.m) under healthy and faulty 

operations: a) air-gap, b) stator teeth, c) stator yoke 

 

4.3. A load of 9.1 (N.m) 

 

In this part, the test undertaken is the same as that of 5.4 (N.m). Indeed, the current 

waveforms of coils I1, I2 and I3 obtained with and without the defect, are shown in Figure 10. 

However, for healthy operation the peak current measured before the apparition of the fault 

is about 3.2 (A). On another side the open-phase fault causes current imbalance in a similar 

manner with the above test giving 3.1 (A), 6 (A) and 3.1 (A) approximately. Furthermore, 

the new distributions of flux density in the induction motor and of magnetic flux density in 

the air-gap, the stator teeth and the stator yoke with and without the open phase fault are 

shown in Figures 11, 12 and 13 respectively. 

 

 
Figure 10. The currents I1, I2 and I3 waveforms with a load of 9.1 (N.m) for healthy and 

faulty operating conditions 
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Figure 11. Flux density distribution with a load of 9.1 (N.m) for healthy operation 

 

 
Figure 12. Flux density distribution with a load of 9.1 (N.m) for faulty operation 

 

 
                       (a)                                             (b)                                            (c) 

Figure 13. Flux density distribution with a load of 9.1 (N.m) under healthy and faulty 

operations: a) air gap, b) stator teeth, c) stator yoke 
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addition, the simulation results obtained by FEM indicated that maximum values of the motor 

flux density distribution with a load of 5.4 (N.m) are about 1.807 (T) and 2.085 (T), for 

healthy and faulty operations respectively, therefore increase of 15 %. On the other hand, the 

results obtained with a load of 9.1 (N.m), indicated that the flux density becomes 1.837 (T), 

before the apparition of the fault and 2.196 (T) when one phase is opened. Consequently, the 

increase in flux density distribution is about 19 % on this test. Moreover, if we compare the 

results obtained from the test with a load of 9.1 (N.m) on a test at full load, we note an 

increase by 13 % of the maximum flux density values. Since the rated load of the machine is 

about 15 (N.m), it is clear that the open-phase fault at full load becomes impossible, because 

the temperatures will exceed the rated values of the motor. 

In addition, the air-gap magnetic flux density is a straightforward indicator of the 

induction motor magnetic performance where all the changes are directly reflected. Figures 

9 and 13 illustrate the comparisons of flux density distribution in the air-gap, stator teeth and 

stator yoke for healthy and faulty operations. From the results obtained, we find that the flux 

density waveforms are delayed by π/3. Moreover, the maximum flux density comparison 

between healthy and faulty conditions under different loads is presented in Table 1.  

 

Table 1. Flux density comparison (T) 
             Air gap           Teeth        Stator yoke        

   Healthy operation     1.35   1.88 1.82 

A load of 15 (N.m) Faulty operation   - - - 

 Difference  % - - - 

 Healthy operation   1.28  1.79 1.73 

A load of 9.1 (N.m) Faulty operation   1.47  2.13 1.98 

 Difference  % 14  18 14 

 Healthy operation   1.26  1.76 1.69 

A load of 5.4 (N.m) Faulty operation   1.40  2.02 1.83 

   Difference  %    11    14   8 

 

6. Conclusion 
 

This paper, established a test bench of a delta connected induction motor, in order to 

display the stator current waveforms with and without the open-phase fault, then the current 

obtained is introduced into the FEM. However, to not exceed the rated values of the induction 

motor, a test bench with a full load has been presented. Then, the influence of the open-phase 

defect on motor behaviour is shown, for two load conditions. Indeed, the results show that 

the electromagnetic analysis is capable of providing an understanding of failure mechanisms 

of induction motors and also providing a guide to develop monitoring technologies for 

detecting induction motor faults. In addition, from the simulation results, we can deduce 

losses to introduce in the thermal model, and the heat study can be carried out. 
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