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Abstract: The presence of an open-circuit fault subjects a three-phase induction motor to
severely unbalanced voltages that may damage the stator windings consecutively causing
total shutdown of systems. Unplanned downtime is very costly. Therefore, fault diagnosis
is essential for making a predictive plan for maintenance and saving the required time and
cost. This paper presents a model-based diagnosis technique for diagnosing an open-circuit
fault in any phase of a three-phase induction motor. The proposed strategy requires only
current signals from the faulty machine to compare them with the healthy currents from an
induction motor model. Then the errors of comparison are used as an objective function for
a genetic algorithm that estimates the parameters of a healthy model, which they employed
to identify and localize the fault. The simulation results illustrate the behaviours of basic
parameters (stator and rotor resistances, self-inductances, and mutual inductance) and the
number of stator winding turn parameters with respect to the location of an open-circuit
fault. The results confirm that the number of stator winding turns are the useful parameters
and can be utilized as an identifier for an open-circuit fault. The originality of this work is
in extracting fault diagnosis features from the variations of the number of stator winding
turns.
Key words: induction motor, model-based diagnosis, number of turns, open-circuit fault

1. Introduction
Failure threatens all electrical machines, even those that are built in robust and rugged
construction such as induction motors [1, 2]. Early diagnosis of a fault is helpful in minimizing
the unwanted shutdown and reducing the cost of unplanned maintenance [3]. Hence, using
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predictive maintenance is useful in overcoming the downtime costs and increases the eﬃciency
of systems [4, 5]. The category of induction motor faults includes two main sets: mechanical and
electrical faults. The mechanical faults are bearing and broken rotor faults. The electrical faults’
set contains an open circuit and short circuit of stator windings [6].
The open-circuit fault in a three-phase induction motor is referred to as single phasing, which
means that one of the three-phases lost its connection with the supply. During the presence of an
open-circuit fault, the machine will be subjected to severely unbalanced voltages and overheating
due to the flow of high currents in the remaining healthy phases [7]. Therefore, the stator windings
can be damaged by excessive generated heat.
Some of the studies on open-circuit fault diagnosis in a three-phase induction motor are
presented in [8–10]. The diagnosis strategy in [8] used optimization methods to estimate the
stator and rotor resistances of a three-phase wound rotor type induction motor. In this strategy,
the announcement of the faulty phase, whether in the stator or rotor, is based on the magnitude
of resistance where the faulty phase has the largest resistance value. Other intelligent techniques
such as the fuzzy logic system [9] and support vector machine [10] are utilized after learning by
practical data for recognizing the healthy state from the faulty state due to an open-circuit fault.
The first objective of this paper is to develop the healthy model of a three-phase induction
motor, which is presented in [11] in order to consider the state of one phase as an open-circuit.
The second objective is studying the behaviours of induction motor parameters with respect to
the occurrence of that fault and extracting useful features to detect and localize the presence of
an open-circuit fault.

2. Model-based diagnosis method
The model-based method is initially used in the early 70s, the basic idea of model-based
technique, which is also known as analytical redundancy, is to generate residual(s) from the
comparison between the output of a system and its equivalent software model. Hence, if the
residual value is greater than a predefined threshold value (ideally equal to zero), then the system
is suﬀering from an abnormal condition. Otherwise, the system is in a healthy state condition [12].
For this work, the model-based technique is employed for the diagnosis of an open-circuit fault
in three-phase induction motors. Fig. 1 demonstrates the framework of the suggested diagnosis
method. In that figure, the three-phase currents of the faulty induction motor are compared with
the currents of a healthy mathematical model (software model). The output of comparison, which
is known as residual, is handled by the performance index sum square of errors and that can be
expressed as in the following equation, (1):
(
)2 (
)2 (
)2
F (X) = ia − ia∧ + ib − ib∧ + ic − ic∧ ,
(1)
where: ia, ib and ic represent the real instantaneous three-phase current of an induction motor
and ia∧ , ib∧ as well as ic∧ represent the corresponding three-phase current that is generated by
the healthy mathematical model.
In order to track the behaviours of induction motor parameters, the above equation, (1), is used
as the objective function of an optimization method (a genetic algorithm in this work) to estimate
the corresponding deviation in the faulty machine parameters. The vector X of the objective
function F (X) represents those parameters.
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Fig. 1. Framework for open-circuit fault diagnosis in three-phase induction motor

3. Mathematical model of three-phase induction motor
and genetic algorithm
3.1. Healthy mathematical model
The mathematical model of a three-phase induction motor, which is used in this paper,
is adopted from [11]. The model is in the q-d reference frame as it is simpler and requires
less computation time in comparison with an abc reference frame model. This model has an
assumption of asymmetrical stator windings, i.e. the number of turns in each phase is diﬀerent.
Hence, the number of turns in phase “a”, phase “b”, and phase “c” is represented by Nas, Nbs,
and Ncs, respectively.
The basic equations of the model are given in the following equations, where the stator and
rotor voltages are with superscripts s and r, respectively:
s
s
i sabc +
= r abc
Vabc
r
0 = r abc
i rabc +

d s
,
λ
dt abc

d r
λ
.
dt abc

(2)
(3)

After transformation of the above equations to the stationary q-d reference frame, new q-d
equations can be written as:
[
]
2
1
s
Vq =
Vag − (Vbg + Vcg ) ,
(4)
3
2
)
1 (
Vds = √ −Vbg + Vcg ,
(5)
3
where Vag , Vbg and Vcg are the three phase supply voltages.
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The flux linkage equations in the q-d stationary reference frame are written in matrix form as
below (6)
∫


( s
)
V q − r11s iq s − r12s id s dt 


 λq s   ∫ (

)

 
V d s − r21s iq s − r22s id s dt 
s

 λd  = 
∫
(6)
 ,
 λqr  
r
r


(wr
d
−
rr
iq
)
dt


r


 λd  
∫



− (wrqr + rr id r ) dt


 r11s r12s r13s 
 r21s r22s r23s  =


s
s
s
 r31 r32 r33 
) √ (
)
 (
3 Nbs
Ncs
 2 Nas r s+ 1 Nbs r s+ 1 Ncs r s
r s−
rs
 3 Ns
4 Ns
4 Ns
6 Ns
Ns

√ (
)
(
)
3 Nbs
Ncs
1 Nbs
Ncs
= 
r
s−
r
s
r
s+
r
s

6 Ns
Ns
2 Ns
Ns
 (
√ (
)
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Nbs
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r
s−
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s−
r
s
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(
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Nbs
Ncs
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(7)

where Ns is the reference number of turns.
The rotor speed equation is expressed as:
∫
(
)
P
wr (t) =
Tem + Tmech − Tdamp dt,
(8)
2J
where: P is the number of poles, J is the moment of inertia. Tdamp, Tmech, and Tem are the
damping torque, the mechanical torque, and the electromechanical torque, respectively. The latest
one can be calculated from the following equation:
)
3 P( s s
λd iq − λq s id s .
(9)
2 2
The equations of a three-phase induction motor in the q-d reference frame have been implemented using the Matlab/Simulink environment.
Tem =

3.2. Simulation of the open-circuit fault
Based on the equations of the healthy motor model, a new faulty motor model has been
developed to simulate the actual motor operating with an open-circuit fault on phase “a”. This is
obtained through multiplying the number of stator winding turns of the faulty phase (Nas) by a
large number at the instance of fault occurrence specified by the step function, as shown in Fig. 2.
This action emulates a high-value series resistance to be inserted between the voltage source and
the faulty phase in order to make the current almost zero. As suggested in a model-based diagnosis
approach, the current signals of the developed faulty model are compared with corresponding
current signals of the healthy model.
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Fig. 2. Modified stator resistances equations for open-circuit fault implementation

3.3. Genetic algorithm
A genetic algorithm (GA) is one of the optimization methods that is inspired by nature.
The algorithm tries to find the global solution from an initial population by using two kinds of
operation, crossover and mutation. At each generation, a genetic algorithm replaces the worst
parent (chromosome) with a better child until the convergence of solution is obtained [13–
16]. The mission of the genetic algorithm in this work is to minimize the objective function,
which is given in (1), where the real currents’ data under open-circuit fault are gathered from
the modified model for comparison with the simulated healthy currents. The parameters of a
genetic algorithm chromosome are: stator and rotor resistances, stator and rotor leakage inductances, mutual inductance and the number of turns of each stator winding (Nas, Nbs and
Ncs), i.e. X = [r s, rr, L1r, L1s, Lm, Nas, Nbs, Ncs]. It is worth mentioning that values
of all the details required for the GA are the same as the default settings of a GA solver in
Matlab (R2017b).

4. Results and discussion
The suggested framework for open-circuit fault diagnosis has been validated in the Matlab/Simulink environment using the parameters of an induction motor, which are presented in
Table 1 [14].

820

R.A.K. Aswad, B.M.H. Jassim

Arch. Elect. Eng.

Table 1. Three-phase induction motor parameters [14]
Parameters

Values

Output power

5 hp

Rated voltage

460 V

Rated current

4.925 A

Frequency

60 Hz

Power factor

0.89

Number of poles

4

Moment of inertia (J)

0.025 kg·m2

Stator resistance (r s)

1.115 Ω

Rotor resistance (rr)

1.083 Ω

Stator inductance (L1s)

2.9868 mH

Rotor inductance (L1r)

2.9868 mH

Mutual inductance (Lm)

0.10185 H

The generated three-phase currents from the healthy model at full load operation are shown
in Fig. 3. The healthy currents are balanced since the healthy model was operated by balance
supply voltages.

Fig. 3. Three-phase current of the healthy induction motor model

However, the faulty machine with an open-circuit fault has unbalanced currents, as it appears
in Fig. 4 for the case when phase “a” was opened at 0.05 s. Once the fault occurs, the healthy
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phases (phase “b” and phase “c”) drawn large magnitude with 180°out while the open circuited
phase (phase “a”) has almost zero current. Therefore, excessive heat will be generated in the
heathy phases and that could lead to motor damage unless the fault is detected and isolated from
the power source.

Fig. 4. Three-phase current of induction motor when phase “a” opened at 0.05 s

Moreover, the fault has an impact on the speed and the electromagnetic torque of the machine.
Fig. 5 illustrates the diﬀerence between the electromagnetic torque of the healthy and faulty motor.
While the torque curve of the healthy machine is smooth, the faulty machine has a noticeable

Fig. 5. Electromagnetic torque of healthy and faulty induction motor
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magnitude of ripple in its torque curve. Therefore, the average torque of the faulty machine is
higher.
The per unit speed (the rotor speed over the based speed) of the healthy and faulty machine
is shown in Fig. 6. The eﬀect of open-circuit fault being evidence on the speed curve as the
magnitude of ripple is high in the faulty curve.

Fig. 6. Per unit speed of healthy and faulty induction motor

The eﬀect of an open-circuit fault on the basic parameters (L1s, L1r, Lm, rs and rr) and the
number of turns (Nas, Nbs and Ncs) are demonstrated in Figs. 9 to Fig. 12. As suggested in Fig. 1,
tracking the behaviour of those parameters is needed to diagnose this fault. It appears that due
to the presence of an open-circuit fault, the parameters deviate from their initial values. Table 2
illustrates the percentage of deviation for each parameter for the case when the induction motor
was operated at 30% load level and phase “a” opened at 0.05 s. The parameters were estimated
by a GA, which has the objective of minimizing the sum square of errors between the actual
faulty currents at 30% load level and the healthy model currents at 100% load level. It is valuable
to mention that the GA was used to estimate the basic parameters firstly and then estimate the
number of turns. In addition, the maximum and minimum limits of each parameter were set equal
to ±50% from their initial values. This is to speed up the estimation process, which should be
stopped when the function tolerance equals 1e-3.
It can be notice in Table 2 that the initial values for the number of turns (Nas, Nbs, and Ncs)
and Ns are suggested to be one, i.e. the normalized values are used because of the diﬃculty of
estimating the actual values for the number of turns at each phase.
A GA starts from the initial parameters’ values and iterates to find the corresponding values
of the faulty parameters that are responsible for changing the full load healthy model currents
to be in matching with the actual faulty currents, i.e. to minimize the errors between the actual
and healthy model currents. For example, Fig. 7 shows the comparison between the actual faulty
current and the healthy model current of phase “a” before the estimation process and they are
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Table 2. Estimated parameters when phase “a” opens
Original Values

Estimated parameters

Percentage of deviation

L1r = 0.0029868 H

L1r = 0.0020374 H

–31.78%

L1s = 0.0029868 H

L1s = 0.0038734 H

29.68%

Lm = 0.1019 H

Lm = 0.10619 H

4.21%

Rr = 1.08 Ω

Rr = 1.1142 Ω

3.166%

Rs = 1.115 Ω

Rs = 0.88548 Ω

–20.58%

Nas = 1

Nas = 1.1059

10.59%

Nbs = 1

Nbs = 0.9086

–9.14%

Ncs = 1

Ncs = 0.99651

–0.34%

obviously diﬀerent. After the estimation, the healthy model currents are well tuned with the actual
three-phase faulty current as it is demonstrated for the phase “a” current in Fig. 8. Hence, the
signals matching confirm the successful use of a GA in the estimation of the corresponding faulty
parameters.

Fig. 7. Comparison between faulty and healthy ia (before estimation)

The process was repeated considering the fault occurs at phase “b” and phase “c”. The results
of all cases are summarized in the following figures. Fig. 9 illustrates the corresponding eﬀect of
an open-circuit fault on the stator and rotor inductances. They deviate from their original values
such that an increment from the original in one parameter is in front of decrement in the other.
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Fig. 8. Comparison between faulty and healthy ia (after estimation)

Fig. 9. Deviations from the original value of leakage inductances (L1s and L1r) under open-circuit fault

While the estimated mutual inductance for the three faulty cases has a slightly decreasing
change from the initial healthy value, as shown in Fig. 10.
The estimated variations of rotor and stator resistances with respect to an open-circuit fault
are displayed in Fig. 11. The presence of fault changes the initial healthy value of rotor resistance
to another slightly higher value. Nevertheless, the impact of an open-circuit fault on the rotor
resistance is inconsiderable in comparison with the stator resistance variation. The stator resistance
is markedly decreased compared to its original value because of the occurrence of an open-circuit
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Fig. 10. Deviation from the original value of mutual inductance under open-circuit fault

fault. The decrement in the stator resistance is a result of the high magnitude of currents that are
driven by the other remaining healthy phases when one phase is an open- circuit.

Fig. 11. Deviations from the original values of rotor and stator resistances under open-circuit fault

Fig. 12 shows the estimated behaviour of the number of turns (Nas, Nbs and Ncs) when the
open-circuit fault happens. Those parameters have initial values equal to one, which is set to be
general for all induction motor sizes. As with the basic parameters, the number of turns also
deviate from their initial values due to the presence of an open-circuit fault. The variations of
those parameters as shown in Fig. 12 depend on the location of an open-circuit fault. Hence,
the equivalent parameter for the number of turns shows a considerable increase compared to
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the original value when the fault occurs in the corresponding phase, while, the other equivalent
parameters for the number of turns in the healthy phases show a slight change. Hence, it is easier
to detect the fault and make a trustable decision about the location of an open-circuit fault by
following the variations of those parameters.

Fig. 12. Deviations from the original values of number of turn’s parameters under open-circuit fault

5. Conclusion
This paper presents an approach to diagnosing an open-circuit fault in an induction motor, since
that fault leads to severely unbalanced voltages and excessive heating that can absolutely damage
the motor. The suggested diagnostic method depends on tracking the behaviour of induction
motor parameters to detect and locate an open-circuit fault. The equivalent behaviour of the basic
parameters and the number of stator winding turn’s parameters are estimated by using modelbased technique with the assistance of a genetic algorithm. The simulation results demonstrate
the eﬀect of an open-circuit fault on the operation of an induction motor. Consecutively that
eﬀect reflects on the induction motor parameters, which considerably deviate from their initial
healthy values when the fault occurs. Moreover, the results recommend using the number of turn
parameters as an identifier of the presence of an open-circuit fault.
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