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ABSTRACT

Unlike fault diagnosis approaches based on the direct analysis of current and voltage signals, this

paper proposes a diagnosis of induction motor faults through monitoring the variations in motor's
parameters when it is subjected to an open circuit or short circuit faults. These parameters include
stator and rotor resistances, self-inductances, and mutual inductance. The genetic algorithm and
the trust-region method are used for the estimation process. Simulation results confirm the
efficiency of both the genetic algorithm and the trust-region method in estimating the motor
parameters; however, better performance in terms of estimation time is obtained when the trust-
region method is adopted. The results also show the possibility of extracting fault signatures from
the motor's parameter values because each type of the mentioned faults has a different impact on
these parameters. Under a 10% short circuit fault condition, the mutual inductance and rotor
resistance deviate by almost 10% from their original values to lower values. While the stator
resistance noticeably reduces by up to 20% during the open circuit fault condition.
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1. INTRODUCTION
According to a study presented in 2011, the number of electrical machines, which are used around
the world, is 16.1 billion. Three-phase induction motors represent 60% of the total number; hence,
they have a special position in the energy conversion owing to their merits such as robustness, low
cost, and high performance (Garcia-guevara et al., 2016). These motors' reliability is mainly
affected when a fault occurs; therefore, the diagnosis of fault becomes a significant subject in
recent years (Rajamany et al., 2019). Induction motors suffer from stator and rotor faults by
percentages of 37% and 10%, respectively. Thermal, mechanical, and environmental stresses are
the leading causes of these faults (Tang et al., 2020). As stator faults have a high percentage of
occurrence, many publications are focused on developing strategies for diagnosing them (Garcia-
guevara et al., 2016), (Guezmil et al., 2019) and (Angelo et al., 2009).
The worst types of stator faults are phase to ground and phase-to-phase faults. These faults
generally start with undetectable inter-turn short circuit fault (Khader, Champenois, et al., 2018).
Such fault is responsible for generating high currents and winding overheating that may damage
the stator core (Angelo et al., 2009). Moreover, a small short circuit between several turns in the
same winding can result in a critical open circuit fault (Ethni et al., 2018). The later fault is
subjecting the machine to severe voltage unbalance like a three-phase induction motor fed from a
single-phase voltage source (Ferreira et al., 2018). The operating induction motor under this
asymmetry has two rotating fields: the forward rotating field created by the positive sequence
current and the backward rotating field induced by the negative sequence current, resulting from
an unbalanced supply voltage. Consecutively, the collaboration of these fields generates velocity
disturbances and pulsating electromagnetic torque, which increases losses and noise in the motor
(Mirabbasi et al., 2009). Therefore, detecting the faults from their initial stage is crucial (Garcia-
guevara et al., 2016), (Ethni et al., 2018) and (Abd Alhassan et al., 2017).
Detection of induction motor stator winding faults has been proposed in different strategies. Ben
et al. suggested a technique for separating the negative sequence current (NSC) generated due to
the machine's asymmetry and NSC generated because of the inter-turn fault, hence, detecting the
fault by monitoring of the negative sequence current (Khader et al., 2018). In (Guezmil et al.,
2019), an observer-based approach has been utilized for generating a residual value. Fault
detection of an inter-turn fault is alarmed when this value is greater than a pre-set threshold value.
Recently, a review paper states that motor faults can be addressed efficiently using an inverse
problem theory. Hence, instead of directly analyzing the machine's current and/or voltage signals
to extract their signatures to detect a fault, the inverse problem theory uses the machine parameters
themselves as a fault identifier (Asad et al., 2018). Thus, this paper adopted the inverse problem
theory to study the effects of short circuit and open circuit faults on an induction motor's
parameters. To validate this proposal, Matlab/ Simulink software has been used for motor
parameter estimation. Two optimization methods, genetic algorithm and trust-region method, are
adopted, and their performances in terms of the processing time are evaluated.
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The organization of this paper is as follows. Section 2 illustrates the strategy for estimating the
basic parameters' values under the presence of the motor's faults. The optimization methods, which
are employed for the estimation, are given in section 3. The simulation results are shown in section
4. Finally, the paper is concluded in section 5.

2. STRATEGY FOR PARAMETERS ESTIMATION

According to the inverse problem theory, the system model's parameters can be estimated from
the real system's observed output data (Asad et al., 2018). Hence, to study the effect of short circuit
and open circuit faults on the basic parameters of an induction motor (stator and rotor resistances
(rs, rr), inductances (L1s, L1r) and mutual inductance (Lm)), the schematic diagram shown in Fig.
1 is suggested. As illustrated in Fig. 1, for estimating the basic parameters of a healthy motor
model, an optimization method can be used to reduce the errors between the collected stator
currents data and the model stator currents data. From the control theory aspect, the parameters
estimation process offers a closed-loop structure with respectable computational stability and

convergence (Sun et al., 2020). Therefore, the estimated values of the basic parameters can be
used for fault detection.

The healthy motor model and other faulty models with short circuit and open circuit faults to
represent a practical induction motor are developed from (Arkan et al., 2005). The models are in
a g-d stationary reference frame and the detailed equations will not present in this paper.

Healthy Motor Model

3-Phase Faulty Induction Motor
s ——, =" V.

Objective
Function

Estimated Stator Currents Actual Stator Currents

Estimated
Parameters
Lls
Lir
Lm
s
T

Terminate
— |

Matlab Optimization Toolbox
(Estimation Process)

Figure 1. The schematic diagram for parameters estimation.
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3. OPTIMIZATION METHODS
A three-phase induction motor is nonlinear, i.e.; the objective function presents several local
minima. For comparison, two optimization methods have been selected to estimate the healthy

motor model's basic parameters values. A stochastic genetic algorithm (GA) and a deterministic
trust-region method (TRM).

3.1 Genetic Algorithm (GA)

The genetic algorithm is a stochastic optimization method inspired by nature "the survival for the
fittest”. In GA, searching for the global solution starts from a generation of random population
size. Then some of the population enter the crossover and mutation operations after the selection
process. The procedure of GA is clarified in Fig. 2 (Rao, 2009), where iabc, iabc” are the three-
phase stator currents of the real induction motor and the estimated currents from the healthy motor
model, respectively.

Initial
population

A

Selection of chromosomes
X=[L1s, L1r, Lm, rr, 18]

Evaluation of the objective function

FOX) = Z(iabc _ iabc")?

Crossover

Mutatio

No

Converge
Yes

Chromosome
data storage

Figure 2. GA procedure.
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3.2 Trust-region Method (TRM)
The trust-region method (TRM) is a deterministic optimization method. With the help of a

quadratic model, TRM searches for the optimal solution by defining a trustable region around the
existing iteration and then iterates until the convergence condition is met (Choi et al., 2005). The
procedure of TRM is given as follows (Yang et al., 2015):

1- Initiate a trust-region boundary with an initial radius Ay> 0:set0 <7, <7, < 1,0 < 73 < 14,
upper radius limitA=>0and 0 < e "1

2- Evaluate the gradient of the objective function Eq. (1).

_[or) of(x) af(x)
- [ dia 9ib  dic (1)

3- Solve the following quadratic subproblem to find the solution dx:
min q,(d) = g,'d + % dTBkd} @
Such that ||d|| < A

Where By, is the approximate of the hessian matrix as given in Eq. (3), and ||d|| is the norm of
the vector d.

9%f(x) 92f(x) 92f(x)
02ia 02%ia ib 0%iaic
_|9%r(x0) a%f(x) 9%f(x)

B = d2ibia 0%ib 02%ib ic (3)
9%f(x) 92%f(x) 8%f(x)

d2%icia 0%icib 0dZ2%ic

4- Update the trust-region radius as shown in Eq. (4):

T34, ifre <1
Api1= A, fti<n<1 (4)
min{ty Ay, A7} if 1, > 1, |[dg |l = Ay

_ flg)—f Cege+dy)
Where 7 = = O —ar(@n

5- If r, > 14 then x,,1 = x; + di, Br+1 = By, k=k+1 and go to step 1
Else x;,., = xi, k=k+1 and go to step 2

The procedure of TRM is summarized in the flowchart shown in Fig. 3.
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Set objective function
f(X) = Y(iabc — iabc™)?

!

Initiate a trust-region

¥

Solve the trust-region
sub-problem (Eq. 2)

!

Update
the trust-region

(Eq. 4)

v

Converge

Storage
X=[L1s, L1r, Lm, rr, rs]

Figure 3. TRM Procedure.

4. SIMULATION RESULTS
The parameters of a 5hp three-phase induction motor are used to study the motor behavior under

the presence of short circuit and open circuit faults. The motor parameters are shown in Table 1
(Mohammadi and Akhavan, 2014).

Table 1. Three-phase induction motor parameters.

Parameters Values
Rated power 5hp
Rated voltage 460 V
Frequency 60 Hz
Number of poles 4
Full-load power factor 0.89
Full-load torque 19.673 Nm
Stator resistance (rs) 1.115Q
Rotor resistance (rr) 1.083 Q
Stator inductance (L1s) 0.003 H
Rotor inductance (L1r) 0.003 H
Mutual inductance (Lm) 0.102 H
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These parameters are used to run the healthy motor model and other faulty motor models used
instead of actual motor (Arkan, Kostic-perovic, and Unsworth, 2005). For each fault type (open
circuit or short circuit), the faulty motor model is adapted to emulate the fault. The models are
simulated in MATLAB/Simulink environment, and the built-in optimization toolbox is utilized to
validate the proposal.

The full load stator currents (ia, ib, ic) for the four operating conditions are presented in Fig. 4,
Fig. 5, and Fig. 6, respectively. These conditions include healthy, faulty with 3% short circuit fault
at phase 'a’, 10% short circuit fault at phase 'a’, and faulty with the phase ‘a’ is open circuit. It can
be seen that the motor has balance stator currents during the healthy operation and unbalanced
current when the motor is subjected to short circuit or open circuit faults. The faulty phase (phase
‘a") current shown in Fig.1 is remarkably increasing with the increment of short circuit fault
severity and has almost zero magnitude when phase' a' is opened. However, the currents of healthy
phases shown in Fig. 5 and Fig. 6 are also affected due to the presence of faults. Under the short
circuit fault, the amplitude of phase 'b' and 'c' increases and decreases, respectively. Unlike the
short circuit fault condition, the currents of the healthy phases (b and ¢) have equal amplitude and
180° apart out-of-phase when the open circuit fault occurs at phase 'a'.

25 I
— Healthy
*/,»‘ -~ -~ ~ ; — Short Circuit (3% Severity) ||
i\ i\ Y [ T Short Circuit (10% Severity)
151 1 i) N rol ! ]J——Open Circuit |

ia / Amp

225 | | | | | | | |
0.2 0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29 0.3

Time / Sec

Figure 4. Phase 'a’ stator current for healthy, short circuit, and open circuit conditions.
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25 \ | ! I I | \ \ \
0.2 0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29 0.3

Time / Sec

Figure 5. Phase 'b' stator current for healthy, short circuit, and open circuit conditions.
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Figure 6. Phase 'c’ stator current for healthy, short circuit, and open circuit conditions .

The effects of faults on the speed and electromagnetic torque are demonstrated in Fig. 7 and Fig.
8, respectively. As shown in these figures, the presence of faults is reflected as a ripple, which is
resulted from the interaction of the forward field generated by the positive sequence current and
the backward field produced by the negative sequence current. These results are closely matched
with the results of the healthy and faulty conditions presented in (Mabrek and Hemsas, 2017).
Hence, the adopted models are fairly trustable to be used for parameters estimation.
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Figure 7. Per unit speed for healthy, short circuit, and open circuit conditions.
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7S
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100 -
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-50
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Figure 8. Electromagnetic torque for healthy, short circuit, and open circuit conditions.

To validate the proposal shown in Fig. 1, the faulty currents signals are collected from the faulty
motor model (actual faulty motor model) for 1 sec. Afterward, the objective function, which is the
sum-squared errors between the healthy motor currents and the faulty machine currents, is
evaluated. GA and TRM solvers of Matlab-R2017 are used to minimize the objective function.
The algorithms iterations are terminated when the difference between the objective function's
consecutive values is less than 0.001. Fig. 9 illustrates the stator and rotor inductances (L1s and
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L1r) values estimated by GA and TRM. L1s and L1r are slightly changed due to the low fault
severity (3% short circuit condition), but they have a noticeable change for 10% short circuit and
open circuit conditions. L1s and L1r estimated by TRM have the same attitude while their
estimated values by GA appear in opposite directions under faulty conditions.

%107

L1s, Estimated by GA
L1s, Estimated by TRM
Llr, Estimated by GA
L1r, Estimated by TRM

Lls,Llr/H
[3S]
wn
\
!

1
Healthy Short Circuit (3% ) Short Circuit (10% ) Open Circuit

Figure 9. Estimated stator and rotor inductances by GA and TRM for healthy, short circuit, and
open circuit conditions.

The mutual inductance (Lm) value estimated by GA and TRM shows that Lm decreases under
short circuit fault and increases when an open circuit fault has occurred. Hence, Lm has apparent
different attitudes according to the nature of the fault, as depicted in Fig. 10.
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ﬁ Lm, Estimated by GA
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0.1+ £3 :

0.095 - 4

0.09 - —

0.085 *

Lm/H
\

0.08 *

0.075

0.07 n

0.065 - 1

0.06

Healthy Short Circuit (3%) Short Circuit (10%) Open Circuit

Figure 10. Estimated mutual inductance by GA and TRM for healthy, short circuit, and open
circuit conditions.

The effects of short circuit and open circuit faults on the stator and rotor resistances (rs and rr) are
illustrated in Fig. 11. rs rises from its nominal value under short circuit conditions and sharply
decreases under open circuit conditions from the estimated values. The reverse behavior is shown
by rr for both types of faults.

1.2
1s, Estimated by GA
15, Estimated by TRM | |
1.15 - EE tr, Estimated by GA
Eg E:z tr, Estimated by TRM
1.1 gz —
105 3 4
£
B
St H -
g"
0.95 - —
0.9 - EZ *
0.85 n
0.8
Healthy Short Circuit (3%) Short Circuit (10%) Open Circuit

Figure 11. Estimated stator and rotor resistances by GA and TRM for healthy, short circuit, and
open circuit conditions.
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As shown in the above figures, both GA and TRM give almost the same estimated values of the
basic parameters except for L1s and L1r. Since GA estimates these values in a reverse relationship
that can be justified as the healthy phases currents of the machine suffering from the faulty
conditions (Fig. 5 and Fig. 6), they are changed in their amplitude and phase in the opposite
relationship. i.e., GA tries to find the optimal values of the basic parameters that make the healthy
model currents coincide with the actual faulty currents in their magnitude and phase. Although
GA and TRM are global convergence techniques, they differ in minimizing the nonlinear objective
function, as shown in Table 2.

Table 2. Comparison between GA and TRM in term of objective function minimization.

Estimation Method GA TRM

Minimization in objective function 22.6746 to 21.4029 22.6746 to21.4128
for short circuit (3%) condition

Minimization in objective function 263.5958 to 246.6027 | 263.5958 to 248.6027
for short circuit (10%) condition

Minimization in objective function 432.3213 t0 408.2850 | 432.3213 to 408.2785
for open circuit condition

The required time for the estimation process is given in Table 3, where consumed time using GA
is significantly larger than that of the TRM.

Table 3. Comparison between GA and TRM in term of time-consuming during the estimation

process.

Estimation Method GA TRM
Time-consuming for short circuit 4922 129
(3%) / Sec
Time-consuming for short circuit 3704 180
(10%) / Sec
Time-consuming for open circuit / 23004 808
Sec

5. CONCLUSION
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This paper illustrates the impact of short circuit and open circuit faults on the values of a three-
phase induction motor's parameters. The genetic algorithm (GA) and the trust-region method
(TRM) are employed to minimize the sum-squared errors between the actual and the
corresponding stator currents of the healthy model; the optimization methods' solution is a vector
of the estimated basic parameters. The simulation results confirm the following points:

o Both GA and TRM are efficiently converged

o TRM is faster than GA due to the TRM quadratic convergence property

o Under short circuit condition (10% severity), the mutual inductance and rotor resistance
are remarkably drifted from their nominal values to lower values

o Under the open-circuit condition, the stator resistance is highly affected and decreased
from its nominal value

o The deviation on these basic parameters can be easily adapted for recognizing the open

circuit fault from the short circuit fault.

NOMENCLATURE
I]. || Norm
By, Approximate of hessian matrix
Ik The gradient function
qr(d) Quadratic function
A Trust-region radius
L1r Rotor-self inductance
L1s Stator-self-inductance
Lm Mutual inductance
rr Rotor resistance
rs Stator resistance
Subscript * Referred to estimated values
X Vector of design variables
f(X) Obijective function
iabc Instantaneous currents in the three-phases
k Number of iterations
REFERENCES

e Abd Alhassan, K., Obed, A., and Hassan, S., 2017. Stator Faults Diagnosis and Protection
in 3-Phase Induction Motor Based on Wavelet Theory, Journal of Engineering, 23(11), pp.
130-149.

e Angelo, C. H. De et al, 2009. Online Model-Based Stator-Fault Detection and
Identification in Induction Motors, IEEE Transactions on Industrial Electronics, 56(11),
pp. 4671-4680.

e Arkan, M., Kostic-Perovic, D., and Unsworth, P. J., 2005. Modeling and simulation of
induction motors with inter-turn faults for diagnostics, Electric Power Systems Research,

78



Number 12  Volume 26 December 2020 Journal of Engineering

75, pp. 57-66. DOI: 10.1016/j.epsr.2004.08.015.

Asad, B. et al., 2018. Review of Electrical Machine Diagnostic Methods Applicability in
the Perspective of Industry 4. 0, Electrical, Control and Communication Engineering,
14(2), pp. 108-116. DOI: 10.2478/ecce-2018-0013.

Choi, H., Kim, S., and Choi, S., 2005. Trust-Region Learning for ICA, in Proc. IEEE Int’
I Conf. Acoustics, Speech, and Signal Processing. Philadelphia, PA, pp. 1-7. DOI:
10.1109/1JCNN.2004.1379867.

Ethni, S. et al., 2018. Open Circuit Stator Winding Fault Detection of Induction Machines
from Transient Data Using Nature Inspired Optimization Algorithms, in 53" International
Universities Power Engineering Conference (UPEC), pp. 1-6.

Ferreira, F. J. T. E., Silva, A. M., and de Almeida, A. T., 2018. Single-Phasing Protection
of Line-Operated Motors of Different Efficiency Classes, IEEE TRANSACTIONS ON
INDUSTRY APPLICATIONS, 00(00), pp. 1-14. DOI: 10.1109/T1A.2018.2797884.

Garcia-guevara, F. M. et al.,, 2016. Stator Fault Detection in Induction Motors by
Autoregressive Modeling, Mathematical Problems in Engineering, p. 7.

Guezmil, A. et al., 2019. Unknown Input Observer-Based Fault Diagnosis in Induction
Machine : Theory and Experiment, Electric Power Components and Systems. Taylor &
Francis, 0(0), pp. 1-13. DOI: 10.1080/15325008.2018.1485062.

Khader, M. Ben, Champenois, G., and Tnani, S., 2018. Reliable stator fault detection based
on the induction motor negative sequence current compensation, Electrical Power and
Energy Systems. Elsevier Ltd, 95, pp. 490-498. DOI: 10.1016/j.ijepes.2017.09.008.

Mabrek, A., and Hemsas, K. E., 2017. Induction motor inter-turn fault modeling and
simulation using SSFR test for diagnosis purpose, AUTOMATIKA, 57(4), pp. 948-959.
DOI: 10.7305/automatika.2017.10.1805.

Mirabbasi, D., Seifossadat, G., and Heidari, M., 2009. Effect of Unbalanced Voltage on
Operation of Induction Motors and Its Detection, in International Conference on Electrical
and Electronics Engineering- ELECO, pp. 189-192.

Mohammadi, H. R., and Akhavan, A., 2014. Parameter Estimation of Three-Phase
Induction Motor Using Hybrid of Genetic Algorithm and Particle Swarm Optimization,
Journal of Engineering, pp. 1-6.

Rajamany, G. et al., 2019. Induction Motor Stator Interturn Short Circuit Fault Detection
in Accordance with Line Current Sequence Components Using Artificial Neural Network,
Journal of Electrical and Computer Engineering, p. 11.

Rao, S. S., 2009. Engineering Optimization Theory and Practice. 4th ed. Hoboken, NJ,
USA: Wiley.
79



Number 12  Volume 26 December 2020 Journal of Engineering

Sun, S. et al., 2020. A Hybrid Inverse Problem Approach to Model-Based Fault Diagnosis
of a Distillation Column, Processes, 8(55), pp. 1-19.

Tang, J. et al., 2020. Modeling and Evaluation of Stator and Rotor Faults for Induction
Motors, energies, 13(133), pp. 1-20.

Yang, J., Dou, M., and Dai, Z., 2015. Modeling and Fault Diagnosis of Interturn Short

Circuit for Five-Phase Permanent Magnet Synchronous Motor, Journal of Electrical and
Computer Engineering, 2015, p. 9.

80



