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Chapter

Detection of Stator and Rotor
Asymmetries Faults in Wound
Rotor Induction Machines:
Modeling, Test and Real-Time
Implementation
Shahin Hedayati Kia

Abstract

This chapter deals with detection of stator and rotor asymmetries faults in wound
rotor induction machines using rotor and stator currents signatures analysis. This is
proposed as the experimental part of fault diagnosis in electrical machines course for
master’s degree students in electrical engineering at University of Picardie “Jules
Verne”. The aim is to demonstrate the main steps of real-time condition monitoring
development for wound rotor induction machines. In this regard, the related param-
eters of classical model of wound rotor induction machine under study are initially
estimated. Then, the latter model is validated through experiments in both healthy
and faulty conditions at different levels of the load. Finally, an algorithm is
implemented in a real-time data acquisition system for online detection of stator and
rotor asymmetries faults. An experimental test bench based on a three-phase 90 W
wound rotor induction machine and a real-time platform for hardware-in-the-loop
test are utilized for validation of the proposed condition monitoring techniques.

Keywords: AC motor protection, asynchronous rotating machines, fault diagnosis,
Fourier transform, hardware-in-the-loop, induction motors, monitoring,
signal processing

1. Introduction

Fault diagnosis of electrical machines is a very active topic of research and
several books have been published, which detail new developed techniques for
efficient condition monitoring of electrical machines. The run-to-break is an
unplanned strategy of maintenance that needs to be avoided at the expense of high
emergency repair cost. By means of preventive maintenance at regular intervals,
which is commonly shorter than the expected time between failures, the mainte-
nance actions can be planned in advance. Any potential breakdown in industrial
systems can be predicted through the condition based maintenance (CBM) so called
‘predictive maintenance’ which gives a reasonable remaining useful life and leads
consequently to the optimum time maintenance planning [1]. Since the electrical
machines are the key components of the majority of industrial processes, it is
essential to setup a CBM in order to minimize their downtime and consequently
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increase their availability [2, 3]. Modeling and numerical simulations are the initial
design stage of fault detection and diagnosis (FDD) systems [4]. For prototyping
and testing both software-in-the-loop (S-i-L) and hardware-in-the-loop (H-i-L)
realizations can be performed before the final stage of FDD system integration [4].
This leads to a better evaluation of FDD methods in all possible working condition
scenarios which are sometimes hard to acquire in real practice using an experimen-
tal test bench. In this chapter, the illustration of these previous stages to Masters’
degree students who attend to assimilate the ability of FDD technique development
for electrical systems will be highlighted. The example of wound rotor induction
machine (WRIM) is a good choice since WRIMs have been widely used in electrical
power generation, particularly as doubly fed induction generators (DFIGs) in vari-
able speed wind turbines. Moreover, the internal circuit parameters of a WRIM can
be easily deduced using some basic experimental electrical circuit tests. The asym-
metry fault in practice can be obtained by adding series resistance in one phase of
stator and/or rotor winding which simplifies the evaluation of FDD methods
through both numerical simulations and experiments. The state-of-the-art methods
for FDD of asymmetries in WRIMs have been well detailed [5]. However, the
implementation of FDD algorithms in real-time systems has been rarely investi-
gated [6]. Recently, the H-i-L configuration is used for static eccentricity analysis in
induction machines (IMs). However, the proposed model is exclusively validated
using finite elements method (FEM). The real-time simulation results have been
demonstrated the presence of fault-related frequency components in the stator
current spectrum [3]. In this regard, introducing engineering students to FDD
system design for electrical machines including its development stages is totally
new in the literature [7–9]. The aim of this paper is to illustrate the main stages of
FDD system design for the stator asymmetry fault (SAF) as well as the rotor
asymmetry fault (RAF) in WRIMs. This is proposed as the experimental part of
fault diagnosis in electrical machines course offered to the master’s degree students in
electrical engineering at University of Picardie “Jules Verne”. Both stator and rotor
windings asymmetries are investigated. Main emphasis is dedicated to signal-based
techniques which are commonly used for detection of these specific defects. It is
illustrated that the stator current is directly affected by the RAF whereas the SAF
has a direct influence on the rotor current [5]. The fault diagnosis is commonly
performed by computing the stator/rotor current Fourier transform to identify the
fault-related frequency components in the spectrum in steady-state working condi-
tion. Once the validatedWRIMmodel is implemented in a real-time platform for H-
i-L test, the measured stator and rotor currents signals, provided by the real-time
system, can be analyzed by the CompactRIO data acquisition system for evaluation
of signal processing tools (SPTs) in all working condition scenarios of WRIM. An
experimental test bench, based on a three-phase 90 W wound rotor induction
machine and a real-time platform for H-i-L tests, are utilized for validation of the
proposed condition monitoring techniques.

2. Modeling of WRIM

The model of WRIM in “abc” reference frame may be expressed as [10]:

vabcs ¼ rsiabcs þ
d

dt
λabcs (1)

vabcr ¼ rriabcr þ
d

dt
λabcr (2)
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Lsr ¼ Lsr�
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Te ¼ iasLsrf�iar sin θrð Þ � ibr sin θr þ 2π=3ð Þ

�icr sin θr � 2π=3ð Þg � pþ

ibsLsrf�iar sin θr � 2π=3ð Þ � ibr sin θrð Þ

�icr sin θr þ 2π=3ð Þg � pþ

icsLsrf�iar sin θr þ 2π=3ð Þ � ibr sin θr � 2π=3ð Þ

�icr sin θrð Þg � p

(9)

Te � Tl ¼ J
dΩr

dt
þ fΩr (10)

with

Ωr ¼ 2� π � p�
dθr
dt

(11)

where Lms, Lmr, Lls and Llr are magnetizing and leakage stator and rotor
inductances and ras, rbs, rcs, rar, rbr and rcr are stator and rotor phase resistances
respectively. Te is the electromagnetic torque, Tl is the load torque, J is the total
moment inertia, f is the viscous friction coefficient, p is the number of pole pairs,
and θr is the rotor angular speed. The estimation of WRIM model parameters,
described by relations (1) and (2), is straightforward and can be performed through
some basic electrical circuit tests. DC voltage–current experiments at rated working
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temperature of WRIM give an initial estimation of both stator phase resistances ras,
rbs, and rcs (ras ≈ rbs ≈ rcs) and rotor phase resistances rar, rbr and rcr (rar ≈ rbr ≈ rcr)
respectively. The obtained values are commonly good enough for arranging the
model and for studing the asymmetry fault in WRIMs. Knowing these previous
resistances, the respective stator-related self-inductances i.e. Las ≈Lbs ≈Lcs ¼
Lms þ Lls and mutual inductances i.e. Labs ≈Lacs ≈Lbcs ¼ �0:5� Lms can be obtained
according to the relations (12)–(15). An AC voltage source is necessary for provid-
ing rated voltages to the stator phase windings as it is depicted in Figure 1.

Las ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Vas

Ias

� �2
� r2as

ω2
s

v

u

u

t

(12)

Lcs ≈Lbs ≈Las (13)

Labs ¼
Vbs

Iasωs
(14)

Lbcs ≈Lacs ≈Labs (15)

Similarly, the respective rotor-related self-inductances i.e. Lar ≈Lbr ≈Lcr ¼
Lmr þ Llr and mutual inductances i.e. Labr ≈Lacr ≈Lbcr ¼ �0:5� Lmr can be evalu-
ated according to the relations (16)–(19).

Lar ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Iar

� �2
� r2ar

ω2
s

v

u

u

t

(16)

Lcr ≈Lbr ≈Lar (17)

Labr ¼
Vbr

Iarωs
(18)

Lbcr ≈Lacr ≈Labr (19)

The stator-rotor mutual inductance Lsr can be determined using (20).

Lsr ¼
Var�max

Iasωs
(20)

Figure 1.
Scheme of experiments for estimation of WRIM ‘abc’ reference frame model parameters.
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where Var�max is the voltage peak value obtained across one phase of the rotor
winding when the stator is supplied by a voltage source and its current is Ias.

3. Healthy working condition

For development of FDD techniques, it is crucial to validate experimentally the
proposed model of WRIM in healthy working condition at different levels of the
load in both time and frequency domains. Accordingly, the parameters of “abc”
reference frame model for a WRIM with electrical characteristics, shown in
Table 1, are estimated using (12)–(20) and listed in Table 2. Figure 2 illustrates the
realization of the model in Matlab/Simulink software using trapezoidal integration

Power 90 W

Voltage 380 V

Stator current 0.27 A

Rotor speed 1430 rpm

Pole pairs 2

Torque 0.6 N.m

Rotor inertia 0.001 Kg:m2

Table 1.
Electrical and mechanical characteristics of three-phase 90W WRIM.

Rs 79.13 Ω

Rr 3.69 Ω

Ls 2.82 H

Lr 0.23 H

Lms 2.20 H

Lmr 0.22 H

Lsr 0.67 H

Table 2.
Estimated parameters of three-phase 90W WRIM “abc” reference frame model.

Figure 2.
Realization of WRIM “abc” reference frame model in Matlab/Simulink.
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method. Two discrete-time integrators which are closely linked to the relations (1),
(2) and (11) are utilized. The model is initially validated through experiment in time
domain at different levels of the load. Figure 3 depicts the results of numerical
simulation and experiment at rated load of WRIM. This simple approach gives a
general idea of WRIM modeling to the students who are not familiar with this
technique. Besides, it is helpful at this stage to localize the main frequency compo-
nents in both stator and rotor phase currents spectra. f s is the main frequency
component in the stator phase current spectrum whereas f Ir is the main frequency
component in the rotor phase current spectrum.

f Ir ¼ f s � p
Ωr

60
(21)

where p is the pole pairs and Ωr is the rotor mechanical speed. The stator and
rotor currents spectra of numerical simulation and experiment at rated slip sr ¼
0:047 are shown in Figure 4. The rotor and stator asymmetries can be performed
simply by including an additional series resistance in one of the rotor and stator
phases. This technique is the simplest way to familiarize students with fault detec-
tion methods in WRIMs which will be highlighted in next sections.

Figure 3.
Healthy condition stator and rotor phase currents of WRIM in time domain (a), (b) numerical simulation (c),
(d) experiment.

Figure 4.
Healthy condition stator and rotor phase currents of WRIM in frequency domain (a), (b) numerical simulation
(c), (d) experiment.
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4. RAF detection

It is well known that any deviation from the normal operation of WRIM, resulted
from an internal or external anomalies, may induce fault signatures in the electrical
variables such as stator and rotor currents. It was illustrated that the stator current is
directly affected by the RAF whereas the SAF has a direct influence on the rotor
current [5, 11]. The fault diagnosis is commonly carried out by computing the stator/
rotor current Fourier transform to locate fault frequency components in the spec-
trum. An addition resistance RRAF ¼ 1Ω is included in one of the rotor phases to
create the RAF. Figure 5 illustrates the numerical simulation and experimental results
of the stator and rotor phase currents in time domain. As it can be observed, it is quite
difficult to detect the RAF through time domain analysis, particularly for small values
of RRAF. If the rotor speed of WRIM is considered constant, the following unique
frequency component will appear in the stator phase current spectrum [12]:

f RAF ¼ 1� 2sð Þ f s (22)

where s is the slip value. The RAF frequency-related component is well localized
in both numerical simulation and experiment spectra of the stator phase current at
rated slip value of WRIM (Figure 6). Furthermore, the fact that the stator phase
current is directly affected by the RAF is well depicted in this last figure.

Figure 5.
RAF condition stator and rotor phase currents of WRIM in time domain (a), (b) numerical simulation (c),
(d) experiment.

Figure 6.
RAF condition stator and rotor phase currents of WRIM in frequency domain (a), (b) numerical simulation
(c), (d) experiment.
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5. SAF detection

The frequency components in the rotor phase currents due to the SAF can be
obtained as [13]:

f SAF,k0 ¼
k0

p
1� sð Þ � 1

� �

f s (23)

where k0 ¼ 1, 2, 3, … . Taking only the fundamental frequency component into

account with k0

p ¼ 1, the relation (23) can be written as

f SAF ¼ 2� sð Þ f s (24)

An additional series resistance RSAF ¼ 10Ω is included in one of the stator phases to
create the SAF. Figure 7 illustrates the numerical simulation and experimental results
of the stator and rotor phase currents at rated slip value of WRIM in time domain.

The SAF frequency-related component is well localized in both numerical
simulation and experiment spectra of the rotor phase current at rated load of WRIM
(Figure 8). Besides, it is well illustrated in Figure 8, where the rotor phase current
is directly affected by the SAF [11].

Figure 7.
SAF condition stator and rotor phase currents of WRIM in time domain (a), (b) numerical simulation (c), (d)
experiment.

Figure 8.
SAF condition stator and rotor phase currents of WRIM in frequency domain (a), (b) numerical simulation
(c), (d) experiment.
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6. Real-time RAF and SAF detections

The utilization of SPTs is the crucial stage of the RAF and the SAF detections
in both steady-state and transient working conditions of WRIM. The developed
methods can be classified in time, frequency and time-frequency/time-scale
domains [2]. A brief review of the recent SPTs was mentioned in this topic of
research [5]. Up to now, various experimental setups have been designed to evalu-
ate the effectiveness of each SPT. They are mainly defined based upon the rated
power of the installed electrical machine in the system. Furthermore, fault detection
algorithms are commonly evaluated offline, whereas the new trends are mainly
relied on the real-time FDD of electrical machines [6]. The concept of H-i-L is
perfectly matched with such a development which is rarely studied [3]. In this
regard, a real-time data acquisition system (CompactRIO data acquisition system) is
used as a H-i-L with a high performance multi-core real-time platform in order to
analyze the performance of different kinds of SPTs in practical conditions
(Figure 9).

Figure 9.
Configuration of H-i-L test bench.

Figure 10.
Healthy condition H-i-L experimental results at rated load of WRIM.
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This configuration is particularly attractive as it is totally independent of the
type of the under study electrical machine and can be extended to any kind of fault
for which an adapted model is well designed. Furthermore, there are more facilities
to access the signatures which are commonly difficult to obtain without including
high performance sensors in an experimental traditional test bench. The model of
WRIM in “abc” reference frame, shown in Figure 2, is implemented in the real-time

system with sampling time Ts ¼ 10�4. The stator and rotor current signals, pro-
vided by multi I/O board of real-time system, are measured and analyzed by the
CompactRIO data acquisition system at 5 kHz sampling frequency for 10s to detect
the RAF and the SAF in steady-state working condition of WRIM.

The results of the analysis are illustrated in Figures 10–12 for the healthy, the
RAF and the SAF conditions respectively. The stator and the rotor currents in
healthy condition at rated load of WRIM in both time and frequency domains are
shown in Figure 10. As it would be expected, the main frequency components
which are well identified in the spectra are f s and f Ir respectively. The fault-related

Figure 11.
RAF condition H-i-L experimental results at rated load of WRIM.

Figure 12.
SAF condition H-i-L experimental results at rated load of WRIM.
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frequency component 1� 2srð Þ f s (sr ¼ 0:047) is detected in the stator phase current
spectrum at rated rotor speed of WRIM (Figure 11). The SAF reveals 2� srð Þ f s
frequency component in the rotor phase current spectrum as it is shown in
Figure 12. Besides, the electromagnetic torque is a good indicator of both the
RAF and the SAF and can be used as an alternative signature for FDD design
(Figures 11 and 12).

7. Conclusion

This chapter presents for the first time the concept of H-i-L for fault diagnosis of
WRIMs as a part of fault diagnosis of electrical machines course for master’s degree
students at University of Picardie “Jules Verne”. The parameter of WRIM model in
“abc” reference frame is estimated and validated through experiment at different
levels of the load. The developed model is then implemented in a real-time system
which is in the loop with a CompactRIO data acquisition platform. This configura-
tion allows to evaluate the SPTs for real-time FDD design in all working conditions
of WRIMs. Furthermore, this concept can be extended to condition monitoring of
any complex electromechanical system at development stage design.

Abbreviations

RAF Rotor asymmetry fault
SAF Stator asymmetry fault
WRIM Wound rotor induction machine
IM Induction machine
DFIG Doubly fed induction generator
FDD Fault detection and diagnosis
CBM Condition based maintenance
SPT Signal processing tool
FEM Finite element method
S-i-L Software-in-the-loop
H-i-L Hardware-in-the-loop
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