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SUMMARY

On-line diagnostics of induction machine faults such as broken rotor bars and shorted stator windings can be accomplished by analysing the
anomalies of machine stator current. Defective rotor bars result in twice slip frequency sidebands around the fundamental frequency in the stator
current, while stator winding short circuits cause changes in stator current amplitude and the occurrence of negative sequence current. This paper
presents an induction machine model based on the Coupled Circuit Approach to simulate both the rotor and stator faults in an induction machine
and to test fault diagnostic techniques. This model is realized in Matlab/Simulink and its construction in Simulink is explained with sufficient
details. Simulation results of both the rotor and stator fault conditions are presented. A novel high-resolution spectral analysis approach and a
technique based on Discrete Fourier Transform (DFT) for the detection of broken rotor bars are tested using the simulated data. The results confirm
that the high-resolution method overcomes drawbacks of DFT such as the requirement for long data windows. Copyright # 2009 John Wiley &
Sons, Ltd.
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1. INTRODUCTION

Induction machines are the prime movers of industry. Generally, they are robust and reliable. However, due to the combination of

working environment and installation and manufacturing factors, internal faults frequently occur on rotor bars and stator windings.

Broken rotor bars and shorted stator windings are some of the most common rotor and stator faults. They not only reduce the

machineworking efficiency, but also are potential hazards for production continuity and safety. In the last few decades, considerable

research has been undertaken in the area of induction machine condition monitoring and fault diagnostics. Many of them are within

the topic of the detection of broken rotor bars and shorted stator turns [1–4].

In this paper, we introduce a model-based tool for research and testing of induction machine fault diagnostic methods. Model

based research has the advantage of less financial and manpower costs, and the flexibility of modifying all parameters. Thus, it

allows and simplifies comprehensive and systematic studies. A number of models have been proposed for investigations of fault

conditions on induction motors [5–9]. However, most of them are either too complex or can only simulate one specific fault. The aim

of this paper is to present a useful and simple model to simulate both induction machine stator and rotor asymmetry faults for the

purpose of testing fault diagnostic methods. The model is based on the Coupled Circuit Approach incorporating the orthogonal or

qd0 reference frame theory. It has the advantages of relatively lower complexity and is able to model both rotor and stator faults. The

implementation of the model is accomplished in Matlab/Simulink, which is a widely-adopted scientific simulation platform.

Broken rotor bars in an induction machine can be detected by the presence of sideband frequencies in the stator current spectrum

using Machine Current Signature Analysis (MCSA) [10]. The classical detection approach in MCSA is based on Discrete Fourier

Transform (DFT). However, inherent drawbacks of DFT, such as the impact of side lobe leakage [11] and the requirement of long

data windows have made the detection of broken rotor bars troublesome in some cases [12,13]. This paper proposes a novel
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612 S. CHEN AND R. ŽIVANOVIĆ
high-resolution spectral analysis technique which outperforms DFT in the diagnostics of broken rotor bars. This method is able to

maintain a high resolution in the frequency domain while using a considerably small data window.

In Section 2, the theory of Coupled Circuit Approach for modelling an induction machine is firstly reviewed. The systems of

differential equations governing the induction machine behaviours under healthy, rotor fault and stator fault conditions are then

detailed mathematically. After this, the implementation of the model inMatlab/Simulink is explained and illustrated in Section 3. To

verify the model, laboratory experiments are conducted and the results are presented and compared in Section 4. In Section 5,

common rotor and stator fault indictors in simulation result are presented. Diagnosis of broken rotor bars using high-resolution

spectral analysis is tested and its advantage compared to DFT is demonstrated.
2. COUPLED CIRCUIT APPROACH BASED MODELLING OF INDUCTION MACHINES

WITH ROTOR AND STATOR FAULTS

The aim of this section is to present the system of differential equations of the induction machine in the healthy, the broken rotor bars

and the shorted stator windings conditions. The Coupled Circuit Approach combined with the Arbitrary Reference Frames theory is

the theoretical groundwork for modelling induction machines [14,15]. The balanced electromagnetic relationships of an induction

machine are first described mathematically in the abc reference frame, and then transformed to an arbitrary rotating reference frame.

An induction machine is a highly symmetrical electromagnetic system. Any fault will induce a certain degree of asymmetry.

Therefore, broken rotor bars and shorted stator windings are modelled by unbalancing the rotor and stator parameters in certain

manners, accordingly [16–18].
2.1. Model of healthy induction machine

In this paper, the model of an induction machine in balanced condition is developed based on a model proposed in Reference [19].

The system of winding equations may be presented in terms of the first-order differential equations of the voltages in the abc

reference frame as [15]

uabcs ¼ rs i
abc
s þ d labcs

dt
(1)

uabcr ¼ rr i
abc
r þ d labcr

dt
(2)

and

labcs ¼ Labc
ss iabcs þLabc

sr iabcr (3)

labcr ¼ Labc
rr i

abc
r þLabc

rs iabcs (4)

Notations uabcs , iabcs , labcs , uabcr , iabcr and labcr are column vectors representing the voltages, currents and flux linkages of each phase

in either stator or rotor, where the subscripts s and r indicate stator and rotor, respectively, and the superscript abc denotes the three

phases.

In an ideal induction machine, the resistances in each stator or rotor phase are assumed to be equal. Thus, notations rs and rr are

diagonal matrices with one phase equivalent resistance of the stator or rotor, whichever the subscript indicates, as the non-zero

elements. Labc
ss and Labc

rr are symmetrical matrices of the self inductance of the stator and the rotor windings, and Labc
sr and Labc

rs are

symmetrical matrices of the stator-to-rotor and rotor-to-stator mutual inductances, respectively.

The stator and rotor voltage equations are coupled to one another through the mutual inductance terms, which are a function of the

rotor angle ur. Thus, the coupled terms interact and vary with the rotor position and time. By transforming the equations from abc

reference frame to an arbitrary rotating qd0 reference frame, all the motor variables are in the same coordinate system [19]. If u is the

angle between the q-axis and the a-axis of the two reference frames, respectively, the matrix which transforms the variables from abc
Copyright # 2009 John Wiley & Sons, Ltd. Euro. Trans. Electr. Power 2010; 20:611–629
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MODELLING AND SIMULATION OF STATOR AND ROTOR FAULT 613
to qd0 reference frame is defined as [19]

Tqd0ðuÞ ¼
2

3

cos u cosðu � 2p
3
Þ cosðu þ 2p

3
Þ

sin u sinðu � 2p
3
Þ sinðu þ 2p

3
Þ

1
2

1
2

1
2

2
4

3
5 (5)

Equations (1)–(4) then can be transformed to the qd0 reference frame, yielding

uqd0s ¼ rqd0s iqd0s þ Eqd0
s þ dlqd0s

dt
(6)

uqd0r ¼ rqd0r iqd0r þ Eqd0
r þ dlqd0r

dt
(7)

where Eqd0
s ¼ v

0 1 0

�1 0 0

0 0 0

2
4

3
5lqd0s , Eqd0

r ¼ v� vrð Þ
0 1 0

�1 0 0

0 0 0

2
4

3
5lqd0r , v ¼ du

dt
and vr ¼ d urð Þ

dt

Resistance and flux linkage matrices in the qd0 reference frame are

rqd0s;r ¼ rs;r

1 0 0

0 1 0

0 0 1

2
4

3
5 (8)

and

lqd0s

l0qd0r

� �
¼

Lls þ Lm 0 0 Lm 0 0

0 Lls þ Lm 0 0 Lm 0

0 0 Lls 0 0 0

Lm 0 0 L0lr þ Lm 0 0

0 Lm 0 0 L0lr þ Lm 0

0 0 0 0 0 L0lr

2
6666664

3
7777775

iqd0s

i0qd0r

� �
(9)

where Lls and Llr are the per phase winding leakage inductances in the stator and rotor, respectively. Lm is the magnetizing

inductance on the stator side. The primed rotor quantities denote values referred to the stator side.

Then the full mathematical description of an induction machine model is presented together with the torque equation

Tem ¼ 3

2

p

2
ldsiqs � lqsids
� �

(10)

and the rotor speed equation

d vr=vbð Þ
dt

¼ 1

2H
Tem þ Tload � Tdamp

� �
where vb is the base value of the angular frequency calculated by vb ¼ 2pf , f is the supply frequency. p is the number of machine

poles. Tload is the mechanical torque applied by load, Tdamp is the damping torque in the direction opposite to the rotor rotation, andH

is the inertia constant.
2.2. Model of induction machine with broken rotor bars

Broken rotor bars cause asymmetry of the resistance and inductance in rotor phases, which results in asymmetry of the rotating

electromagnetic field in the air gap between stator and rotor. Consequently, this will induce frequency harmonics in the stator

current. The impact of broken rotor bars can be modelled by unbalancing the rotor resistance, the inductance changes are

neglectable due to its insignificance influence compared to the resistance changes [16,20]. For simplicity, for a squirrel-cage rotor,

the end-ring contribution is also neglected [16,17]. The stator resistances and inductances stay unchanged.
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614 S. CHEN AND R. ŽIVANOVIĆ
The modified rotor resistance in abc reference frame is given as follows:

r�r ¼
rr þ Drrað Þ 0 0

0 rr þ Drrbð Þ 0

0 0 rr þ Drrcð Þ

2
4

3
5 (11)

whereDrra,Drrb andDrrc represent rotor resistance changes in phase a, b and c, respectively, due to broken bar faults. The resistance

changes is derived based on the assumption that the broken bars are contiguous, neither the end ring resistance nor the magnetizing

current is taken into account, as following. The phase rotor equivalent resistance of a healthy induction motor is given as [16]

rr �
2Nsð Þ2

Nb=3
rb

where rb represents the rotor bar resistances, Nb and Ns are the number of total rotor bars and the equivalent stator winding turns.

When there are nbb broken rotor bars, the increment Drra;b;c in each phase is obtained as

Drra;b;c ¼ r�r � rr ¼
2Nsð Þ2

Nb=3� nbb
rb �

2Nsð Þ2

Nb=3
rb ¼

3nbb

Nb � 3nbb
rr (12)

To simulate broken rotor bar fault, the rotor resistance matrix in Equation (2) needs to be replaced by the modified rotor resistance

matrix r�r . Then the Equation (2) needs to be transformed to qd0 reference frame [20]. Using the stationary reference frame (setting

the qd0 rotating speed to zero), the rotor resistance change in Equation (11) can be reorganized in the qd0 reference frame as

Dr�qd0r ¼
rr11 rr12 rr13
rr21 rr22 rr23
rr31 rr32 rr33

2
4

3
5

where the elements of the matrix are

rr11 ¼ 1
3
Drra þ Drrb þ Drrcð Þ þ 1

6
2Drra � Drrb � Drrcð Þ cos 2urð Þ þ

ffiffi
3

p

6
Drrb � Drrcð Þ sin 2urð Þ

rr12 ¼ � 1
6
2Drra � Drrb � Drrcð Þ sin 2urð Þ þ

ffiffi
3

p

6
Drrb � Drrcð Þ cos 2urð Þ

rr13 ¼ 1
3
2Drra � Drrb � Drrcð Þ cos urð Þ �

ffiffi
3

p

3
Drrb � Drrcð Þ sin urð Þ

rr21 ¼ rr12
r22 ¼ 1

3
Drra þ Drrb þ Drrcð Þ � 1

6
2Drra � Drrb � Drrcð Þ cos 2urð Þ þ

ffiffi
3

p

6
Drrb � Drrcð Þ sin 2urð Þ

rr23 ¼ � 1
3
2Drra � Drrb � Drrcð Þ sin urð Þ �

ffiffi
3

p

3
Drra � Drrcð Þ cos urð Þ

rr31 ¼ 1
2
rr13

rr32 ¼ 1
2
rr23

rr33 ¼ 1
3
Drra þ Drrb þ Drrcð Þ
2.3. Model of induction machine with shorted stator windings

The shorted stator winding fault in an induction machine can be modelled in a similar manner with the broken rotor bar fault. In the

ideal situation, all stator parameters are considered to be identical in three phases. When a short circuit between stator turns occurs in

a given phase, the corresponding number of windings will decrease [18]. Here, both the changes of stator resistance and inductance

due to short circuit have to be taken into account.

An approximate relationship between the portion of short circuit and the change of winding inductance in stator is that to consider

the leakage inductance to be proportional to squared turns number [21]. While the rotor inductances Labc
rr remain unchanged (rr

should be replaced by r�r if rotor faults present), the stator electrical parameters rs, L
abc
ss , and the mutual inductances between the

stator and rotor (Labc
sr and Labc

rs ), are directly affected.

Let gsa, gsb and gsc be the percentage of the remaining un-shorted stator windings in stator phase a, b and c, respectively. The

modified stator resistance matrix r�s has a similar structure with the modified rotor resistance matrix r�r in Equation (11) for broken
rotor bar fault.
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MODELLING AND SIMULATION OF STATOR AND ROTOR FAULT 615
Here, the modified stator self inductance matrix L�abc
ss is given as [18]

L�abc
ss ¼

g2sa Lls þ Lssð Þ gsagsbLsm gsagscLsm
gsagsbLsm g2sb Lls þ Lssð Þ gsbgscLsm
gsagscLsm gsbgscLsm g2sc Lls þ Lssð Þ

2
4

3
5 (13)

The modified stator-to-rotor mutual inductance matrix L�abc
sr is expressed as

L�abc
sr ¼ Lsr

gsa cos ur gsa cos ur þ 2p
3

� �
gsa cos ur � 2p

3

� �
gsb cos ur � 2p

3

� �
gsb cos ur gsb cos ur þ 2p

3

� �
gsc cos ur þ 2p

3

� �
gsc cos ur � 2p

3

� �
gsc cos ur

2
4

3
5 (14)

and the modified rotor-to-stator mutual inductance matrix L�abc
rs can be easily obtained as

L�abc
rs ¼ L�abc

sr

� �T
In these matrices Lss and Lrr are the self-inductances in the stator and rotor, respectively. Lsm and Lrm are the mutual inductance

between the stator windings and that between the rotor windings, respectively. Lsr is the peak value of the stator-to-rotor mutual

inductance, and the superscript T denotes the transpose of the matrix.

In the same manner, these modified resistance and inductance matrices are used as substitutes for their original ones in Equations

(1) and (2). Then the qd0 reference frame transformation needs to be performed to these equations. By doing so and assuming that

the short circuit occurs only in phase a of the stator for simplicity, the resistance matrix of stator with shorted turns in the qd0

reference frame can be derived as

r�qd0s ¼ rs

rs11 0 rs13
0 rs22 0

rs31 0 rs33

2
4

3
5

where the non-zero elements of the matrix are

rs11 ¼
1

3
2gas þ 1ð Þ; rs13 ¼

2

3
gas � 1ð Þ; rs22 ¼ 1; rs31 ¼

1

3
gas � 1ð Þ; and rs33 ¼

1

3
gas þ 1ð Þ

The stator and rotor flux linkage matrices in Equation (9) can be modified as

l�qd0s

l�
0qd0

r

� �
¼

L11 0 L13 L14 0 0

0 L22 0 0 L25 0

L31 0 L33 L34 0 0

L41 0 L43 L44 0 0

0 L52 0 0 L55 0

0 0 0 0 0 L66

2
6666664

3
7777775

iqd0s

i0qd0r

� �
(15)

where the elements of the matrix are

L11 ¼ 1
3
2g2sa þ 1
� �

Lls þ 1
9
2gsa þ 1ð Þ2Lm

L13 ¼ 2
3
g2sa � 1
� �

Lls þ 2
9
2g2sa � gsa � 1
� �

Lm
L14 ¼ L41 ¼ 1

3
2gsa þ 1ð ÞLm

L22 ¼ Lls þ Lm
L25 ¼ L52 ¼ Lm
L31 ¼ 1

3
g2sa � 1
� �

Lls þ 1
9
2g2sa � gsa � 1
� �

Lm
L33 ¼ 1

3
g2sa þ 2
� �

Lls þ 2
9
g2sa � 2gsa � 1
� �

Lm
L34 ¼ 1

3
gsa � 1ð ÞLm

L43 ¼ 2L34
L44 ¼ L55 ¼ L0lr þ Lm
L66 ¼ L0lr
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616 S. CHEN AND R. ŽIVANOVIĆ
3. THE IMPLEMENTATION OF THE MODEL IN MATLAB/SIMULINK

Having derived the induction machine differential equations system, in this section, the implementation of the model in Matlab/

Simulink is detailed. Normally, a healthy induction machine model is easy to achieve [19]. When substitute the balanced electrical

parameters of a healthy induction machine with their unbalanced modifications, which represent the rotor and stator faults, the

reference frame transformation turns quite complicated. Therefore, a systemic approach is needed to better construct the model.

Machine parameters are always determined in terms of the flux linkage per second, c, and the reactance, x, instead of l and L in

experiments. These quantities have the following relationship: c ¼ vbl and x ¼ vbL. To use Simulink, the stator and rotor voltage

differential equations in the qd0 reference frame need to be rewritten as self-referencing integral functions of the flux linkages, as

follows:

c�qd0
s ¼ vb

R
uqd0s � r�qd0s iqd0s

�
dt

	
c�qd0

r ¼ vb

R
uqd0r � r�

0qd0
r iqd0r

�
dt

	 (16)

The stator and rotor current in the qd0 reference frame are calculated by using inverted Equation (15), and then feed back to

Equation (16).

In Simulink, all functions are implemented in function blocks. There are seven main modules in the model: the abc-qd0

conversion module, the unit vector calculation module, the q, d, 0 quantities calculation modules, the torque/speed module and the

qd0-abc conversion module. The content of these modules are illustrated in Figures 1–7.

Figure 1 shows the content of abc–qd0 conversion module. Voltage quantities in abc reference frame are converted to the qd0

reference frame. The function inserted in this module is the transformation Equation (5). The qd0–abcmodule which transforms the

stator currents from qd0 back to abc reference frame has an identical structure with the one shown in Figure 1. However, the

functions inserted in the blocks are the inverse of the matrix in Equation (5). The unit vector module is presented in Figure 2. It has
Figure 1. Block diagram of the abc-qd0 transformation module in Simulink.

Figure 2. Block diagram of the unit vector module in Simulink.
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Figure 3. Block of the q-axis module in Simulink.

Figure 4. Block diagram of the d-axis module in Simulink.
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Figure 5. Block diagram of the zero sequence module in Simulink.

618 S. CHEN AND R. ŽIVANOVIĆ
the rotor angular speed as input and calculates the sinðurÞ, sinð2urÞ, cosðurÞ and cosð2urÞ, which are the inputs for determining stator

and rotor variables in the qd0 sequence. The q, d and 0 sequence modules are the core components which calculate the flux linkages,

currents and voltages in the qd0 reference frame. The content of these three modules are given in Equations (15) and (16). The

arrangements of the equations are shown in Figures 3–5. The torque/speed module calculates the output torque and the rotor angular

speed, as illustrated in Figure 6. The overall view of the dynamic induction motor model in Simulink is shown in Figure 7.

To conduct the simulation, the Simulink model needs to be initialized previously to assign values to all machine and operation

condition parameters. The inputs to the model are three-phase voltage and load torque. Both the number of broken rotor bars and the

percentage of shorted stator windings can be easily changed to any desired values.
4. EXPERIMENT SETUP FOR MODEL VALIDATION

In order to validate the model, a laboratory experiment is conducted. A commercial 5.5 kW, 50Hz, 4 poles inductionmachine, which

has a standard cast aluminium squirrel cage rotor with 32 rotor slots, is used in the test. A separately excited DC generator is coupled
Figure 6. Block diagram of the torque/rotor module in Simulink.

Copyright # 2009 John Wiley & Sons, Ltd. Euro. Trans. Electr. Power 2010; 20:611–629
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Figure 7. Overall view of the dynamic induction motor model in Simulink.

MODELLING AND SIMULATION OF STATOR AND ROTOR FAULT 619
via a belt as load, and is loaded by using a variable resistance bank. The broken rotor bar fault is constructed by cutting holes through

the rotor bars at the joints with the end ring using a fine milling cutter.

The stator current is sensed by a Hall-Effect clamp probe, passed through an anti-aliasing filter, which is an 8th order Butterworth

filter, and finally sampled by an A/D converter. A custom written LabVIEW data acquisition system is used for data acquisition [22].
Figure 8. Simulated motor starting torque.

Copyright # 2009 John Wiley & Sons, Ltd. Euro. Trans. Electr. Power 2010; 20:611–629
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Figure 9. Comparison of the simulated and measured rotor speed.

620 S. CHEN AND R. ŽIVANOVIĆ
Based on the described induction motor model and machine parameters that are measured from a real three-phase, 4-pole, 5.5 kW

induction motor, simulations in Matlab/Simulink have been conducted. Figure 8 presents the output torque curve obtained from the

simulation. The simulated rotor speed and stator current curves are plotted and compared with the measured signal in Figures 9

and 10, respectively. In Figure 9, a considerable agreement between simulated and measured rotor speed curves can be observed.

The simulated stator current is plotted with a small phase shift in respect to the measured data for comparison in Figure 10.
Figure 10. Comparison of the simulated and measured stator current.
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Magnitude difference exists in the transient state but both the simulated and measured currents enter the steady state at the same

time. Also, zoomed in view of the comparison in steady state is presented as only the current in steady state is related to the methods

of broken rotor bar diagnostics that presented in the paper.
5. TESTING FAULT DIAGNOSTICS METHODS USING THE SIMULATION TOOL

5.1. Broken rotor bar detection using high-resolution spectral analysis and comparison with DFT

It is well established that broken rotor bars in an induction machine can be detected by investigating the presence of side band

frequency components 1� 2sð Þf in the stator current spectrum [1,2], where s is the machine slip. The proposed model can

accurately simulate this phenomenon. Figure 11 presents the spectrum of the simulated stator current of the previously mentioned

induction machine in healthy condition. Figure 12 shows the current spectral lines when the number of broken rotor bars varies from

1 to 5, while Figure 13 illustrates the movement of the sideband frequencies along with the load condition. In the simulated stator

current data, sideband frequencies are clearly displayed, their amplitude increase when the more broken rotor bars occur and their

positions move towards the supply frequency when the load is lighter.

The sideband frequencies have such a property that they are two small peaks present in the vicinity of a large peak. Besides, in

practice they can be moving due to the changing of the machine load, and can be very close to the supply frequency due to the light

load conditions. Traditionally, DFT is used for analysis of stator current in frequency domain. However, to maintain a high

resolution, DFT requires a long data window. This is worsen if the load is light, and is troublesome if the sideband frequencies are

moving. Therefore, trade-off among leakage suppression, resolution and stability is hard to be fulfilled when using DFT.

In this paper, a high-resolution spectral analysis technique called Prony Analysis (PA) [23] is proposed to replace DFT for the

diagnostic of broken rotor bars. The main motivation is that the PA can be successfully implemented with short data window while

keeping high resolution in frequency domain. The method is a parametric spectral analysis technique for modelling a uniformly

sampled signal y(n) using a linear combination of q damped exponential functions [24]

y nð Þ ¼
Xq
k¼1

Ak exp ak þ j2pfkð Þ n� 1ð ÞTs þ juk½ � (17)

for n¼ 1,2,. . .,N
Figure 11. Frequency spectrum of the simulated stator current of a 5.5 kW induction machine with no broken rotor bars.
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Figure 12. Frequency spectra of the simulated stator current of a 5.5 kW induction machine with 1, 2, 3, 4 and 5 broken rotor bars.

622 S. CHEN AND R. ŽIVANOVIĆ
where Ak is the amplitude of the complex exponential, ak is the damping factor in seconds�1, fk is the sinusoidal frequency in Hz,

uk is the initial phase in radians and Ts is the sample interval in seconds.

Since only real signals are considered, the signal poles exp ak þ j2pfkð Þ must appear in complex conjugate pairs.

The key of the Prony’s method is in the fact that a linear combination of damped exponentials is the solution to a homogeneous

linear difference equation with constant coefficients. By expressing Equation (17) in a concise way

yðnÞ ¼
Xq
k¼1

hkz
n�1
k

where hk ¼ Ak exp jukð Þ and zk ¼ exp ak þ j2pfkð ÞTs½ �. The use of this method can be then summarized into three steps [17]:
Figure 13. Frequency spectra of the simulated stator current of a 5.5 kW induction machinewith 1 broken bar operating under 25, 50, 75 and 100%
of full load.

Copyright # 2009 John Wiley & Sons, Ltd. Euro. Trans. Electr. Power 2010; 20:611–629

DOI: 10.1002/etep



MODELLING AND SIMULATION OF STATOR AND ROTOR FAULT 623
Step 1 Determine the linear prediction parameters that fit the observed data.

Step 2 Find roots of characteristic polynomial formed from the linear prediction coefficients. The estimates of damping and

sinusoidal frequencies of each of the exponential terms can be determined consequently.

Step 3 Solve the original set of linear equation to yield the estimates of the exponential amplitude and sinusoidal initial phase.

In practice, the Iteratively Reweighted Least Squares (IRLS) Prony method can efficiently attenuate the effect of noise by using a

weighting matrix to take into account the previous signal error [25]. When the signal is corrupted with noise, Equation (17) will then

become

yðnÞ ¼
Xq
k¼1

hkz
n�1
k þ "ðnÞ

where "ðnÞ represents the exponential prediction approximation error. The first step of PA is then modified as

Yaþ bþ D að Þ" ¼ 0;

whereY is the data matrix from y(1) to y(N�1) with Toeplitz structure, b is the column vectors of data points from y(qþ 1) to y(N), a

is column vectors of the q difference equation coefficients and D is the error weighting matrix

D ¼

aq aq�1 � � � a1 1 0 � � � 0

0 aq aq�1 � � � a1 1 � � � 0

..

. . .
. . .

. . .
.

� � � . .
. . .

. ..
.

0 � � � 0 aq aq�1 � � � a1 1

2
6664

3
7775

Prefiltering is also used to improve the performance of PA dealing with noisy signal [26]. A detailed implementation of IRLS

Prony can be found in Reference [27].

Figure 14 shows the spectrum calculated with DFTof a simulated stator current from a 5.5 kW induction machinewith one broken

bars operating under only 25% of the rated load. The sample frequency is 1000Hz with a data window length of 3000 samples, in

order to achieve enough resolution to observe broken bar sidebands. Signal data is processed by a Hanning window before applying
Figure 14. Frequency spectrum of the stator current of a 5.5 kW induction machine with one broken bar operating under 25% of full load.
Sampling frequency: 1000Hz; window length: 3000 samples.
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Figure 15. Frequency spectrum of the stator current of a 5.5 kW induction machine with one broken bar operating under 25% of full load.
Sampling frequency: 1000Hz; window length: 2200 samples.
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the FFT algorithm to decrease the spectral leakage effect and to shape the signal spectrum. From the spectrum in Figure 14, the two

broken bar sidebands can still be seen very close to the 50Hz. However, if a shorter data window, for example, that of 2200 samples

is used, the two sideband frequencies will merge into the supply frequency and cannot be distinguished. This is revealed in

Figure 15. Thus, DFT with shorter data windows is not able to maintain a resolution high enough to observe the sideband

frequencies. When the load is lighter, even longer window is required.

However, the result obtained by the IRLS PAwith very short data window in Table I show that the two-sideband frequencies are

clearly estimated. In this case, the sampling frequency is still 1000Hz but only 100 data samples are used. If the induction machine is

operating under full rated load, the slip will be larger and the two-sideband frequencies are more apart from the supply frequency. In

this case, PA can be implemented using a considerably shorter data window, as the result shown in Table II. In this case, only 50

samples are used.
Table I. PA result of the same signal used in Figure 15. Sampling frequency: 1000Hz; window length: 100 samples.

Frequency (Hz)
True value 48.6136 50.0000 51.3864
PA result 48.4876 50.0091 51.1640

Amplitude (dB)
PA result �43.3138 0 �45.6439

Table II. PA result of the stator current of a 5.5 kW induction machine with one broken bar operating under full load. Sampling frequency:
1000Hz; window length: 50 samples.

Frequency (Hz)
True value 43.9431 50.0000 56.0569
PA result 43.9650 49.9998 56.0570

Amplitude (dB)
PA result �31.2345 0 �43.1416
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Figure 16. Simulated three-phase stator current of an induction machine with 4% shorted turns in phase a.
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5.2. Simulation and diagnostics of shorted Stator Wingdings

The model presented in the paper can not only simulate the broken rotor bar conditions, but also the shorted stator winding faults in

an induction machine.

Stator winding faults imbalance the stator phase resistance and inductance. In the simulation, 4% of the windings in phase a of the

stator are shorted. An increase of the current amplitude in phase a can be noticed clearly in Figure 16. The pattern of the current
Figure 17. Simulated negative sequence currents from stand still to full speed of an induction machine with different degrees of shorted turns.

Copyright # 2009 John Wiley & Sons, Ltd. Euro. Trans. Electr. Power 2010; 20:611–629

DOI: 10.1002/etep



626 S. CHEN AND R. ŽIVANOVIĆ
anomaly is exactly the same with that reported in Reference [18]. The amplitude of short current will increase when the percentage

of shorted windings is higher.

The occurrence of negative sequence current is identified when shorted stator windings are present [21,28]. Figure 17 shows the

negative sequence currents of an induction machine with different percentages of shorted stator windings during the start up until

steady state. There is no negative sequence current in steady state when the motor stator winding is in a healthy condition, while the
Figure 18. Simulated torque curve from stand still to full speed of an induction machine with 4% shorted turns in phase a.

Figure 19. Frequency spectrum of simulated stator current of an induction machine with 4% shorted turns in phase a.
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amplitude of the negative sequence current rises if the percentage of shorted windings increases. Figure 18 presents the torque of this

motor. The torque pulsation caused by shorted stator windings is clearly seen in the simulation and it is comparable with those

previously observed in References [28] and [29].

Another stator winding fault indicator is the harmonic frequency component at 3fHz in the stator current [3,30], where f is the

fundamental frequency. This is explained as the speed ripple effect [30]. The rise of this frequency component can be observed from

Figure 19.
6. CONCLUSION

Broken rotor bars and shorted stator windings are common faults in induction machines. In this paper, an induction machine model

for testing fault diagnostic techniques has been presented. This model is based on the Coupled Circuit Approach and is achieved in

Matlab/Simulink. It can simulate both the broken rotor bar and the shorted stator winding faults.

A fault in either the rotor or stator of an induction machine adds anomalies to the symmetry of electrical quantities, which are

originally designed to be symmetric. To simulate broken rotor bar faults, changes in rotor phase resistance are introduced, while to

simulate shorted stator winding fault, both the changes in stator phase resistance and inductance have to be taken into account. These

changes are made in abc reference frame initially, and then transformed to the qd0 reference frame for modelling. Details of

modelling faulty induction machines in Simulink are presented in the paper with diagrams of each function module.

Simulation results of both rotor and stator fault conditions show same properties with that have been reported by other

researchers. These features can be used as fault indicators for motor fault diagnostics. The number of broken rotor bars and the

percentage of shorted stator windings can be easily changed in the simulation model to any values. The simulation results can be

used to study fault diagnostic techniques.

Testing result of using IRLS PA in broken rotor bar detection is presented. The results are compared with the traditional approach

based on DFT. PA is a high-resolution spectral analysis technique and it is illustrated to outperform DFT in terms of maintaining

high resolution in frequency domain while using a considerably shorter data window. This allows PA to overcome problems that

DFT encounters in situations such as changing or light load conditions.
7. LIST OF SYMBOLS
a c
Copyright #
olumn vectors of difference equation coefficients
Ak a
mplitude of the complex exponentials
b c
olumn vectors of data points from y(q + 1) to y(N)
D e
rror weighting matrix
f f
undamental frequency
fk s
inusoidal frequencies
gsa;b;c p
ercentage of the remaining un-shorted windings in stator phase a, b or c
H i
nertia constant
iabcs;r c
olumn vectors of three-phase stator or current currents in abc reference frame
iqd0s;r c
olumn vectors of three-phase stator or current currents in qd0 reference frame
k P
A model order index
Lls;lr p
er phase winding leakage inductance of stator or rotor
Lm m
agnetizing inductance
Lsm;rm m
utual inductance of stator or rotor
Lsr;rs p
eak value of the stator-to-rotor or rotor-to-stator mutual inductance
Labc
sr;rs m
atrices of stator-to-rotor or rotor-to-stator mutual inductance in abc reference frame
L�abc
sr;rs m
atrices of modified stator-to-rotor or rotor-to-stator mutual inductance in abc reference frame
Lss;rr s
elf-inductance of stator or rotor
Labc
ss;rr m
atrices of stator or rotor self-inductance in abc reference frame
L�abc
ss m
atrices of modified stator self-inductance in abc reference frame
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n s
Copyright #
ignal data sample index
nbb n
umber of broken rotor bars
N n
umber of data samples
Nb n
umber of total rotor bars
Ns e
quivalent stator winding turns
p n
umber of poles
q P
A model order
rb r
otor bar resistance
Drra;b;c r
esistance change in rotor phase a, b or c
Dr�qd0r m
atrix of rotor resistance changes in qd0 reference frame
rs;r e
quivalent one-phase resistance of stator or rotor
rs;r m
atrices of three-phase resistances of stator or rotor in abc reference frame
r�s;r m
atrices of modified three-phase resistances of stator or rotor in abc reference frame
r�qd0s m
atrices of modified stator resistances in qd0 reference frame
rqd0s;r m
atrices of three-phase resistances of stator or rotor in qd0 reference frame
t t
ime
Tem e
lectromagnetic torque
Tdamp d
amping torque
Tload m
echanical load torque
Tqd0 uð Þ t
ransformation function
Ts s
ample interval
uabcs;r c
olumn vectors of three-phase stator or rotor voltages in abc reference frame
uqd0s;r c
olumn vectors of three-phase stator or rotor voltages in qd0 reference frame
x r
eactance
y s
ignal
Y m
atrix of of data points from y(1) to y(N�1)
ak d
amping factors
"ðnÞ e
xponential prediction approximation error of data y(n)
" c
olumn vectors or exponential prediction errors
u t
ransformation angle
uk i
nitial phases
ur r
otor angle
labcs;r c
olumn vectors of three-phase stator or rotor flux linkages in abc reference frame
lqd0s;r c
olumn vectors of three-phase stator or rotor flux linkages in qd0 reference frame
l�qd0s;r c
olumn vectors of modified stator or rotor flux linkages in qd0 reference frame
c fl
ux linkage per second
c�qd0
r m
odified column vectors of rotor flux linkage per second in qd0 reference frame
c�qd0
s m
odified column vectors of stator flux linkage per second in qd0 reference frame
v t
ransformation angular frequency
vb b
ase value of the angular frequency
vr r
otor angular frequency
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