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increase due to the electromagnetic and eccentric forces in 
play when the motor operates under a heavy load, starts or 
brakes frequently. This results in cracked or broken bars espe-
cially in large induction motors, such as the coal-transported 
motor in the thermoelectric plant. Moreover the fatigue 
stresses of the adjacent bars increase if the motor with the 
broken bars continues to be operated, further aggravating the 
fault. It is further possible for the rotor-stator rub to develop 
with consequential damage to the core and windings and the 
rotor cages. Therefore, it becomes important to diagnose the 
rotor broken bar fault at the very inception, since unscheduled 
machine downtimes can upset deadlines and cause heavy 
financial losses. 

In an induction motor with rotor broken bars fault, spe-
cific harmonic components at frequencies f br = (1P2ks) f s 
appear in the stator current spectrum [1−10], where f s is 
the supply frequency, s is the slip of the motor, and k = 1, 2, 
…, n. A common approach to the diagnosis of the rotor 
broken bars is based on the analysis of the stator current spec-
trum. The amplitude of the associated spectra component can 
be used to evaluate the fault’s severity. However, the slip for 
a typical cage induction motor under rated conditions is small. 
This means that the fault characteristic frequency of (1P2s) f s 
is very close to the supply frequency. As a result, the fault 
characteristic frequency is almost always submerged by the 
fundamental component, which makes the fault diagnosis that 
much more difficult. This proves to be a bottleneck in the 
rotor broken bars fault diagnosis for induction motors [2−10]. 
In order to avoid the influence of the spectrum leakages of the 
fundamental component, Cruz S. M. A. et al., had proposed 
solutions known as the Park vector and the extended Park 
vector methods [4−7]. The former, transforms the spectrum 
analysis into a recognizable graphics pattern. But then, 
making a diagnosis from the pattern is a matter of distinguish-
ing between a circle and an ellipse, which can be difficult 
at the initial fault stage. The latter, introduced new frequency 
components because of the effect of the square operator. 
Despite these disadvantages, the authors had developed a 
new diagnostic technique which was based on the multiple 
reference frames theory [8]. However, a precise value of the 
supply frequency must first be given, which is difficult when 
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1 Introduction

As driving devices, induction motors are widely used in 
industrial and agricultural production, because of their 
robustness and low cost. However, sometimes, manufactur-
ing and assembly defects lead to the improper fixing of 
the rotor bars. In such cases, the vibration of the rotor bars 
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the supply quality is poor. Utilizing modern signal processing 
techniques such as wavelet analysis, Hilbert-Huang transfor-
mation and others, researchers have attempted to investigate 
the startup or breakdown process of induction motors [9−10]. 
However, these methods have not proved to be successful in 
all cases. Moreover, the appropriate expression for the fault 
severity has not been defined so far. 

We present in this paper a new method for rotor 
broken bar fault diagnosis for induction motors based on the 
double PQ transformation as a solution to this technical 
puzzle. The paper presents the theory of double PQ transfor-
mation and the rotor fault diagnosis technique under stable 
operations, which not only overcomes the drawbacks of the 
spectral analysis and the difficulty of graphic pattern recogni-
tion based on the Park vector analysis, but also avoids com-
putation of the supply frequency for the multiple reference 
transformation. The proposed method is furthermore not 
affected by the vibration of the supply frequency. The major 
radius of the ellipse is used as the fault indicator, and the dis-
tance between the point of no-load condition and the center 
of the ellipse on the PQ reference coordinates is taken as its 
normalization value, to determine the fault severity factor 
which is fairly independent of the load level and the inertia 
value of the induction motors.

2 PQ transformation

2.1 Problems with the synchronous reference frame 
transformation method

The transformation matrix from the stationary three-phase 
abs to the synchronous dcqc0 reference frame can be expressed 
as
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where h = vst +h0 is the angle between d-axis and a-axis, h0 

is the angle at t = 0 and vs = 2p f s. For simplicity, the zero 
sequence components have been left out in this paper. When 
transforming the stationary current from the stationary three-
phase abc to the synchronous dcqc0 reference frame, the 
fundamental positive sequence current components appear 
as direct current components in idc

 and iqc
 components. The 

frequency of the fault feature components are transformed to 
2ks f s. But, it is difficult to derive the accurate value of the 
supply frequency because it keeps fluctuating. If there is an 
error D f s, between the actual frequency and the calculated 
value, the harmonic component at the frequency of D f s will 
be introduced into the components idc

 and iqc
. On the other 

hand, because the rated slip is only approximately 0.5%−5% 
for large induction motors, the fault feature frequency 2ks f s is 

about 0.5−5  Hz when k = 1. Therefore, the fault feature com-
ponents tend to be mixed with the harmonic component due 
to the predicted error in the supply frequency, thereby making 
reliable fault diagnosis difficult.

2.2 Definition of the PQ transformation

The ideal balanced supply voltage in the abc reference frame 
can be expressed as
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where 2U refers to the magnitude of the voltages. When 
these voltages act upon a healthy motor, the ensuing stator 
currents are defined as
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where 2I  and aI refer to the magnitude and the phase angle 
respectively. Obviously, the value of ua, ub and uc can be used 
to substitute the elements of the first row in Eq. (1). More-
over, since the equation of a sinusoidal waveform shifted by 
p/2 backward is given by its Hilbert transformation [11], 
the elements of the second row in Eq. (2) are obtained 
by performing the Hilbert transformation on ua, ub and uc 
respectively. Consequently, a new matrix fCd q

a b c

c c,
, ,  is defined as
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where H is the Hilbert operator. If the initial phase angle 
of the a phase voltage is used as the angle between dc and 
a-axis, the relationship between Eqs. (4) and (1) becomes 
fC C Ud q

a b c
d q
a b c

c c c c,
, ,

,
, , = 3 .

Then, after performing transformation on the stator 
currents based on fCd q

a b c

c c,
, , , the dc, qc current components are 

represented by
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The value of active power P and the negative value of 
the reactive power Q are obtained from Eq. (4). Consequently, 
we define the transformation of the stator currents based on 
fCd q

a b c

c c,
, ,  as the PQ transformation, which avoids calculation of 

the supply frequency.
Exchanging the elements of the second and third columns 

in Eq. (4), the counterclockwise PQ transformation matrix 
can be written as 

 C
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2.3 Extraction of the fundamental positive sequence 
components of the supply voltage

The voltages of ua, ub and uc in Eq. (4) are the fundamental 
positive sequence components of the supply voltage. How-
ever, the supply voltage also contains the negative sequence 
and the harmonics components. This makes the PQ trans-
formation matrix complicated [12−14]. Therefore, the funda-
mental positive sequence components of the supply voltage 
need to be first extracted in order to eliminate the unwanted 
harmonics in the PQ components.

A low-pass digital filter is to be used to eliminate the 
high harmonics in the supply voltage. Thereafter the supply 
voltage will only comprise of the positive and the negative 
sequence fundamental components, which is expressed as 
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where 2U + , 2U − , wu
+ and wu

− are the magnitude and 
the phase angle of the positive and the negative sequence 
fundamental voltage components respectively. Then the a, b 
voltage components are
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We perform the Hilbert transformation on va and vb in 
Eq. (8) respectively. The fundamental positive sequence 
components in the a, b reference frame is now calculated by
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where va
+ and vb

+ are the fundamental positive sequence com-
ponents of the supply voltage in the a,b reference frames 
respectively. Thereafter, the fundamental positive sequence 
components of the supply voltage can be obtained through 
the reverse transformation of the a, b reference frames.

3 Rotor broken bar fault diagnosis based 
on double PQ transformation

3.1 Elimination of the negative sequence current 
components based on the reverse PQ transformation

The high order harmonics in the stator currents are to be elim-
inated similarly as described earlier in the case of the supply 
voltages. However, the negative sequence components in the 
stator current appear because of the inherent asymmetry of 
the induction motor and the supply voltages. This results in 
2nd order harmonic of the supply current in the PQ com-
ponents, which also makes the rotor fault diagnosis difficult. 
Therefore, the negative sequence current components need 
to be eliminated before performing the rotor broken bar fault 
diagnosis.

After filtering the current with a low pass filter, the stator 
currents for a healthy motor are expressed as
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where 2I + , 2I − , wi
+  and wi

−  are the magnitude and phase 
of the positive and negative sequence fundamental current 
components, respectively. After performing the counterclock-
wise PQ transformation on the current components in Eq. 
(10), I + translates twice the fundamental supply frequency 
components and I − translates a DC component in P, which 
should be filtered from them. The stator current is then to 
be calculated through the reverse PQ transformation, after 
filtering the negative sequence current components.

3.2 Extraction of the rotor broken bar fault feature

It can be concluded from Eq. (5), that both the P and Q com-
ponents for a healthy motor are constant. If we define the PQ 
coordinate using the P and Q components as the coordinate 
axes, the locus of the P, Q components for the healthy motor 
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will correspond to a dot. But for the motor with rotor broken 
bar, its stator currents contain the left and right side band 
components. And iap  is defined as 
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where 2I l  2I r , a1 and ar are the magnitude and phase of 
the left and right side band current components respectively.

We perform the PQ transformation in Eq. (11) as follows
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Equation (12) shows that the PQ components contain a 
DC component plus an additional component at twice of the 
rotor slip frequency when the rotor broken bar fault occurs. 
Predictably, the locus in the PQ plane is an elliptic pattern. 
The coordinates of the ellipse center are the dc values, and its 
major and minor axis are 3U (I1+I r) and 3U (I1-I r) respec-
tively. Consequently, the rotor broken bar fault is detected by 
identifying the ellipse in the PQ plane, as shown in Fig. 1. 
The proposed fault diagnosis method, called the double PQ 
transformation, applies the reverse to eliminate the negative 
sequence current components and performs the PQ trans-
formation to detect the rotor broken bars fault.

3.3 Evaluation of rotor fault severity factor

In Ref. [15], the sum of the left and right side band com-
ponents amplitude constitutes the fault factor which is inde-
pendent of the motor inertia and is proportional to the major 
radius of the ellipse in the PQ plane. Therefore, the major axis 
of the ellipse Rf is taken as the rotor broken bar fault factor, 
as shown in Fig. 1.

In particular, when motors operate under small or no load 
conditions, the copper loss and the stator core loss play a large 
role in the input power, which represents the no-load power, 
and are irrelevant to the rotor fault [16−17]. Therefore, the 
distance between the point of no-load condition and the 
center of the ellipse on the PQ plane is taken as normalization 
to gain the rotor fault factor d, as

 d=
R

R
f  (13)

From the above analysis, we deduce that the fault factor d, 
which represents the rotor fault severity, is independent of the 
load level and the motor inertia.

4 Diagnosis example

4.1 Experiment system

The main parameters of the test induction machine are shown 
in Table 1. To test the applicability of the proposed diagnostic 
techniques for the diagnosis of the rotor broken bars, a 
special test motor is used. A set of additional cage rotors 
fabricated with the following faults—one rotor broken bar, 
two-adjacent rotor broken bars—are used in the test. The test 
motor is star-connected and without a neutral line. A coaxial 
separately-excited DC generator is used as the load for the 
test motor. The terminal data uab, ucb, ia and ic for the line-
connected motor are gathered. The voltages and currents of 
the induction motor are represented by

 ib = −(ia+ic) (14)
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Table 1 Specifications of the test motor

Rated power  Rated voltage  Rated current  Rated speed  Rotor bar 
/kW /V /A /(r · min−1) /number

4 380 10 1  400 32

The sample frequency is 10  kHz. A pre-filter whose cut-off 
frequency satisfies the Shannon sample theorem is used to 
avoid the collapse of the high frequency components. The 
same low pass digital filter is used to filter the high frequency 
components in the sample data.

4.2 Results and analysis

The PQ locus, for the healthy motor as well as the ones for the 
one and the two adjacent rotor broken bars motors, when the 
motors are operated under the rated load conditions in the PQ Fig. 1 Definition of the rotor fault severity factor
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plane, are shown in Figs. 2, 3 and 4 respectively. Figure 2 
shows that the PQ components are basically constant; that is, 
their representation in the PQ plane is a point. However, 
Figs. 3 and 4 indicate that if the motor has a rotor broken bar, 
the representation of its PQ components is an ellipse in the 
PQ plane. The major and minor axes in Fig. 4 for the two 
adjacent rotor broken bars motor are longer than those in 
Fig. 3 for the one rotor broken bar motor. This demonstrates 
that the fault in the two rotor broken bars motor is more 
severe.

The computation results of Eq. (13), when the motors are 
operated with the rated load are presented in Table 2. The 
results show that the rotor fault factor increases linearly with 
respect to the number of broken bars; thus, they validate the 
definition of the rotor fault factor d.

Table 2 Computation of the rotor fault severity factor d

Condition Ellipse center No-load point R/W Rf /W d / %
 (P, Q) (P0, Q0)

The healthy (3 976.0, 1 956.0) (243.4, 932.3) 3 870.4 2.3 0.06
1 broken bars (4 003.0, 1 994.8) (242.3, 915.6) 3 913.2 47.0 1.20
2 broken bars (3 979.0, 2 010.0) (230.5, 931.0) 3 900.0 95.0 2.44

Figure 5 presents the relationship between the rotor fault 
factor d and the load level. We can see that the calculated fault 
severity factor increases slightly with the increase in the load 
level and is fairly independent of the load level.

Fig. 2 PQ of the healthy motor

Fig. 3 PQ of the one rotor broken bar motor

Fig. 4 PQ of the two adjacent rotor broken bars motor

Fig. 5 Fault-severity factor versus load-level of the rotor broken bars 
motor

5 Conclusions

The paper proposes a new rotor-broken-bar fault diagnosis 
method for induction motors based on the double PQ trans-
formation. The rotor broken bar fault can be detected by 
identification of the patterns of the PQ components in the PQ 
plane. The proposed method avoids the burden of computing 
the supply frequency value, which is influenced by the 
quality of the supply. The method not only overcomes the 
drawbacks of the spectral analysis and the difficulty of recog-
nition of graphics based on the Park Vector analysis, but also 
avoids computation of the supply frequency in the multiple 
reference transformation. In other words, the proposed 
method is not affected by the vibration of the supply fre-
quency. The fault severity factor, which is fairly independent 
of the load level and the inertia value of the motors, is deter-
mined by using the major radius of the ellipse as the fault 
indicator and the distance between the point of no-load 
condition and the center of the ellipse on the PQ reference 
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coordinates as its normalization value. Experimental results 
prove the effectiveness of the proposed method.
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