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
Abstract—In the present paper, five electric current based 

methods to analyze electric faults on the stator of induction motors 
(IM) are used and compared. The analysis tries to extend the 
application of the multiple reference frames diagnosis technique. An 
eccentricity indicator is presented to improve the application of the 
Park’s Vector Approach technique. Most of the fault indicators are 
validated and some others revised, agree with the technical literatures 
and published results. A tri-phase 3hp squirrel cage IM, especially 
modified to establish different fault levels, is used for validation 
purposes.  
 

Keywords—Motor fault diagnosis, induction motor, MCSA, 
ESA, Extended Park´s vector approach, multiparameter analysis. 

I.   INTRODUCTION 

LECTRIC machinery is the main mechanic power source 
in modern industry in many productive areas; IMs 

represent more than 90% of the electrical motors in productive 
processes. Therefore, the maintenance of the reliability for the 
operation of the IM is an important key in many industrial 
applications [1]-[3]. 

There are four parts of the IM structure susceptible to 
failure, which are the stator, rotor, bearings and other 
miscellaneous components such as the electric power supply 
or the cooling fan. Anyone of these parts is susceptible to 
faults caused by multiple mechanical or electrical efforts like 
mechanical friction, low lubrication on mobile parts, 
contamination or poor quality of the electric power supply. A 
rated IM faults distribution by zone is represented in Fig. 1 
[1], [4], [5]. 

Stator faults can be classified into two groups according to 
the point of occurrence: Windings or iron core faults. The 
main causes of stator core iron damage are overheating, 
vibrations, circulating current heating or poor cooling, while 
winding faults are associated with insulation loss. Winding 
faults are widely considered more common than stator core 
ones [4]. 
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II.   ELECTRIC CURRENT BASED DIAGNOSTIC TECHNIQUES FOR 

STATOR FAULTS 

There are many documented techniques for stator faults 
detection in the technical literature review; some of them are 
based in the direct visual offline inspection of motor windings, 
as defined by the IEEE STD 62.2-2004 [6]. However, the most 
common faults could remain undetected by visual inspection 
techniques overall, particularly when the fault is inside of the 
cooper wire insulation that forms the winding (Inter turn 
faults).  

 

 

Fig. 1 IM faults distribution by zone [1] 
 
As an alternative to visual inspection techniques, other 

offline tests are clearly documented, including a high voltage 
test for insulation monitoring as defined by IEEE STD 43 – 
2000 [7] and IEEE STD 112- 2004 [8]. This kind of test is 
never recommended because of the high electromagnetic 
strength suffered by the insulation material that can seriously 
affect its useful life. The application of these essays is limited 
to the cases when the motor is re-started after a long time out 
of service or when it is received from the fabricant.  

Online test for condition monitoring of the insulation 
becomes necessary to reduce the fault probability on the time 
interval when the motor condition remains unobserved. Most 
of the faults remain undetected and evolve quickly to a 
catastrophic condition in the time interval between two 
periodic visual or electric inspections, and tests are unable to 
establish a fault probability to program the next direct 
inspection of the winding. Main online techniques are based 
on the analysis of the current, voltages or electric power in the 
time or frequency domain, as defined below: 

A.   Motor Current Signature Analysis (MCSA) 

MCSA is based on the electromagnetic effect from the high 
fault current generated for a fault condition. When an 
insulation loss occurs between two wires of the same winding 
coil, a high closed circuit current circulates generating a 
pulsating electromagnetic field located in the short circuited 
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slot [9]. Because the motor keeps moving, an induced 
electromotive force (EMF) appears in the rotor winding, and 
consequently, a high pulsating current is induced. The 
reflected pulse from the induced rotor current is detectable in 
the stator current as harmonic sidebands components at both 
sides of the stator current in the frequency domain spectra. 
Frequencies associated with an inter-turn stator fault are 
defined by [10]: 
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where k is the order harmonic k=1,3,5...; n=1,2,3...(2p-1). p is 
the pair of magnetic poles, fs is the main frequency of the 
power supply and s is the rotor slip. 

B.   Electric Power Spectral Analysis (ESA) 

Is a similar technique to the MCSA, but the harmonic 
sidebands are sought in the spectral analysis of the electric 
power. Electric power harmonics are the same defined for 
MCSA [12]. 

The electric power spectral analysis tries to avoid the 
distortion on the stator current waveform caused by electric 
drives. 

The instantaneous electric power is obtained as: 
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where: va, vb, vc, ia, ib and ic are the instantaneous values of the 
phase voltages and line currents in the stator. 

Instantaneous electric power spectral analysis is a useful 
diagnosis technique, even under unbalanced or misalignment 
mechanical load conditions [18]. 

C.   Negative Sequence Current 

If the IM is considered as a linear system, there exists the 
possibility of replacing the system of the three-phase 
unbalanced voltages and currents for three equivalent balanced 
systems: positive, negative and zero sequence. When the 
power supply is balanced, the electrical faults in the stator can 
be related directly to asymmetry in the equivalent 
electromagnetic circuit and in the symmetrical components of 
induced voltages, currents, and impedance [12], [15]. 

Voltage and current symmetrical components are related 
with the phase voltages and currents through Fortescue’s 
transformation: 
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where: Va, Vb and Vc: Are the phasors representing the phase 
voltages of the stator. Ia, Ib and Ic: Are the phasors of the line 
currents in the stator and a is a complex number equivalent to: 

3


j

ea  . 
Under balanced supply and healthy motor conditions, the 

negative sequence components of the voltage and current must 
be zero, but under unbalanced or non-symmetric motor 
operation condition there’s a variation in the negative 
sequence current that can be used for diagnostic purposes. 

D.   Park’s Vector Approach (PVA) 

Park’s vector approach is a technique introduced by 
Antonio João Marques Cardoso in 1991 [5], and later 
extended to multiple faults diagnosis on IM. This technique 
combines the information from the three phase currents in two 
equivalent currents in the reference frame obtained from 
Park’s transformation.  

The expression for the transformation is presented in [13], 
[14]: 
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where: ia, ib and ic are the instantaneous values of the line 
currents in the stator. id, iq are the instantaneous values of the 
direct and quadrature axes in Park´s transformation. 

Additionally, the expression for electric equivalent current 
module is: 

 

22
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When the motor operates in a normal condition, the three 

currents form an approximately balanced system. Hence, axes 
d and q currents can be expressed as: 
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where: I: Is the amplitude of the wave of electric current in the 
stator and ω is the angular frequency of the voltage and 
current. 

In the complex Gaussian plane representation, the ip vector 
describes a perfect circumference when the currents are 
adequately balanced in magnitude and phase, as shown in Fig. 
2. 

In a faulty condition, unbalanced currents circulate and the 
shape of the ip vector becomes distorted and the perfect 
circumference becomes in an ellipse, as shown in Fig. 3. 
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E.   Extended Park’s Vector Approach (EPVA) 

EPVA explores the spectral analysis of the module of the 
Park´s vector [12]. 

Under asymmetrical conditions caused by unbalanced 
power supply or stator winding faults, the magnitude of the 
Park´s vector changes from a constant value to a harmonically 
variable value with two main spectral components: A constant 
component or DC value, and one Fourier harmonically 
variable value at twice of the supply frequency 2fs, which is 
associated with the negative sequence current from the 
unbalanced current system, as shown in Fig. 4. 

 

 

Fig. 2 Complex vector representation of the ip current in p.u. for a 
healthy motor 

 

 

Fig. 3 Complex vector representation of the ip current in p.u. for 
unhealthy motor 

 

 

(a) 
 

 

(b) 

Fig. 4 Spectral harmonic components of the Park’s vector: (a) In time 
domain and (b) in frequency domain under faulty condition 

 
There could be another spectral component associated with 

harmonic current components from the stator and rotor slots, 
but these others have the least significance in the spectral 
analysis or could be minimized with adequate statistical 
techniques to reduce the influence of electromagnetic noise, as 
defined by [19]. 

III.   EXPERIMENTAL ASSEMBLY 

The techniques described were experimentally verified in a 
three phase 3Hp NEMA B, 220V, 4 poles, 1740 RPM, IM. 
The motor winding was modified to allow the possibility for 
making external short circuits between two, five, 10 and 14 
turns of the same coil, as shown in Fig. 5. 

 

 

Fig. 5 Connection board of the motor under test 
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Voltages and currents in different faulty and healthy 
conditions were registered. Fault levels were introduced under 
no load, 50% load and rated load operation. The load 
condition was emulated with a DC generator used as an 
electric brake coupled to the motor axis, as shown in Fig. 6. A 
limiting resistance (Rf) of 0.14 Ohms for the fault current is 
used to avoid permanent damage to the stator winding. 

IV.   RESULTS 

A.   Motor Current Signature Analysis MCSA 

For the motor under test the Fourier harmonic components, 
defined as fault indicators for k=1,3,5 and n=1,2,3, fs=60Hz 
and s=3.3% are: 27 Hz, 89 Hz, 118 Hz, 147 Hz, 209 Hz, 238 
Hz, 267 Hz, 329 Hz, 358 Hz, and 387 Hz, respectively. 

The amplitude of the electric current Fourier harmonics is 
expressed in decibels obtained from: 
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where: IH_RMS is the harmonic electric current in Amperes - 
RMS value. In is the motor rated electric current in Amperes - 
RMS value. 

In Fig. 6, the results of the comparative analysis for the 
main harmonic components under no load condition for 
healthy and faulty (14 turns short circuited) is shown. In Figs. 
7 and 8, the same comparative analyses under 50% load and 
rated load condition is carried out. 

 

 

Fig. 6 Laboratory assemblies for fault emulation 
 

 

Fig. 7 Comparative analysis of MCSA (dB) applied to electric current phase a. Healthy motor (blue); Motor with 14 turns short circuited (red) 
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Fig. 8 Comparative analysis of MCSA (dB) applied to electric current phase a. Healthy motor (blue); Motor with 14 turns short circuited (red) 
 

 

Fig. 9 Comparative analysis of MCSA (dB) applied to electric current phase a. Healthy motor (blue); Motor with 14 turns short circuited (red) 
 

For the motor under test some variations in MCSA 
components was observed under fault conditions, but it does 
not establish a tendency and none of the severity factors can 
be obtained. 

B.   Electric Power Spectral Analysis ESA 

For the motor under test, the electric power harmonic 
components are located at twice the frequency defined in 
MCSA, except by the main power component obtained in zero 
frequency. Frequency components used by analysis are: zero, 
120 Hz, 240 Hz and 360 Hz, respectively. 

The amplitude of the electric power harmonics is expressed 
in decibels obtained from: 
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where: PH is the harmonic electric power in Watts. Sn is the 
motor rated apparent electric power defined from: 
 

LLn IVS 3           (9) 

 
where: VL is the rated line voltage (220V) and IL is rated line 
current (8.4A) of the IM. 

In Fig. 10, the results of the comparative analysis for the 
main power harmonic components under no load condition for 
healthy and faulty (14 turns short circuited) is shown. There is 
a clearly recognizable relation between a power spectral 2fs 
component and the electric short circuit fault. In Fig. 11, the 
2fs component evolution in the function of the fault level is 
analyzed; the use of this component as a fault indicator 
becomes plausible. 
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Fig. 10 Comparative analysis of ESA (dB) applied to electric power. Healthy motor (blue); Motor with 14 turns short circuited (red) 
 

 

Fig. 11 Evolution of ESA 2Fs (dB) component in function of the 
number of short circuited turns 

 
A severity factor can be associated to the amplitude in the 

dB of the 2fs component in the electric power spectrum and 
the number of short circuited turns. In other harmonics 
components, a relationship between the amplitude and level 
fault becomes evident, as shown in Fig. 10. The 4fs and 6fs 
components evolve when the fault level increases. 

C.   Negative Sequence Current 

With a voltage balanced power supply, the negative 
sequence components of the electric current under different 
fault conditions were measured and transformed by 
Fortescue’s transformation to obtain the negative sequence 
current. Three different limiting resistances were used, and the 
results for the magnitude of the negative sequence current vs. 
the number of short circuited turns (n) are shown in Fig. 12. 
The negative sequence current becomes a reliable fault 
indicator as defined by [11], [14], [15], but for the motor under 

test, it becomes noticeable just for fault levels over five turns 
short circuited. The obtained results are consequent with the 
severity factor defined by [17]. 
 

 

Fig. 12 Magnitude of the negative sequence current Vs number of 
short circuited turns with three different fault current limiting 

resistances 

D.   Park’s Vector Approach 

Park’s vector expressed in p.u. is obtained as: 
 

   
 Ampi

Ampi
upi

n

p
p ..         (10) 

 
where Ip is the Park´s vector module and In is the rated current 
(8.4A) of the motor. 

The Park’s complex vector representation (Ip=Id+jIq) in 
healthy condition for the motor under test is shown in Fig. 13.  

When different fault levels are induced, the complex vector 
representation becomes elliptical, as shown in Fig. 14. A 
clearly defined evolution with fault level is noticeable, as 
defined by Cardoso et al. [14]. 
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Fig. 13 Park’s vector representation (p.u.) in Gaussian plane for 
healthy condition 

 

 

Fig. 14 Park’s vector representation (p.u.) in Gaussian plane for 
faulty condition. The fault level is given by: Blue - two turns, green 

five turns, magenta 10 turns and red 14 turns short-circuited 
 
In the time domain, the magnitude of complex Park´s vector 

for the motor under test is represented in Fig. 14. There is a 
clear variation on the amplitude with the fault level; it 
becomes clearly noticeable for more than five short circuited 
turns. 

Novel techniques are being applied to identify variations in 
the shape of the Gaussian representation of the Park’s Vector 
as presented by [16] but they are based in new signal 
processing techniques that are computationally expensive. A 
geometrical analysis allows us to propose two new indicators 
easier to compute: 

There are two ways to measure the eccentricity of the 
ellipse generated for the fault condition, the first one is the 
eccentricity defined in analytic geometry of an ellipse given 
by: 

 

(a) 
 

 

(b) 

Fig. 15 Park’s vector amplitude representation (p.u.) in time domain 
(a) For healthy condition and (b) Faulty condition. The fault level is 

given by: Blue - two turns, green five turns, magenta 10 turns and red 
14 turns short-circuited 

 

 21 1 a
be            (11) 

 
where b and a are the lengths of minor and mayor axis of the 
ellipse and e1 is the eccentricity factor. In the Park´s vector 
approach is equivalent to the minimum and maximum values 
of the amplitude of the Park´s equivalent current Ip. 

The other way is to use the relation between the maximum 
and minimum values of the Park´s equivalent current just like 
in the VSWR define for communication systems or in terms of 
analytic geometry the equivalent relation between the major 
and minor axis of the ellipse. 

 

b

a
e 2

            (12) 

 
where b and a are the lengths of minor and mayor axis of the 
ellipse and e2 is another eccentricity factor. 



International Journal of Electrical, Electronic and Communication Sciences

ISSN: 2517-9438

Vol:10, No:12, 2016

1482

 

In Table I, these eccentricity factors are presented for 
different fault conditions. Either e1 or e2 can be used as fault 
indicators up than five short circuited turns. 

 
TABLE I 

ECCENTRICITY INDICATORS CALCULATED FOR THE MOTOR UNDER TEST FOR 

DIFFERENT FAULT CONDITIONS 

n Ip(media) Ip(max) Ip(min) e1 e2 

0 0.874 0.957 0.800 0.549 1.197

2 0.874 0.955 0.809 0.531 1.180

5 0.883 0.933 0.842 0.430 1.108

10 0.939 1.087 0.796 0.681 1.366

14 1.019 1.187 0.833 0.712 1.425

E.   Extended Park’s Vector Approach 

The frequency domain representation of the Park’s vector 
amplitude in healthy conditions is shown in Fig. 16. There is a 
highlighted zero frequency component and a negligible 
harmonic component. 

The evolution of the high harmonic components is shown in 
Fig. 17. The zero frequency components are absent. It is 
clearly noticeable that there are three frequency components in 
60 Hz, 120 Hz and 240Hz. 

 

 

 

Fig. 16 Fourier spectral analysis of the Park’s vector amplitude 
 

 

Fig. 17 Park’s vector amplitude (p.u.) in frequency domain. The fault level is given by: Blue - 2 turns, green 5 turns, magenta 10 turns and red 
14 turns short-circuited 

 
The evolution of the 2fs component as a percentage of the 

main Park´s vector component is used as a severity factor or 
fault indicator, as defined by Cardoso et al. [13]. 

V.   CONCLUSIONS 

The 2fs component, defined by many authors, shows its 
utility for diagnostic purposes of stator electric faults. It 
becomes a reliable indicator of the ESA, PVA and EPVA 
techniques. 
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The two eccentricity factors proposed reduce the 
requirements of computational resources in the application of 
the PVA technique. They can be calculated with minus 
computational resources avoiding the requirements for digital 
signal process oriented to pattern recognition in the graphical 
representation of the Park´s vector in the Gaussian plane. 

For the motor under test MCSA is not valid as a method for 
inter-turn electric fault detection and ESA, PVA, EPVA and 
negative sequence current becomes the most reliable of the 
techniques. 

 

 

Fig. 18 Severity factor for stator inter-turn short-circuit fault Vs. 
number of short circuited turns 
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