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ABSTRACT 

This paper presents the stator winding fault detection. Stator failures are 
classified. Effect's of various stresses on the stator lifetime and how do causes 
contribute to stator failure are studied. A technique known as model-based diagnostic 
technique is used to study the behavior of the stator under abnormal conditions. The 
squirrel-cage induction motor is taken as a case study for practical verification. A 
neural-based diagnosis for the stator failures has been carried out. The algorithm has 
proven adequacy in predicting stator faults. 
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1. INTRODUCTION  
Early fault detection, diagnosis, and prognosis especially for induction motor, the 

industrial workhorse, have grasped the attention of many authors. It became 
essential to detect the fault, isolate it, find the cause, and estimate the new 
performance and the remaining lifetime of the motor. Model-based fault-detection 
techniques can be used simultaneously to detect faults in the actuators, process and 
sensors by measuring input signals and output signals, which usually are 
contaminated by disturbances. Assuming that the overall process model agrees with 
the real process including actuators and sensors, faults which change the transfer 
behavior will lead to changes of the features, calculated by the model-based fault-
detection method. However, three basic methods are distinguished for model-based 
fault detection, parameter estimation, observers and state estimation and parity 
equations. All methods are applicable to linear and special types of nonlinear 
processes. A detailed description of these methods is illustrated in [1]. 
2. CLASSIFICATION OF FAULT-DETECTION METHODS BASED 

ON MEASURED SIGNALS 
Fault-detection methods based on measured signals can be classified into: 
• Limit value checking (threshold, tolerances) and plausibility checks (ranges) of 

single signals. 
• Signal model-based methods for single periodic or stochastic signals. 
• Process model-based methods for two and more related signals. 

3. STATOR FAILURE CAUSES AND ANALYSIS  
The majority of stator failures in squirrel-cage induction motors are caused by a 

combination of various stresses, electrical, mechanical, environmental and thermal. 
To discuss the relation between the various stresses and how do they affect the life 
of the stator and contribute to premature failure is given in [2] [3] [4]. There are five 
key areas that should be considered and related to one another in order to accurately 
diagnose the cause of stator failures, these are failure mode, failure pattern, 
appearance, application consideration and maintenance history .[5] [6] [7]. 

4. BEHAVIOR OF INDUCTION MOTOR DURING STATOR FAILURE  

Only one type of stator fault in one instant per phase is considered, healthy rotor 
and mechanical parts of motor are assumed.[8] [9] 

4.1. Turn-to-Turn fault 171 

This type of failure is caused by an insulation breakdown between two turns in the 
same phase. It has the same effect as a shading coil inserted into the winding. As 
high current (several times higher than normal current) arises in this coil, the 
magnetic field produced in this shading coil affects the total magnetic flux in this 
phase. Turn-to-turn failure in phase a is now assumed. The voltage equation for 
phase a are given by: 
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17„ = 12„i„ + 	
„ dt-11 	

(1) 

The total flux linking phase a is 

	

= Ts„ +1T/R,, 	 (2) 

Where (YS,)  is the flux caused by stator current, ( Ti„) is the flux caused by rotor 
currents, and is given by: 

T,„ = 1,,d„ +M,i„ 	 (3) 

WR. =M.4 iA M.sis M.cic 	 (4) 

Where (L,) is the self-inductance of phase a, (M„.  ), is the mutual inductance 
between phase (a) and x. In the case of turn-to-turn fault in phase a, the magnetic 
flux produced by shading coif will weaken the total magnetic flux '11,, in the phase a. 
The time derivative of T„ will be lower, voltage drop across the resistanceR,, will be 
higher. Moreover the value of R, will decrease as a consequence of turn-to-turn fault, 
but this change has a negligible effect on the voltage. Hence, the result of a turn-to-
turn fault in stator phase (a) will be an increase of current/r,..The change of 
current/,,cause's change of magnetic flux linking the stator phases. The total flux 
linking phase b and c are such that. 

T„ = T„ + T„ , kV, = Trsc tPRc 

If there is no changes of rotor currant symmetry during any stator failure then, 

— k  Rb —If  RC 1-1  Sb LSb ib M  ob i  a ± M  &lc , 41SC LSai  c M  ac ia M  

The current 1,, clearly affects fluxes in phase b and c through the mediation of 
the mutual inductances. The change ofI„ brings the change of magnetic fluxes in the 
adjacent phases as next step. It depends on the phase order where the magnetic flux 
becomes higher and where it becomes lower. The nature of this phenomenon is 
given by a spatial distribution of stator winding. Demonstration and explanation of 
such behavior of induction motor can be done using phasor diagrams. These 
diagrams would not describe the exact situation inside the motor, but they will be very 
useful for a better understanding of the phase currents changes during stator failures. 
As three-phase set of currents in a stator can produce, a rotating magnetic field can 
produce three-phase set of voltages in the stator coils. The equations governing the 
induced voltages in the stator will be developed in this section. Starting with 
equations (1)-(4) and using phasors instead of instantaneous values. 
Rotor magnetic flux linked with phase (a) is constant, therefore the voltage induced in 
the stator due to this flux is also constant (F,„ ) 
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,17 

	

fvf 	+ V-  - 	+ 	+ 	+ 
dl Al&  d -PRa  Ls 	 ÷ 	 — il,„ - ,s" dab ■ a 	= 	 
dt 	dt 	dt 	a  dt 	dt 	dt 

Vp  = /?" + 	+Vsab + 	 (5) 

From the above equations, one is able to construct the phasor diagram as shown 
in Fig. 1. The phesor diagram of healthy motor is shown in Fig. 1. Phesors diagrams 
corresponding to different stator faults are shown in Fig. 2. The change of the phasor 
diagram due to faults as seen can be taken as a measure to predict the onset of 
faults. This appears in the form of current change in one phase with respect to other 
phases. 

The stator inductances are related as, 

M M 1 "`' = 	 = Where k > 1 and depends on the stator construction and winding 
1,8a 	k' 

distribution. For healthy motors, It7,,„ I =klv s°b I = 	I . 

Consider the same phase voltages even for a faulty stator. (This is not true in real 
motor there will be a node- shift in the case of stator fault.), The phasors of phase a 
Fig. 2. (cos0 =0.7), illustrate the changes of phasor diagram due to faults. It is 
important to know that these diagrams are not accurate. We ignore the change of 
currents phase shift during the stator fault; therefore, voltage drop 	is not 
perpendicular to the induced voltage 17,,,,„„ for the faulty stator on Fig. 2(b, c, d). These 
diagrams are only used to explain the influence of current change in one phase to 
currents in other phases. 

Figure (2a-d). Shows how the change of current in one phase (a, b or c) can 
influence the change of induced voltages (according to equation (5)) and 
consequently the change of voltage drop across R„,. The rotor currents are assumed 
symmetrical and balanced in the case of a stator failure. Therefore, the induced 
voltage 17,,,„ .will be balanced. The change of stator currents phase shift is ignored. 
This assumption is not real but it allows easier explanation of the nature of current 
changes in the phases due to stator failure. 

Figure (2b) shows the change of induced voltages in phase a after the increase of 
currenti„ (due to a turn-to-turn fault in phase a). The induced voltage i 8  will be 
higher (due to self- inductance of phase a). The sum of the induced voltages vectors 
equation (5) will change. The end of the induced voltage vector fijs.„, will shift to other 
position in the phasor diagram. The voltage dropk/,,will be increase and therefore 
stator current I„ will be increased too. (Position of vectors in the case of healthy 
motor is marked by the doted lines). 
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Figure (2c). Shows the situation in the phase a after increase of Ib due to a turn-
to-turn fault in the phase b. In this case, the induced voltage vsab  will increase. The 
voltage drop kI„ will also increase and therefore currently  will increase. 

Figure (2d). Shows the change of vectori7,,„,,.due to turn-to-turn fault in phase c 
(increase of currently ) resulting in decease of current ly .  

The behavior of induction motor in case of a turn-to-turn fault described in the 
figures (2a-d) is valid not only for a given load condition cosT=0.7 but for an arbitrary 
load [7]. 

If a turn-to-turn fault occurs a higher unbalanced 3-phase, current will be drawn 
by induction motor from the power supply. The highest current will flow through the 
faulty phase. For the currents in the two adjacent phases, and the same phase order 
illustrated in the Fig. 2. we can formulate the following tendencies for the stator 
currents increasing and decreasing: 

Table 1. shows the change of phase currents associated with the turn to turn fault 
in phases A, B and C. 

4.2. Phase-to-Phase fault 

A phase-to-phase fault occurs when a short-circuit rises between two different 
stator phases. This failure has very similar effect as if two turn-to-turn faults in phase 
a and b in one instant have occurred. In both shading, coils raise in the magnetic 
fluxes causing a relative current increase or decrease in the adjacent phases (as the 
previous turn-to-turn fault). However, the situation is now more complex. There can 
be different types of phase-to-phase fault differing in the position of a short-circuit. [7] 

4.3. Phase-to-ground fault 171 

A phase-to-ground fault will break when a short-circuit between a phase and 
grounded motor frame occurs. In consequence of this fault the currents will leak 
through the ground and the stator current will not be balanced anymore. 

5. Causal Model of Induction Motor for Stator Diagnosisr71 

The diagnosis indicates which parts of the system are healthy and which are 
faulty. This information can be used to generate alerts, to schedule reparations, and 
to estimate operability of the system. The tool uses symbolic qualitative variables. 
derived during testing and measurement phases. Real physical quantitative values 
are classified into qualitative values. The system is able to use these information and 
to devise the possible combination of component modes 

5.1. Measured Variables (observables1 

The diagnosis system measures values of the three-phase stator currents. 
(t), ib 01 0). 
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The effective values of stator currents are 	the effective value of current 
in the center of 'Y winding is denoted /,. In case of delta winding or if the center of 'Y' 
is not accessible, The value of I. may be evaluated as[7] 

The mapping of the relative quantitative values to the qualitative values. Is done 
according to Table 1. .The variables (CURRENT_S_A, CURRENT_S_B, and 
CURRENT_S_C) have three qualitative values: LOW, NORMAL, and HIGH are 
shown in Table 2. 

The variable CURRENT_S_SUM has two qualitative values ZERO and 
NONZERO defined in Table 3. 

The last observable used in the model is PHASE_ORDER. It defines the direction 
of rotation of the stator magnetic field. This variable has two qualitative values: ABC 
and ACB 

5.1.2. System modes (assumables1 

The output of the CNETS algorithm is a diagnosis, which is a logical sentence 
built of assumables. The assumable is a logical variable that represents a health 
state of a component in the causal model. There is only one assumable in our model 
that represents health of stator. 

Currently, it has (10) qualitative values: 

• STATOR_HEALTH= OK 
• STATOR_HEALTH —TURN_F_A - 
• STATOR_HEALTH _TURN_F_B - 
• STATOR_HEALTH —TURN_F_C 
• STATOR_HEALTH -PHASE_F_AB 

and B. 
• STATOR_HEALTH -PHASE F_AC 

And C. 
• STATOR_HEALTH -PHASE F_BC 

and C. 
• STATOR_HEALTH _GROUND_F_A 
• STATOR_HEALTH _GROUND_F_B 
• STATOR 

 
_HEALTH GROUND F 

5.2. Causal Relationships  

Based on the assumptions presented in the above pointes, the causal 
relationships between stator faults and qualitative values of stator currents. can be 
obtained [7]. 

6. CASE STUDY 1101 

In what follows we extended the use of the above procedure to the prediction of 
faults in the stator of a squirrel-cage induction motors. 

- no fault 
turn-to-turn fault in phase A. 
turn-to-turn fault in phase B. 

- turn-to-turn fault in phase C. 
- phase-to-phase fault between phases A 

- phase-to-phase fault between phases 

phase-to-phase fault between phases B 

- ground fault in phase A 
- ground fault in phase B 

_ _C- ground fault in phase C 



-HIGH 	(1.1; 03 > 

-NORMAL <0.9; 1.1 > 

-LOW 	<0; 0.9 

Dark blue color 
Light blue color 

None background (white) 
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6.1 Special Induction Motor for Fault Emulation 

For different stator fault emulations the squirrel-cage induction motor, with the 
following parameters was used. Nominal power (0.37 kW- 0.5 hp), Voltage (380Y/220 
D ac V) ,Current (1.3/2.3A ac), Frequency (50 Hz) and Nominal speed (1400 rpm). 

6.2 Stator Faults Emulation 

Different types of stator faults were emulated. Turn-to-turn, phase-to-phase and 
phase-to-ground. The experimental measurement results are given in the following 
tables, Where, a color background was used for a qualitative value indication. The 
qualitative values were determined according to the following rules: 

If a neutral current (4 ) qualitative value (zero or nonzero) is clear, no background 
was used for this quantity. The first column in the tables contains a name of a data 
file. The second column brings the information about the type of fault; the third 
column contains the line current (measured RMs value). 

6.2.1 No fault condition 

N 
measurement 

Fault 
j• - 

lap%) 	IttAj 	Ic[A) I line )A) 101A) laf-I 	tall 	Ic1-1 MA 

Line current 

(roeasured,RMS) 

AVG value Neutral 
Curt 
calculated) 

p.u.of measured current in 
relation 	to 	actual 	AVG 

r value 

GO No fault 1.30 	1.30 	1.31 1.30 0.04 1.00 	1.00 	1.00 0.03 
001 No fault 1.31 	1.33 	1.39 1.34 0.04 0.98 	0.99 	1.04 0.03 
G02 No fault 1.25 	1.20 	1.25 1.23 0.04 1.01 	0.97 	1.02 0.03 
G03 No fault 1.20 	1.26 	1.25 1.24 0.04 0.97 	1.02 	1.01 0.03 
G04 No fault 1.27 	1.22 1.27 1.25 0.04 1.01 	0.97 	1.02 0.03 
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.6.2.2 Turn-To-Turn fault 

# 
Meeetirernee4 

- 
Fault Lt041 latAl ItOtA1 1,141 1 line tAl 

- 
10  IA i ler-1 lbi-1 lot-1 

current 	in 
AVG value 

T 
1 	lot.] 

.v1 

1 

Line current 
(measured. RMS) 

AVG 
value 

Neutral 
current 

talculatedl  

p u of measured 
relation to actual 

Si 1A+2A 1.31 1.3 1.3 1.3 0.03 1,01 1,00 1.00 0,02 

G2 1A+5A 1.4 1.3 1.3 1.33 0.03 1.05 0.98 098 0.02 

G3 1A+10A 1.45 1.33 1.2 1.32 0.03 1.10 1.01 091 0.02 

G4 1A+20A 1.5 1.4 1.2 1.37 0.03 1110 1 02 0,67 0.02 

05 1A+40A 1.7 1.6 1.1 1.47 0.03 1 16 1 09 0.75 0.02 

G6 1A+80A 1.8 1.7 1.1 1.53 0.03 1,18 'Ii 0.72 0.02 

G7 1A+120A 2.35 2.1 1.2 1.88 0.03 5:25 099 0134 0.02 

G8 1A+160A 2.9 2.5 1.3 2.23 0.03 '5.30 1 12 0.58 0.01 

09 1A+240A 4.3 3.0 1.8 3.03 0.03 •130 1,12 0.59 0.01 

010 1A+320A 5.9 3.5 2.2 3.87 0.03 1.52 0 90 0.57 0.01 

G11 1B+2B 1.3 1.31 1.3 1.30 0.03 100 1.01 1.00 002 

012 113+513 1.3 1.4 1.3 1.33 0.03 0.95 1.05 090 002 

G13 113+1013 1.25 1.45 1.3 1.33 0.03 0.94 1.09 0.98 0.02 

G14 18+2013 1.2 1.51 1.42 1.38 0.03 0.87 1 09 1.02 0.02 

G15 1B+408 1.11 1.71 1.62 1.48 0.03 0.75 1 16 1.09 0.02 

016 18+808 1.1 1.8 1.7 1.53 0.03 0.72 1,13 1.11 0.02 

G17 16+1208 1.2 2.35 2.1 1.88 0.03 0.64 125 112 0.02 

018 1 B+160B 1.31 2.9 2.53 2.25 0.03 0.58 129 112 001 

G19 18+24013 1.8 4.33 3.1 3.08 0.03 0.58 140 1 01 0.01 

020 113+3208 2.2 5.91 3.6 3.90 0.03 0.56 1.51 092 0.01 

G111 1C+2C 1.3 1.3 1.3 1.3 0.03 1.00 1.00 1.00 0.02 

G112 1C+5C 1.3 1.3 1.4 1.33 0.03 0.98 0.98 1.05 0.02 

G113 1C+10C 1.4 1.2 1.45 1.35 0.03 1.04 0.89 1.07 0.02 

G114 1C+20C 1.4 1.2 1.5 1.37 0.03 't02 087 1.09 0.02 

G115 1C+40C 1.61 1.11 17 1 47 003 .1AO 076 1+16 002 5.,.> 	';', 
..I.S' e  G116 1C+80C 1 7 1.1 181 1.54 003 ;..,:,?.Q 071 1.17 002 

G117 10+1200 2.0 1.2 2.34 1.85 0.03 1,08 0.65 1 2:9 0.02 

G118 1C+160C 2.52 3.1 2.92 2.85 0.03 088 1.09 1.02 0.01 

0119 1C+2400 3.12 1.83 4.31 3.08 0.03 1.01 0.59 1.39 0.01 

G110 10+3200 3.66 2.3 5.92 3.96 0.03 0.92 0.56 1.64 0.01 
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7. NEURAL BASED DIAGNOSIS 1101 

In this section, we introduce our proposed method for diagnosis based upon the 
artificial neural network. It makes use of the algorithms described above. Results of 
training are shown in Fig. 3. The algorithm has proven adequacy in predicting stator 
faults with the advantage of simplicity, efficiency and time saving. The algorithm is 
also extendable to rotor faults with minor modifications. 

8. CONCLUSIONS 

in this paper a neural based algorithm for detecting stator faults in the three-
phase squirrel-cage induction motor presented. The algorithm is based on both 
qualitative and quantitive measures for diagnoses. The neural network architecture is 
simple and adequate. 
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Fig. 3. Results of Training the Nueral-Networks 
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C) 
	

0) 

Fig. 2. Simplified detailed phasor 
diagram of IM (phase a, cow =0.7) [7] 

Fig. 1. Phasor diagram for a healthy motor 



LOW 
NORMAL 
HIGH 

Relative 	(quantitative) 
value 

Qualitative value 

< 0 ; 0.9) 
<0.9;1.1> 
(1.1;<») 
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<0;0.1 > 
( 0.1 ; 	) 

Qualitative value 

ZERO 
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Table 1. Relative changes of stator currents caused by turn-to-turn faults[7] 

Fault Type Relative change of a phase current 

Phase a Phase b Phase c 

(Turn-to-turn in phase A Increase 11; Decrease J. Increase I 
Turn-to-turn in phase B Increase I Increase II Decrease 1 
Turn-to-turn in phase C Decrease) Increase i Increase jr 

Table 2. The qualitative values of the stator current 

Table 3. The qualitative values of the stator current (CURRENT_S_SUM) 
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