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ABSTRACT

INDUCTION MOTOR FAULT RECOGNITION

by

RAYMOND A. LEONARD

The work presented in this thesis is based on theoretical and 
experimental investigations into the changes in measurable squirrel 
cage induction machine parameters such as vibration, line current 
and leakage flux which alter during machine faults.

Initially a survey was conducted to determine which machine failures 
were of concern to industrial operators.

Faults analysed in this thesis include rotor bar faults, unbalanced 
supply, eccentricity and interturn winding faults. Experimental 
results are given for each fault type.

Work was also done in predicting the natural frequencies of the 
experimental stator using a standard finite element package. The 
results from this analysis were compared with experimental results 
and shown to be realistic.
The main conclusion drawn from this thesis is that there are several 
differences in the parameters observed during normal and fault 
operation, the prediction of a fault being dependent on ©hanges of 
certain components of the various signal spectra. The changes in 
these various components can be supported theoretically.



CHAPTER ONE 

INTRODUCTION

1.1 THE SCIM AND ITS OPERATING ENVIRONMENT

The three-phase squirrel-cage induction motor (SCIM) is the 

workhorse of modern industry driving major pumps, compressors 

and fans in powers up to many megawatts. These motors are of 

particular importance in the production and refinement of oil 

and gas. Another important application is as gas circulator 

drives in the nuclear industry (1).

The operating environment plays a major role in the reliability 
and availability of SCIMs, for example on North Sea oil and gas 

installations the majority of machines are started direct on 

line (dol) because there is a lack of space for sophisticated 

starters. The voltage supplies can be as high as 13.8 kV, are 

not particularly stable and large transients can be expected 

when equipment is connected or disconnected (2) . Vibration 

levels can be expected to be high due to the interaction of the 

structure with the wind and sea (3). There is also an 

increased risk of sea water contamination. These environmental 

factors contribute to a reduction in the reliability and useful 

working life of SCIMs and several premature failures have 

already been reported. To maximise safety and production an 

intelligent maintenance strategy is required.



There are three maintenance philosophies which can be applied 
to rotating machinery in general. The first of these is 

"RUN-TO-BREAK MAINTENANCE" where machines are run until they 

fail before repair or replacement is undertaken. The 

consequential damage from such breakdowns can greatly increase 

both loss of production and repair costs. The second 

philosophy is "TIME-BASED PREVENTIVE MAINTENANCE" where 
maintenance work is carried out at fixed time intervals whether 

or not the machine requires maintenance. These time intervals 

are often determined statistically. It has been shown that if 

machines are run for another time period without maintenance 

the number of machines failing will be less, or no higher, than 

in the first time period and less if maintenance has been 

performed between intervals (U). The third philosophy is "ON- 

CONDITION MAINTENANCE" where analysis of machine parameters is 

performed systematically and intelligently. This analysis is 

termed "CONDITION MONITORING" and allows determination of 

present machine "health" and information for trend analysis on 

which "PREDICTIVE MAINTENANCE" can be based.

1.2 MAINTENANCE STRATEGIES

The most effective of the above strategies in terms of reduced 

failures and increased profits has been shown to be 

on-condition maintenance (5). The operation of an on-condition 
maintenance strategy is dependent on effective condition 

monitoring which in turn relies on a knowledge of possible 

machine faults and their effects and the use of suitable 

instrumentation and signal processing techniques.



At the start of this project a survey was conducted into 

failures in SCIMs in the offshore/onshore petrochemical 

industry. Appendix I contains a copy of the questionnaire. 

The survey gave details of the history of eighty two SCIMs. 

The supplies varied from 2.3 kV to 13.8 kV and 98$ of the 

machines were started dol. Of the sample thirty had no 

reported failures while the remaining fifty two experienced a 

total of ninety four failures which were due to the following 

causes:

1.3 FAILURES IN SCIMs

BEARING FAULTS 44.68$

WINDING FAULTS 44.68$

BROKEN ROTOR BAR FAULTS 4.25$
MISCELLANEOUS FAULTS 6.39$

It should be noted that although bearing faults are a major 

cause of failure their failure may be a secondary effect of a 

primary cause such as broken rotor bars, rotor-stator 

eccentricity or bearing currents. Stator winding failure can 

be due to excessive end-winding vibration which over stresses 

the insulation, contamination of insulation by oil or sea water 

or overcurrent due to unbalanced supply or machine overload or 

switching transients (6). Rotor bar failures are generally 

caused by the heavy accelerating and decelerating forces which 

act on the rotor bars and endrings (7). The rotor bars 

fracture and can eventually lift from their slots causing 

mechanical damage to rotor and stator. Additional informal



discussions with other operators and manufacturers of SCIMs has 

indicated that the problem of rotor faults in general is more 

significant than the survey results would suggest. The 

miscellaneous faults are due to such factors as contamination 

of bearing lubricant and foreign matter in the airgap.

1.4 MONITORING TECHNIQUES

The survey also provided information on present monitoring 

techniques applied to SCIMs. These are shown in Table 1.1. It 

is clearly seen that all the operators have some form of 

vibration monitoring. The majority of vibration monitoring 

involves the measurement of overall vibration levels with 

spectral analysis performed only if the levels become 

excessive. There is always an uncertainty as to what should 

constitute an excessive vibration level.

Another monitoring technique which is widely used is 

temperature sensing. This form of monitoring is applied to 

stator windings and core as well as to the bearings. If the 

stator windings or core get excessively hot this is an 

indication of either overcurrent due to insulation failure or 

machine overload or unbalanced supply or due to inadequate 

ventilation. If the bearings or their lubrication system are 

faulty there is increased friction and hence a rise in 
temperature.

Shaft speed monitoring is used for the detection of rotor 

faults such as broken bars and endrings. Shaft voltages are



occasionally monitored. A shaft voltage is the voltage which 

develops between the shaft and ground due to magnetic 

asymmetries in the motor. These asymmetries may be inherent in 

the machine's design or due to faults. Shaft voltages can lead 

to bearing currents which can severely reduce the life of a 

bearing (8). Stray flux is monitored by a small number of 

operators. The stray flux signal can be used to detect such 

faults as inter-turn winding short circuits on unenergised 

coils (9) and unbalanced supply conditions. (10).

Insulation tests are regularly employed by all operators. 

These tests are usually conducted while the machine is 

undergoing a regular off-line maintenance check.

Frcm the survey results and further discussions with industrial 

operators there is a definite need for further instrumentation 

for fault detection and prediction.

1.5 PHILOSOPHIES OF FAULT DETECTION

Most fault detection systems are based on individual machine 

signals and are not 100$ reliable. As a consequence operators 

are not always entirely convinced as to the existence of a 

fault. A more attractive approach with regard to the operator 

is to monitor several signals. If all the signals change then 
the operator will be more easily convinced that a fault is 

developing. There will also be less dependence on individual 

instrumentation circuits which will enhance the overall 

reliability of fault detection/protection.



To implement such a system work is required in increasing the 

fundamental knowledge of how a SCIM reacts under fault 

conditions and how signals such as vibration, line current, 

axial flux and endwinding leakage flux change with these 

faults.

1.6 CONCLUSIONS

The SCIM has to operate in hostile environments and as a result 

there is an increased rate of failure. Machine failure and 

unpredictable production stoppage leads to high loss of profit. 

It is therefore important to monitor the "health" of these 

machines, that is to CONDITION MONITOR them. To effectively 

condition monitor SCIMs it is necessary to investigate the 
fundamental effects of machine faults on various machine 

parameters such as vibration, line current, axial flux and 

endwinding leakage flux. It is this that is of interest to the 

author. The basic information obtained from such 

investigations can then be used in dedicated instrumentation 

systems.



m o n it o r in g  t e c h n iq u e USAGE

subjective look,feel &  listen 100  7o

Vi brat ion nnon i tori ng 100 7o

V ibration  spectral analysis 73 7o

S tator w inding tem perature 91 7o

S tator core te m p e ra tu re 9 7«

B e a rin g  te m p e ra tu re 91 7o

In s u la t io n  tests 100 7o

U ltrasonic discharge detector 9 7o

S h a ft voltage 2 7 7o

Oil sam ple analysis 2 7 7o

W ear debris rrxjnitohng 1 8 7o

S tray  flux  irtonitoring 9 7o

R o to r  b a r m onitoring 2 7  7o

Table 1.1 U sage of m on ito ring  techniques



CHAPTER TWO

TEST RIG AND INSTRUMENTATION

2.1 INTRODUCTION

At the start of this project it was obviously impractical to 
intentionally produce faults on large SCIMs in an industrial 

environment. A laboratory test-rig was therefore designed and 

constructed to enable controlled repeatable fault simulation. 

Since machine theory applies equally to all sizes of machines 

faults produced on a small machine will have the same effect as 

faults produced on a large machine. The faults to be studied 

were:

(a) Unbalanced Supply

(b) Rotor Winding Faults

(c) Interturn Winding Faults

(d) Static Rotor-Stator Eccentricity

These faults were to be studied by the examination of the 

various signals which emanate from the machine.

2.2 THE TEST RIG

The test SCIM was based on a standard production stator, Type 

DI6OM, manufactured by Brook Crompton Parkinson Motors Ltd. 

The stator had an annealed steel laminated core having thirty
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six slots and an alluminium fraune. This type of stator is 

rated for use at 11 kW.

The stator frame was modified to give mounting points for an 

accelerometer. There were a total of twenty three mounting 

points around the circumference of the machine. It was 

impractical to have accelerometer mounting points on the 

underside of the stator. It was necessary to have these twenty 

three mounting points to establish if the vibration signal 

varied around the stator frame under normal and abnormal 

operation. Figure 2.1 shows the location of the accelerometer 

mounting studs.

The stator winding was double layered with thirty six coils of 

fifteen turns per coil. The ends of each coil were brought out 

to a connection matrix so that windings could be connected to 

simulate windings faults and to give varying pole numbers.

Various rotors were available for investigations into rotor 

faults, these rotors will be detailed in Chapter Five - The 

Effects of Rotor Faults. The rotor bearings were mounted in 

pedestals and the stator could be moved with respect to the 

rotor enabling the introduction of static rotor-stator 

eccentricity.

The shaft of the test SCIM was connected via a flexible shaft 

coupling to a separately excited d.e. generator which acted as 

a loading dynamometer. A resistive loading bank was 

constructed outwith the laboratory so that the generated



energy could be dissipated safely. The supply to the SCIM was 

via a three-phase, 415 volt, 50 Hz automatic starter.

2.3 MONITORED SIGNALS AND THEIR TRANSDUCERS

There were four basic signals of interest in the project, these 

were stator core vibration, line current, axial flux and 

endwinding leakage flux.

2.3.1 VIBRATION SIGNAL

The vibration transducer used was a B & K type 4370

piezC/ -electric accelerometer (with virtually

undirectional response). The accelerometer was

connected to a B 4 K type 2635 precision charge

amplifier to give a calibrated output. Vibration

measurements were made on the acceleration ranges of the

charge amplifier. If velocity or displacement ranges
werewere used the higher frequency components^much reduced 

by the necessary signals integrations. These higher 

frequencies were of interest in the project so it was 

decided to use the acceleration ranges.

2.3.2 LINE CURRENT SIGNAL

The line current to the SCIM contains frequency 

components which also appear in the airgap flux. 

Therefore by monitoring the line current an indication 

of changes in airgap flux can be obtained. To avoid the

10



problems of distortion by magnetic saturation of the 

current waveform and insulation from supply voltage an 

air-cored toroidal coil was used. This coil is shown in 

Figure 2.2.

2.3.3 AXIAL FLUX SIGNAL

The axial flux is the flux which passes through the SCIM 
shaft. The axial flux contains frequency components 

which reflect changes in the airgap flux. The axial 

flux was detected by means of a 100 turn coil wound 

around the shaft.

2.3.4 ENDWINDING LEAKAGE FLUX

The endwinding leakage flux is the flux which emanates 

radially from the motor near the stator endwindings. 

This flux also contains the frequency components which 

appear in the airgap flux. The endwinding leakage flux 

was detected by a 300 turn coil mounted near the stator 

endwindings.

2.4 THE USE OF SEARCH COILS

Since several of the transducers used were search coils a 

description of their use is necessary.

The relationship between the induced search coil voltage and 

the linking flux is given by Faraday's Law.

11



i.e,
dt

e = -

where e = 

N =

^  =
dt

induced voltaige 

Number of turns 

rate of change of flux

To produce a signal which is representative of the flux would 

require implementation of the following equation:

0 = -  1 
N/edt

Now if e were to contain several frequencies 

say e = sin w^ t + K2 sin W2t +— sin ŵ  ̂t

Then the flux signal could be written as:

® = J. ( L i  C.OS w., ^ + Ep cos W2t + —  
N W, W2

—  Kn cos
W, '̂ n̂  )

n

If the integration was performed electronically the resulting 

magnitudes of the frequency components would be dependent on 

the frequency of the component. A high frequency component 
would therefore have to be divided by its own frequency thereby 
reducing its magnitude and perhaps obscure it in background 

noise.

12



It was decided to omit the integrating stage as it would 

obscure some of the higher frequency components which would be 

of interest. All values given in this thesis for axial flux 

and endwinding leakage flux are not for flux (0) but for the 

induced voltage (e) .

2.5 ADDITIONAL INSTRUMENTATION

The signals from the various treinsducers were analysed in a 

B & K 2033 High Resolution Signal Analyser. The B 4 K 2033 

performs a Fast Fourier Transform (FFT) on incoming signals.

The B A K, Type 2635f Charge Amplifier used with the piezzo-

electric accelerometer for input to the B A R  2033 High
Resolution Signal Analyser was set to give an output of 100 

_2mV/ms . Table 2.1 gives conversions for vibration, voltage 

and decibel rms values.

For overall vibration level measurements a B A K 

vibration meter was used.

The B A R  2033 High Resolution Signal Analyser existed as a 
peripheral to a PDF 11/03 computer which could perform 

additional signal processing, storage of data and give hard 

copy print outs of the spectra. The software for this system 

was developed by A.J. Milne (11).

A block diagram of the test-rig and instrumentation set is 

shown in Figure 2.3 and the actual set is shown in Figure 2.4-

13



dB Volts ms~^

130 3.16 31.6

120 100 10.0

livJ 0.316 3.16

100 0.100 1.00

90 31.6 m 0.316

80 10.0 m 0.100

70 3.16 m 31.6 m

60 1.00 m 10.0 m

50 0.316 m 3.16m

40 0.100 m 1.00 m

30 0.0316m 0.316m

Table 2.1 Conversions-Vibration, Voltage & dBs

14



figure 2 A
Siuds

1S



Figure 2.2 Toroidal Air Cored Coil for detecting Line Current
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Figure 2.4 Actual Test Rig and Instrumentation
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CHAPTER THREE 

MACHINE FUNDAMENTALS

3.1 INTRODUCTION

The frequency components of the airgap electromagnetic field 

are dependent on the airgap permeance and the magnetomotive 

force (mmf) produced by the winding. The permeance is 

dependent on the numbers of stator and rotor slots while the 

mmf is dependent on the number of phases and distribution of 

the stator winding in conjunction with the power supply 

harmonics.

The frequency components in the airgap field will be 

"reflected" into the stator current and will also appear in the 
axial flux and end winding leakage flux signals.

The radial airgap forces which cause electromagnetic vibration 

are proportional to the square of the airgap flux density (12). 

The magnitude and mode of the resulting vibration is dependent 

on the number of poles and frequency of the electromagnetic 

force waves and the structural response of the stator.

The following sections of this chapter will derive the various 
frequency components of the airgap flux density and vibration.

19



3.2 DERIVATION OF AIRGAP FLUX DENSITY

The permeance of an airgap with a slotted stator and a smooth 

rotor can be written as:

A, ^  â  ̂ cos (̂ m Sx)
rrisO

where a_̂  = coefficient
number of stator slots 

radian distance around airgap 

m = 0, 1,2, 3 ----

m
S =

X =

The permeance of an airgap with a slotted rotor and a smooth 

stator can be written as:

Co
b^ cos (nR (x - W^t) )

n = o

where b„ = coefficient
number of rotor slots 

radian speed of shaft 

time

n = 0, 1, 2, 3 ----

n
R =

Wr =
t =

20



The total penneance of an airgap with a slotted stator and a

slotted rotor can be written as (12):

y\ = k X r

where k = constant

Therefore:

QO CO

A  = ^ ^  a b cos (m Sx) cos (nR (x - W t) )m n r
m=0 n=0

Using the trigonometric identity

cos A cos B = _1_ (cos (A + B) + cos (A - B) )

2

the airgap permeance can be expressed as

^  ^  ?  C
m=0 n=0

, . cos ( (nR +mS) x - nR w^t)Cm^n) —  r

This equation defines the frequency and the pole numbers of the 

permeance waves as follows:

nRw^ are the radian frequencies
and (nR + mS) are the pole numbers.

21



The magneto-motive force (mmf) for a symmetrical integral slot 

three-phase winding can be written as:

M $  ^
u=1 v=1

^ (u v)

where A (u^v) = peak magnitude of components

Wg = supply radian frequency i-Zri'fs)

P = number of pole pairs

u = 1, 2, 3 - - , the mmf time harmonics due to 

supply current time harmonics

V = 6c +  1 , the mmf space harmonics

c = 0, 1, 2, 3 ------

It should be noted that u also takes account of even supply 

harmonics. Even though it is usually stated that the supply 

only has odd harmonics, in some cases such as inverter driven 

machines even supply harmonics may also be present.

22



expression (+ vP (nR mS)) while the radian frequency

components are given by (u (1-s)) W ,
P ^

However the hertzian frequencies are more usually considered. 

The expression for hertzian frequencies is given by

The pole numbers of the flux density are given by the

CxO
>  ̂  ( U ^  (1 -3) ) f S ,

^  p

where fs = ^
Zrt

The airgap flux density can be written as the product of the 

mmf and permeance, which gives:

B = M A

\  \  ^  (uWgt + v Px) cos ((nR+mS) x - n Rw^t)
=̂1 V - ( n=C)

Using the trigonometric identity

Sin A cos B = 1 (sin (A + B) + sin (A - B))

23



the flux density can be written as:

Cs-C> OwS«5a-25

B D sin ((+vP + (nR + mS)) x
U.31 v= ( 101=0 0=0

+ (uw + nRw ) t )
S X*

but W = (1-s) W /Pi iS
where s = slip

Therefore

, sin((+vP+(nR +mS) )x +(u + nR (1-s)) W t)
-a mro -’ /■'/ PU-=l V=-| P1 =

3.3 DERIVATION OF THE AIRGAP RADIAL FORCE

The radial electromagnetic forces which cause stator vibration 

are proportional to the square of the flux density and are 

written:

F =

where ̂  - airgap permeability.

Using the equation derived above for B the force, F, can now be 

written as:

i

u.= ( v= 1 m=o n=o
sin ((+ vP + (nR + mS) )x

+ (u + (1-s) ) w t )
P ® _

24



This equation can now be written as
Cfc-̂ 3 cxD

 ̂ Ĉu.v̂ rô o) CnPtmS;;^ + (ex i n̂ <:l-S)jw3t 3
Ur I V r l  tn--0 0 =  O

CwD

^ - \  ¿ r l  a r O  b r C )  '' '  P

e>̂  oO r>-̂ o^ O^
v/j b>

-•‘iA'- n = ( \/r\m--Ot1iO^ = l 2=1 aro J>rO

Xs i ’io ^(CfvP±(^nR.± mS)):x + + n R. (̂l - s) ‘O^t, ̂

X  sin zP±(biP+: aS:T)^ ^

Using the trigonometric identity

sin A sin B = 1/2 ( Cos (A - B) - Cos (A + B) ) 

the preceding equation can be written as:

/IjyiA. ' "»‘ O O rO  j r l  I a =0 J> j  .
CCÂ  ^ ; 2r̂

^  c o s ^  C C t  v P  i ( C n  R  -  5 j ) j )  -  ( j - z P ^ Q o P ^ ( x S > y ) ) j c
«

A c l - s > 3  U3̂p
- C o s  ^ C C  + vP±C>^P^rr>S)3) + ( + z P d :  (bR. :t aS^)3jc

+ + - ( ^ t n i b ^  P. 1̂1 - s to <r pj

The hertzian frequencies of the airgap forces and hence the 
stator vibrations are given by:

o-«̂ cix5

= I O r  O w r l  b =  O
(_ oc ± (j + ± b 3  P. C ‘"-5))f3

25



and the pole numbers given by

Cb»-£>

v/̂ 1 m = o^-o^-ia.-oi>r:<
^- i -vPi  (̂ nP-dirn S j)J ) ± 2, P± (̂i> P'1 o.Sy)

3.4 SUMMARY OF DERIVED FREQUENCIES

The equation derived for the frequency of the airgap flux 

density is given by:

©-¿> c>-0

^  ^  ClA 1  n_E:Cl'■^>3fs
>-* = I 0 = 0

The frequencies described by this equation would also be 

expected in the current, axial flux and end winding leakage 

flux signals.

The equation derived for the frequencies of the stator core 

vibration is given by

cwi
C u ± y

U = t  l a - O ^ - l  b - = o
3

2 6



CHAPTER FOUR

THE EFFECTS OF UNBALANCED SUPPLY

4.1 INTRODUCTION

Unbalanced supply is the condition when a three-phase supply is 

no longer symmetrical. Unbalanced supply of a SCIM leads to 

excess current, overheating of windings, insulation failure and 

eventual machine failure. Detection of unbalanced supply at an 

early stage will prevent winding failure and a costly repair as 

well as preventing the loss of valuable production. An extreme 

case of unbalanced supply is ’single-phasing', i.e. complete 

loss of one supply phase. Single-phasing of a SCIM can be 

caused by single-phased controls of power supplies, or open 

circuited winding or lead wire, or improper connection (13 )• 

Unbalanced supply can also be caused by generator faults, 

system faults and by excessive load on one supply line.

The effects of unbalanced supply on SCIMs have in the main been 

investigated from the electrical viewpoint to determine 

positive, negative and zero sequence currents and voltages and 

the resulting thermal effects (14 ,15 ,16 ). The information 

gained from such investigations has led to some of the present 

protection methods which include the sensing of overload 

current, the sensing of voltage or current asymmetry and the 

sensing of stator winding temperature. One of the more recent 

developments involves the use of the axial flux signal (9 ,10 ) • 

Although these detection methods have been in use for many
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years failures due to unbalanced supply still occur. Vincent 

(17 ) reports, in a survey of 3 8 0 machines, that 1 2Î of

failures were due to single-phasing.

None of the previous investigations has considered the effect 

of unbalanced supply on SCIM vibration. It is the main purpose 

of this chapter to examine the effects of unbalanced supply on 

SCIM vibration and to propose how vibration monitoring may be 
used in a protection strategy. The work in this chapter 

relating to the effects of unbalanced supply on vibration, is 

to the author’s knowledge, the first investigation of its kind.

4.2 DEFINITION OF THE MAGNITUDE OF UNBALANCED SUPPLY

The British Standard definition of unbalanced supply is given 

as the ratio of the negative sequence or zero sequence voltage 

to the positive sequence voltage.

i.e. unbalance = Vo/V+ or V-/V+

In the investigation considered in this chapter it can be shown 

(Appendix H  ) that

VO/V+ = V-/V+

British Standards (18) and International Electrotechnical 

Commission state that SCIMs should withstand a 2%

unbalance in supply. Unbalance greater than 2< will overheat 

the windings which will lead to their premature failure.
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Figure H.1 shows the relationship between reduction of a phase 

voltage and unbalanced supply.

4.3 AIRGAP FORCING FUNCTIONS

As an aid to understanding the effect of unbalanced supply on 

vibration the airgap forcing functions for normal three-phase 

and for single-phase operation will now be derived.

THREE PHASE OPERATION

Consider the delta connected winding of Figure 4.2 (a). If the 

system is totally symmetrical the phase currents can be written 

as:

1 3 = Ifĵ sin ( wt )

I^= l^sin ( wt + 'Tt'/ 3 )
I^= I^sin ( wt - tT/ 3 )

where I^= peak current

W = supply radian frequency

t = time, secs

and l0 ,Iĵ  and I^are phase currents.

4 .1
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Taking the mechanical displacement of the windings into account 

the mmf produced by each phase can be written as:

Mg = N|^3in(wt )cos(n;x/t' )

Mĵ = N^sinCwt +i^/3 )cos(n:x/'t - 7t/3 ) ) 4.2
~^/3 )Gos(fix/'r̂ + rt'/3 )

where M^= I[y]N» ^ = number of effective ti

't, - spacing between pole centres, rads, 

and X = position between poles, rads.

turns

Now the effective mmf can be written as; 

M = Mg>

M = J_IN sin ( wt  - Tt X/^ )
2

) 4.3

) 4.4

The flux density is the product of the mmf and airgap

permeance and can be written as:

B = M A  ) 4.5

Assuming a constant permeance ( ;

B =J_IN sin ( wt  -Ttyij't ) ) 4.6
2

The airgap force can now be written: 

F = B^ / Zju

and substituting for B gives:

) 4.7

F = 9(lNr 
16 ÁJ?-

(1 - cos(2wt -2rt'x/'Ẑ  )) ) 4.8
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SINGLE PHASE OPERATION

For single-phase operation the circuit is as Figure 4.2(b) and 

the currents can be written as:

la = Ifj^inCvf ) 

-IfP|3in(wt ) 

-]^ 3 in (w t )

~ T

4.9

The tnrafs produced by each phase can be written as: 

M3 = N^sinCwt )GOs(ltX/'7̂  )

= - ^ i n ( w f  )cos(/tX/7: -Tt/3 ) ) 4.10

M(- = -N^sinCwj" )co3(ft'x/'t. )
~ T ~

The effective muf can now be written as:

M = 3 IN sin(wt )cos(ffX/1i. )
2

which leads to the airgap force:

) 4.11

f = 9(IN)^(1 + cos(2ft'x/T;)) (1 - cos( 2wt )) 4.12
32/u

Equations 4.8 and 4.12 are functions of time and position. 

These equations are shown graphically in Figure 4.3 for various 

time intervals. The force wave for three-phase operation is a 

travelling wave and is a standing wave for single-phasing. Any 

other unbalanced supply condition will give a combination of 

travelling aind standing waves. The resulting vibration will be 

at exactly twice supply frequency. The same relationship holds 

for a star connected winding.
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4.4 SCIM VIBRATION DUS TO AIRGAP FORCING FUNCTIONS

A force wave travelling uniformly around the airgap will excite 

all parts of the stator bore equally therefore the level of 

twice supply frequency vibration circumferentially around the 

stator’s outer surface should be uniform except near the 

regions where the machine is fixed to its foundation. In these 

regions the vibration will be reduced. A standing wave however 

does not excite all parts of the stator bore equally. This 

allows the stator to vibrate in a definite pattern. The 

vibration will again be restricted at stator fixing points. 

The vibration pattern and levels cannot be calculated, due to 

the complex nature of the structural response of the stator, 

but can be observed experimentally.

4.5 EXPERIMENTAL INVESTIGATION

The experimental test rig was as described in Chapter 2. 

Reductions of up to lOi in any one phase voltage were possible 

at full load without excessive stator winding heating effects. 

These reductions were achieved by inserting resistance into the 

supply lines. A lOOil reduction, i.e. single-phasing, was 

possible on no load operation. The twice supply frequency 

vibration component, 100 Hz, was monitored circumferentially 

around the stator.

To establish that the twice supply frequency vibration was 

unaffected by load^ tests were conducted at no load and full 

load operating conditions with a nominally balanced supply.
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Figure 4.4 shows the results of these tests. It is clear that 

there are no significant differences between the two extreme 

operating conditions. This is because the SCIM operates with 

approximately constant fundamental airgap flux at all load 

conditions.

Tests were performed for reductions of 2.5%, 5.0$ and 10$ in 

each phase voltage in turn. These reductions represent 

unbalance in supply of 0.84$, 1.69$ and 3-45$ respectively. 

The results of these tests are shown in Figures 4.5, 4.6 and 

4.7.

Figure 4.8 shows the effect-of single-phasing each 

phase in turn on no load. These results show that the 100 Hz 

vibration component is extremely sensitive to changes in supply 

unbalance.

Single-phasing/ vibration tests were also conducted with the 

test machine connected with a six pole winding but still 

operating with the same total flux as per the four pole 

winding. The results of these testa are shown in Figure 4.9. 

There is, again, a significant change in the 100 Hz vibration 

component.

The 100 Hz vibration component is only one of many vibration 

components of a SCIM. If there is an increase in the 100 Hz 

component then there will also be an increase in the overall 

vibration level and a case could be made for monitoring the 

overall level as an Indication of unbalanced supply. This 

would not be satisfactory as other factors such as load changes
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and broken rotor bars can affect the overall vibration level 

and in any case the change in overall level due to unbalanced 

supply would be comparatively small. Figure 4.10 compares the 

overall vibration level with the 100 Hz level for increasing 

supply unbalance.

The (2-s)f component of axial flux also increases with 

unbalanced supply (10 )• Figure 4.11 shows that the 100 Hz 

component of vibration is more sensitive than the (2 -s)f 

component of axial flux to small changes in supply unbalance.

4.6 USING THE VIBRATION SIGNAL TO DETECj UNBALANCED SUPPLY

It has been shown that the 100 Hz vibration component is 
extremely sensitive to supply unbalance. It can therefore be 

used in the detection of this condition. Care must be taken to 

choose an appropriate position on the stator for placement of 

the transducer. This will depend on the machine structure and 

its mountings. For the type of mounting used in these 

experiments the optimum positions are at approximately 1 0 0° 

from the top centre of the structure. The use of twice supply 

frequency vibration monitoring in detecting unbalanced supply 

has several advantages. These are:

(1) Vibration monitoring of electrical machines for mechanical 

faults is widely used in industry and the detection 

circuits could be paralleled up with existing monitoring 

circuits.
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(2) The twice supply frequency vibration appears on all SCIMs 

and all other a.c. machines regardless of numbers of pole 

pairs or shaft speed whereas the principal component of 

axial flux which can be monitored for unbalanced supply is 

dependent on both of these variables (9 , 1 0).

(3) There are none of the insulation problems of attaching 

instrumentation to the supply that are associated with 

electrical protection methods.

(i|) Protection would be non-invasive requiring transducers on 

the outer surface of the stator core or fra^ and 

therefore relatively inexpensive.

The electronic circuitry required for detecting excessive 

100 Hz vibration is straightforward and could be based on the 

block diagram of Figure 4.12 with typical wave forms as shown 

in Figure 4.13.

4.7 CONCLUSIONS

It has been shown in this chapter that the twice supply 

frequency airgap electromagnetic force wave is affected by 

unbalanced supply. Unbalanced supply therefore affects the 

twice supply frequency vibration. The experimental results 
show that the magnitude of the 100 Hz vibration component is a 

function of supply unbalance and transducer position. Optimum 

positions for detecting unbalanced supply via the vibration 

signal exist, for the type of stator mounting used in the
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experiments, at approximately 100° from the top centre of the 

stator. Simple analogue electronic circuitry has been proposed 

which will detect excessive 100 Hz vibration and give an alarm.

It is expected that other types of machine mounting, e.g. 

vertical and flange (cantilever), will exhibit different twice 

supply frequency vibration patterns when supplied from an 

unbalanced three-phase voltage source. This is because of the 

position of fixed nodes determined by the mounting arrangement. 

Further work is required to determine the effect of unbalanced 

supply on the twice supply frequency vibration for these other 

types of machine mountings. .j

36



Figure 4.1 Unbalance in supply 'v%. reduced phase voltage
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Figure 4 .2  Modes of operation
[a ] balanced three-phase
[b ] s ingle-phasing
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Figure 4 .3  Fundamentai airgop forces
[a ] balanced th ree-ph ase
[b ] single -  phasing
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Figure Uh Ccxnparison of 100 Hz Vibration -  fu ll l o a d n o  load
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Figure 4-.5 V ib ra tion  with unbalanced supply -  Phase 1 Full load
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Figured-6 Vibration with unbalanced supply -Phase2 Full load
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Figure4.7 Vibration with unbalanced supply -PhaseB Full load
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Figure 4.3 V ib ra tion /S ing le -P has ing  No Load
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Figure 4.9 Single-phasing -  Six Pole Winding
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Figure 4.10 GDfnparison of Overall and 100 Kz Vibration
Levels wiHi Supply Unbabnce
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u n b a la n c e  in s u p p ly ,7 o

Figure 4.11 (2 -s ) f  axial flux supply unbalance
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a la rm

Figure 4.12 Typical detection  circuit waveforms
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pre-amplifier

Figure 4 . 0  Block d iagram  of un b a lan ced  supply detection circuit



CHAPTER FIVE

THE EFFECTS OF ROTOR FAULTS

5.1 DISCUSSION

SCIMs which are frequently started and stopped are particularly 

prone to broken rotor bars. The break usually occurs at a 

bar's connection to the end ring. These failures are due to 

the combination of thermal stresses and accelerating/decelerat- 

ing forces (7). In some circumstances a broken bar may lift 

from its slot causing extensive damage to both rotor and 

stator. Under exceptional conditions it may be the end ring 

which breaks.

Broken rotor bars cause a local increase in the air gap flux 

and increased currents in the adjacent bars. Since the broken 

rotor bar no longer carries any current it cannot contribute to 

the total torque. As a consequence the torque will be non­

constant and the shaft speed will fluctuate (see APPENDIX III). 

The local increase in air gap flux causes unbalanced magnetic 

pull and therefore has an effect on vibration and acoustic 

noise. The excessive forces due to unbalanced magnetic pull 

will contribute to bearing wear as will the bearing currents 

due to the asymmetric air gap flux.

Occasionally in the production of a squirrel-cage rotor the 

bars and/or joints may have non-uniform resistance. The 

effects of high resistance joints are similar to those of
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broken rotor bars and an effort must be made to distinguish 

between the two conditions.

Hans Gorges (19) was the first to investigate the effects of 

unbalanced rotor windings showing how an unbalanced wound rotor 

winding could be used to make an induction machine run at 

approximately half normal speed. Jones (14) has analysed this 

effect using symmetrical components to show how a field 

(current) component exists at (2s - 1) f Hz. This type of 

analysis was later used by Vas (20) but it could not be fully 

extended to the case of the squirrel-cage rotor. Ito et al 

(2 1 ) used finite element analysis of the airgap field to 

determine rotor bar currents, unbalanced magnetic pull and the 

pulsating torques. Williamson and an ith  (22) have produced an 

excellent theory based on rotor mesh currents. Their 

experimental machine, however, was somewhat unusual in that the 

rotor bars were actually in the stator while the three-phase 

winding was in the rotor.

Various methods have been used in the attempt to detect rotor 

faults. The modulation of the fundamental current by the 

(2 s - 1)f ccxnponent gives ammeter pulsations at twice slip 

frequency (2sf). These pulsations can therefore be regarded as 

an indication of rotor faults but an experienced operator is 

required to distinguish between the pulsation and fluctuations 

due to random load changes. Gaydon (23) has developed 

instrumentation to detect changes in shaft speed but stated 

that "inherent rotor asymmetries can give period fluctuations 

of the same magnitude as when one bar was open circuited".
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Hargis et al (2M) have shown how spectral analysis of the 

current and vibration waveforms can indicate rotor faults. No 

attempt has been made to explain the spectral changes in the 

vibration signal and the results presented for this are by no 

means extensive as the comparison of 'good’ and 'bad' rotors is 

only between similar machines. Pozanski (25) has shown how the 

acoustic noise is changed by rotor faults. This technique is 

not a viable proposition in the typical noisy industrial 

environment.

The work detailed in this chapter will show for the first time 

how sidebands appear around the slot harmonics of current, 

vibration, axial flux and end winding leakage flux. An 

experimental investigation will then be presented showing how 

the sideband content in these signals varies for different 

numbers of broken rotor bars and high resistance joints.

5.2 SIDEBAND COMPONENTS

Applying machine theory to rotor asymmetries gives the standard 

result of an additional air gap flux component at a frequency 

of (2s - 1)f Hz (1M). If the third time harmonic (3f) of the 

fundamental supply voltage is considered as another source (due 

to saturation effects) then, by argument a component of flux 

will exist in the airgap field at (2 s^ - 1)f^
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But = (3Wg - W^)/ (3Wg)

where W_ = synchronous speed s

& ~ actual shaft speed

Therefore S_ = (3 - ) /3

= (2 + (1 - V^)) /3
Wi

= (2 + S) /3

Also fj = 3f

Therefore (2s_ - 1)f_ = (£ (2 + s) -1) 3f
 ̂ 3

= (2s + 1) f 5.1

So when there are rotor asymmetries the fundamental air gap 

flux has sideband components at ĵ 2sf. The magnitude of the 

sideband components is dependent on slip. The typical

variation in magnitude of the (2s - 1)f component with slip is 

shown in Figure 5.1.
It is assumed for simplicity that the sidebands have equal 

magnitudes.
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These sideband components can be considered as amplitude 

modulation so that the fundeimental flux can be vfritten as;

B = (1 + a sin (UTt's ft +ff)) sin 2 Tt ft 5.2

The interaction between the fundamental field (B) and the rotor 

slots will induce side bands around the slot harmonic 

components in the air gap field. That is the expected 

frequency components of the air gap field can be written as:

QO oo
fg = ^  ^  (u_+ (1 - s)) fs

‘̂ =1 n.-o

oe>
+ ^  ^  (U + (1 - s)) (fs + 2sf) — 5 3

u-f P

These frequencies will be expected in the current signal and 

the leakage flux signals.

The squaring of the flux expression (see Chapter 3) to give the 

air gap force, and hence the stator vibration frequencies, will 

give multiple side bands around slot harmonic vibration 

frequencies.
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5.3 EXPERIMENTAL ROTORS

Several rotors were available for rotor fault tests. Initially 

the test machine contained a nominally 'perfect' 28 slot 

aluminium die cast rotor.

A nominally identical 28 slot rotor had its connection between 

a rotor bar and the end ring removed, see Figure 5.2.

A further 28 slot rotor was modified by removing a large 

portion of the rotor end ring. The material connecting a rotor 

bar to the end ring was removed and a new end ring was cast and 

bolted onto the remainder of the existing end ring. This rotor 

is shown in Figure 5.3-

A 51 slot rotor was constructed specially for the test 

programme. This rotor had circular copper bars which were 

soldered into copper end rings. Several connections at each 

end of the rotor were so manufactured that the rotor/ end ring 

electrical connections could be made or broken by either 

inserting and bolting a copper tag or an insulating tag. This 

rotor is shown in Figure 5.4. When this rotor was used 

experimentally it was found that when all rotor connections 

were made that the motor still exhibited signs of rotor 

unbalance. A model of the end ring and the two types of 
connection was built to measure the joint resistances. Results 

of these tests showed that the normally soldered joints had a 

resistance in the region of 5 - 6 while the bolted

connections were in the order of 21 - 22 . This means
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This means that the rotor was in fact always operating with an 

electrical unbalance.

5.4 CEPSTRUM

The monitored signals were Fast Fourier Transformered (FFTd) 

by the B 4 K Spectrum Analyser and displayed on its screen. 
The PDP11 computer read the Spectrum analyser screen and 

performed an FFT on the information, assuming the information 

to be a time varying signal, and wrote the results back to the 

Spectrum analyser screen. Any periodicity in the original FFT 

is displayed by a peak in the second FFT. The FFT of an FFT 

is termed CEPSTROM (11).

5.5 EXPERIMENTAL RESULTS

5.5.1 28 SLOT ROTORS

Figures 5.5 to 5.18 compare the various spectra for the normal 

28 slot rotor and the 28 slot rotor with the new end ring 

(i.e. one broken rotor bar). Comparing Figures 5.7 & 5.8 

(current spectra) the +2sf sidebands about the supply 
frequency are clearly visible when there is a broken rotor 

bar. Figures 5.9 4 5.10 show a principle slot harmonic in the 

current waveform and again the +2sf sidebands are present when 

there is a broken bar present.
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Figures 5.11 to 5.18 show spectra for the end winding leakage 

flux and axial flux signals with the normal rotor and with the 

broken rotor bar. Again the + 2sf sidebands are present 

around the fundamental supply frequency and the slot harmonic 
components when there is a broken rotor bar.

Interestingly there is only one pair of sidebands around the 

slot harmonics in the current, axial flux and end winding 

leakage flux signals. This was as expected due to equation 

5.3.

Figures 5.5 & 5.6 compare the vibration spectra for the normal 

rotor and for the case of the broken bar. However, there are 

several sideband pairs around the slot harmonic for the broken 

rotor bar. Again this is expected.

Figures 5.19 & 5.22 show cepstra of the vibration and the 

leakage flux signals. The increase in the sideband components 

in the vibration and leakage flux signals due to the broken 
bar is highlighted in the cepstra by a dramatic increase in 

the component at 0.5 secs.

NOTE: The component in the cepstrum which highlights the increased 

sideband content of the signals is dependent on the value of 

slip and therefore will not always occur at 0.5 secs. To 

calculate where the component will occur refer to A.J. Milne's 

report (11).
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5.5.2 51 SLOT ROTOR

As stated in Section 5.3 the 51 slot rotor exhibited signs of 

rotor unbalance even when all bolted connections were made. 

This was because of the higher resistance of the bolted joint 

as compared with the soldered joints (22 as compared to

6 )ifL ). It was therefore decided to progressively solder 

the bolted connections to the end rings. Figures 5.23 to 5.29 

show the effects of this experiment on the vibration signal. 

By the time all the joints had been soldered the sideband 

contents were much reduced.

Comparison of Figures 5.27 & 5.28 clearly shows the increased 

sideband content between no high resistance joints and one 

broken bar. However the difference between sideband

components between one and two broken bars is not so 

pronounced, reference Figure 5.28 4 5.29.

5.6 CONCLUSIONS

It has been demonstrated in this chapter that additional 

components can be expected in all the signals when the rotor 

has broken bars or high resistance joints. These additional 

components appear as sidebands at + 2sf around the fundamental 

supply frequency and the slot harmonics of the current, axial 

flux and end winding leakage flux signals. In the vibration 

signal several sideband pairs can be expected around the slot 

harmonic components. All these components were shown to exist 

under experimental conditions.
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The experimental work done using the 51 slot rotor suggested 

that it is not possible to distinguish between several high 

resistance joints and broken rotor bars.

The use of cepstrum has been shown to indicate the presence of 

sidebands and hence rotor circuit unbalance. Only one 

component in the cepstrum is required to indicate broken rotor 

bars. However the cepstrum must be performed on part of the 

signal where it is known that sidebands would exist under 

broken rotor bar conditions. The most effective part of the 

vibration signal for such analysis is around the slot 

harmonics.
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F ig u re  5.1 V aria tio n  of m a g n itu d e  of ( 2 s - 1 ) f  
c o m p o n e n t o f s ta to r  c u r re n t
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Figure5.2 28 Slot Rotor -  1 Bar disconnected
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Figure 5.3 28 Slot Rotor -  New End-ring
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Figure 5.4 51 Slot Rotor
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Figure 5.6 ZoomSpectrL/n Vibration-One Broken Bar
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Figure 57 Current Spectrum -  Normal Rotor

Figure5.8 Current Spectrum -  One Broken Bar
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Figure 5.21 Cepstmm of Leakage Rux 0-200Hz -  Normal Rotor

Figure 5.22 Lustrum of Leakage Rux 0 -200Hz -One Broken Bar
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Figure 5.23 Zoom Vibration -6  HighResistance Joints

Rgune5.24 Zoom Vibration -  4 High Resistance Joints
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Figure 525 Zoom Vibration - 2  High Resistance Joints

Figure 5.26 Zoom Vibration -  1 High Resistance Joint
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Figure 5<27 Zoom Vibration -  No High Resistance Joints

Figure Zoom Vibration -  One Broken Bar
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Figure 5.29 Zoom Vibration “ TwoBraken Bars
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CHAPTER SIX

ECCENTRICITY 4 INTERTURN FAULTS

6.1 INTRODUCTION

Two further problem areas were investigated experimentally. 

These were:-

a) Rotor-Stator Static Eccentricity 4

b) Interturn Winding Faults

Each of these areas will now be dealt with in turn.

6.2 ROTOR-STATOR STATIC ECCENTRICITY

Ellison and Yang's (32) work on SCIM noise* indicated that 

machine acoustic noise increased with increasing static 

eccentricity. If the acoustic noise increases then it should 

be expected that the vibration increases as there is a direct 

correlation between the two. Therefore tests were undertaken 

to verify that there is an increase in vibration with 

increasing eccentricity.
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6.2.1 EXPERIMENTAL

As described in Chapter Two the stator frame of the test SCIM 

could be moved with respect to the bearing pedestals and 

therefore the rotor. When the rotor eind stator were 

nominally concentric there was a uniform airgap of 0.015 

inches. Tests were done by moving the stator 0.001 in,
0.002 in, 0.00*1 in, 0.008 in and 0.012 in. This corresponded 

to eccentricities of 6.66$, 13.33$, 26.66$, 53-33$ and 80$ 

respectively.

Figures 6.1 to 6.4 show the vibration spectra for various 

levels of eccentricity at full load. During the course of 

the investigation it was realised that there were significant 

changes in the slot harmonic vibration with increasing 

eccentricity. Furthermore it was noted that the magnitude of 

the change in slot harmonic vibration was dependent on the 

vibration transducer position on the core. Figures 6.5 & 6.6 

show how the slot harmonic vibration, at 885 HZ & 785 HZ 

respectively, vary with eccentricity and transducer position. 

The reason for the vast variation in magnitude of the 

vibration is the stator's structural response as described in 
Chapter Four. Examination of the other signals (line 

current, axial flux and end winding leakage flux) revealed 

very little change with increasing eccentricity.
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6.3 INTERTURN WINDING FAULTS

When the insulation between conductors of the same coil 

breakdown the resulting fault is termed an "INTERTURN WINDING 
FAULT". The insulation breakdown may be caused by several 

factors including contamination, excessive coil vibration 

causing the insulation to fret and spark errosion due to 

discharges within the insulation and to the stator core. 

When cin interturn fault occurs part of the coil is usually 

short circuited. The passing flux induces a voltage in the 

shorted turns/coil which in turn produces a current. Since 

the reactance of the shorted turn/coil is very low the 

circulating current can be large and produce excessive heat 

which will further degrade the insulation and lead to a 

complete winding failure.

6.3.1 EXPERIMENTAL

The test SCIM had a connection matrix where each end of each 
stator coil was terminated and then interconnected (see 

Figure 2.H).

To simulate an interturn winding fault a complete coil was 

disconnected from the stator winding and shorted through a 

resistor to limit the circulating current to approximately 

full load current (~  20 Amps). This was to avoid heating 

effects and possible damage to the test machine.
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The effect of shorting a stator coil on the rotating airgap 
field is similar to that of unbalanced supply as described in 

Chapter Four, i.e. a standing force wave is produced in the 

airgap thereby causing the twice supply frequency (100 HZ) 

vibration to change.

Figures 6.7 4 6.8 show the change in vibration with the 

shorted coil. (The vibration transducer being located at the 

position where maximum change occurs). The twice supply 

frequency (100 HZ) vibration increases from 71 dB for the 

normal winding to 86 dB when the coil is shorted - a 

significant change. It was further observed that the change 

in vibration was virtually independent of which coil was 

shorted.

Figures 6.9 & 6.10 show the axial flux spectra for the two 
conditions. As with the case of unbalanced supply (Chapter 

Four) it is the (2 - s)f component at approximately 100 HZ 

which increases significantly.

The end winding leakage flux spectra in Figures 6.11 & 6.12 

show an increase in the third harmonic of the supply 

increasing with the shorted coil.

Figures 6.13 4 6.1M, the line current spectra, show 

significant increases in the 150 HZ (third harmonic) and the 

735 HZ slot harmonic components.
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6.4 CONCLUSIONS

The experimental results presented in this chapter show again 

that the monitored signals are sensitive to faults. Further 
work is required to show theoretically why the observed 

changes occur particularly in the case of rotor-stator static 

eccentricity.
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Figure 6.1 Vibration Spectrum “ No Eccentricity
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Figure 6.3 Vibration Spectrum ~1333% Eccentricity
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Figure 6.11 Endwinding Leakage Flux Spectrum - Normal Winding
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STRUCTURAL RESPONSE OF THE MACHINE

7.1 INTRODUCTION

Determination of the mechanical response of the SCIM is 

required before any changes in vibration levels due to faults 

can be quantified. Several analytical methods have been used 

already to determine the response. These methods include 

Finite Difference (26), applying Lagrange's Equation to 

three-dimensional elasticity theory (27, 2S) and Finite Element 

(29; methods. Such methods invariably require the solution of 

large numbers of equations which can best be done with the use 

of a digital computer.

Over the past decade it is the Finite Element Method (30) which 

has been proven to be the best method of analysing structural 

response. For this reason and because of the availability of a 

commercial computer finite element packeige called 'PAFEC 75' it 

was decided to base the modelling of the structure on the 

finite element method.

'PAFEC 75' (3f) gives the natural frequencies and mode

shapes of the structure. This information is not only relevant 

to the present research but also to the machine manufacturers 

who are continually trying to improve the design by reducing 

machine vibration and noise. The designers main problem in 

reducing noise and vibration is to ensure that the natural

CHAPTER SEVEN
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frequencies of the structure are kept well away from any 

frequencies produced from mechanical or electromagnetic 

sources.

7.2 THE FORMULATION OF THE FINITE ELEMENT MODEL

Using finite elements a model of the test machine's structure 

can be built up systematically. The proposed stages of 

development of the model were:-

(i) Stator Core (including teeth and slots)

(ii) Stator Core and Case

(iii) Stator Core, Case and feet

(iv) Stator Core, Case, feet and windings _

(v) As (iii) and (iv) but with movement of feet restricted.

The natural frequencies and mode shapes can be obtained at each 

stage to compare the effects of structural additions.
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7.3 MODEL DIMENSIONS AND ELEMENTS

The dimensions of the stator core are shovm in Fig. 7.1.

These dimensions correspond to a Brook Crompton Parkinson motor 

type D160M SCIM. Fig. 1.2 shows the division of a slot/tooth 

segment into its finite elements. Each slot/tooth segment 

contains 20 elements. With 36 slot/tooth segments the total 

number of elements in the core is 720.

7.^ THE DATA REQUIRED FOR 'PAFEC 75'

To run 'PAFEC 75' on data file, the machines dimensions,

elements and material is required. Fig. 7.3 shows the data

file for the stator core of Fig. 7.1. To reduce the number of 
nodes and elements that have to be specified use has been made 

of the SIMILAR.NODES and GROUPS.OF.SIMILAR.ELEMENTS data 

modules. At the beginning of the data file is a control module 

which the user sets up to instruct 'PAFEC 75' on the type of 

solution that is required. The OUTDRAW module is used to 

stipulate which mode shapes are required.

7.5 RESULTS USING 'PAFEC 75'

'PAFEC 75' has been used to find the natural frequencies and 

mode shapes of the model core (Fig. 7.1). The laminations of 
the stator core are made of annealed steel. A controversy 

exists as to the effect of annealing on the Young's Modulus. 

Various values of Young's Modulus have been used to determine 

the effect of this factor on the natural frequencies and these
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are tabulated in Fig. 7.^. Fig. 7.5 shows how the first 

natural frequency varies with Young's Modulus. Mode shapes for 

several natural frequencies are shown in Figs. 7.6 - 7.12.

Comparison with work done by Verma and Girgis (25) on a stator 

core of similar size shows that results for the finite element 

model are of the same order.

Other researchers have noted the existence of dual resonances. 

Dual resonances are caused by asymmetries, no matter how minor, 

in the stator's structure and are characterised by two 

resonances differing by a few cycles but belonging to the same 

mode of vibration. The plots of the mode shapes show this 

effect quite clearly. Figures 7.6 - 7.9 are of the n=2 mode. 

Fig. 7.6 and 7.7 have natural frequencies of 850.8 Hz and

862.3 Hz respectively (for Young's Modulus of 209 GN/m ) and 

their mode shapes have a phase change betyfeen one another. 

Figures 7.8 and 7.9 again show dual resona'nce but this time 

there is axial variation in the mode shape.

The mode shapes show that each mode (i.e. n=2, 3,  ̂ etc.) has 

four resonant frequencies associated with it. The lower two 

frequencies of each mode are dual resonance of a radial 

variation and the higher two frequencies are dual resonance of 

the mode with axial variations.
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'PAFEC 75' is run on RGIT's DECSYSTEM 20 computer system. A 

typical run to obtain the natural frequencies of the stator 

core takes approximately one hour of C.P.U. time; a further 

hour is needed if six mode shapes are requested. 3f500 pages 

of disk space are required for the temporary working and back 

up files.

7.6 MORE COMPLICATED MODEL

A model of the stator core with the aluminium case was input 

into 'PAFEC 75'. This required so much storage space to run 

due to the increased number of elements that the computer 

storage space allocated to the author was continually exceeded. 

The author was at the time unable to overcome this problem.

Figure 7.10 shows that the model* was in fact input to 

'PAFEC 75'.

7.7 EXPERIMENTAL

The actual motor stator which was used for the computer model 

was tested experimentally for its resonant frequencies. Two 

methods of test were used, namely, swept sine and impulse shock 

tests.

COMPUTER USAGE
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The sine swept was conducted using standard B & K vibration 

test equipment i.e. a calibrated signal source, or power 

amplifier and an electromagnetic shaker. Feedback from the 

electromagnetic shaker was used to ensure that a constant 

amplitude force was applied to the stator core.

The experimental rig for these tests is shown in Figure 7.11. 

As seen the stator core was suspended from springs. Spectra 

showing the resonant frequencies for each test method are shown 

in Figures 7.12 and 7.13.

Figures 7.1^ to 7.19 show plots of the mode shapes of several 

of the stator natural frequencies. The experimental results 

had to be interpreted to give the node points because only one 

accelercmieter was used and it was therefore impossible to check 

the phase relationships of the vibrations on the various parts 

of the stator. _

7.8 COMPARISON OF EXPERIMENTAL 4 THEORETICAL RESULTS

Although theoretical results from ’PAFEC 75' are for the core 

without the aluminium case the results for the first natural 

frequency (n=2) are of a similar order, 1093 Hz experimental 

compared to the computed value of between 850 Hz and 150^ Hz. 

It must be remembered that there are M for theoretical modes 
for n=2.
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7.9 CONCLUSIONS

It is evident that it is possible to model a motor stator using 

finite elements. When trying to model a full machine core 

complete with its aluminium case the numberafelements is high. 

This means that the number of resulting computations is high 

and the computer data storage requirements become excessive. 

This leads to the failure to compute the natural frequencies 

for the complete stator. However it is envisaged that by 

reducing the number of elements by, say, dispensing with the 

stator slots/teeth that this problem would be overcome and it 

is suggested that this be done in any work which follows up 

this thesis.

The experimental work was used to establish that the finite 

element program (PAFEC 75) did in fact give realistic answers.
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axial length = U 6 .0 5 m m

Figure 7.1 Dimensions of Stator Core
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CONTROL
NAME.TTTT
SKIP.VALIDATION
SKIP.CHECK
SAVE.RESUITS
PHASE=1
DASE=30000
PHASE=4
DASE=90000
TIME=60
PHASE=6
DASE=90000
TIME=60
PHASE=7
DASE=90000
T1ME=60
CONTROL.END
NODES
AXI S=2
X Y Z
0 8 . 105E-2 -10.5
0 llE-2 -10
0 8 . 105E-2 -4.5
0 . llE-2 — 5
0 12E-2 -10

I

15
17
19

14.605E-2 13.
14.605E-2 13.055E
ELEMENTS
ELEMENT.TYPE=37100 
PR0PERTIES=16 
TOPOLOGY
1 2 3 4 12 13 14
2 5 4 6 13 16 15 
4 6|7 8 15 17 18

I 
I I39 
43 
42 

NODES 
AXIS=2 
NODE.NUM X 
4000 -20E-2
5000 0 5E
AXES

TYPE ANG3

0

37 
39
38

40
41 
39

41
44
43

48 
50
49

50
54
53 iO

0 0 
L 0

AXI SNO
10 10
11 n 20
12 o 30
13 2 40

Figure73 Da^a File for PAFEC75

99



A3 2 340 
44 2 350 
SIMILAR.NODES 
ORIGINAL.N0DE=1 
NUMBER.OF.N0DES=55 
C O P Y .NODE AX 1S .O F .N E W .NODE

1 0  
11 
12
13
14

56
1 1 1
166

276

1871
1926

43
44

GROUP.O F .SIMILAR.ELEMENTS
0LD = 1 
NUMBER-20
NEW GROUP.NEW TOPOLOGY.I NCR
O 1 '■>^ J. 55
41 3 110
61 4 165
81 5 1 220

1
661 ' 34 1815
681 35 1870
701 36 1925
MATERIAL
MATERIAL. NUM E NU RO ALPHA
16 195E9 0.3 7800 llE-6 25E
MODES.AND .FREQUENCIES
AUTOMATIC MODES START

60 6 19

MU K 
-6 48

SH

OUT.DRAW 
PLOT.TYPE 
1 4000

4000 
4000 
4000 
4000 
4000

NODE.NUM
19
20 
21

CASE.NUM

24
END.OF.DATA

Figure 7.3 continued
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No.

NATURAL FR EQ U EN C IES , Hz

YOUNG'S MODULUS, GNm'^
209 195 150 125

1 -1.1 2.5 -1.8 -3.0
2 1.3 3.5 3.0 2.5
3 3.2 ¿,5 3.¿ 3.6
U 8.7 7.7 5.2 6.A
5 9.2 9.2 8.7 7.5
6 11.1 11.0 8.9 8.6
7 850.8 821.8 7¿¿.¿ 558.0
8 852 .3 832.9 75¿.5 665,9
9 U 8 6 .1 U 35.A 1300.3 1 U 9 .3

10 150/:, .5 U 5 3 .3 1315.¿ 1163.6
11 2A 55.7 2381.7 2157.¿ 1905,9
12 2519 ./, 2A33.6 220¿.¿ 19¿8.¿
13 3585 .9 3551,3 3225.9 2851.3
u ii150 M ¿009.0 3531.¿ 3209.8
15 ¿852,6 ¿ 687.3 ¿2¿5.8 3752.8
16 5073.5 ¿900.7 ¿¿39,1 3923.7
17 5989.0 578¿ .9 52¿0.1 ¿631.5
18 5891.3 5555.5 5029.5 53 29.5
19 7219.5 6973.5 5315.8 5583.3
20 7377.0 7125.7 5¿5¿.5 5705.1

Note: N atu ra l frequenc ies  1-6 a re  due to 
num erical e rro rs  in computation

Figure7.4 Natural Frequencies of Stator Core
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Figure?5 \/^riation of First Natural Frequency wiih Youngs Modulus
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F ig u r e 7.7 Mode Shape No.8
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Pigiare78 Mode Shape No.9
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Figure7.9 Mode Shape No. 10
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Figure7.10 Stator Core wiih Case — Printout from PAFEC75
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Figure 7,11 Experimental Rig
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CHAPTER EIGHT 

CONCLUSIONS 4 FUTURE WORK

8.1 DISCUSSION

The results of the work described in previous chapters shows 

that SCIM faults can be detected using vibration, line current 

and leakage flux signals. These signals are relatively easy to 

detect by means of readily available transducers. This thesis 

has shown how to interpret these signals by using a high 

resolution spectriim analyser and by applying fundamental 

machine knowledge.

It has been shown that stator core vibration is particularly 

sensitive to changes in electrcxnagnetic forces caused by SCIM 

faults. Using basic SCIM design information such as supply 

frequency, running speed and the number of rotor slots 'the 

electromagnetic frequency components of vibration can be easily 

identified.

Usually only the overall vibration of a machine has been 

monitored, this is because this has traditionally been the 

domain of the mechanical engineer who is not concerned with 

electrical faults. More effort must be made to convince 

electrical & mechanical engineers that significant information 

can be gained from straightforward spectral analysis of the 

vibration signal.
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8.2 FUTURE WORK

The work presented in this thesis has been based on SCIMs 

driving constant speed loads. Further work is therefore 

required to fully assess the effects of faults on SCIMs driving 

pulsating loads such as reciprocating compressors.

The results obtained during the course of this thesis could be 

used to develop a dedicated SCIM monitoring system. However if 

an operator has suitable transducers, a portable tape recorder 

and a Spectrum Analyser he could set up a Condition Monitoring 

programme based on periodic analysis of the various signals.

The practical difficulties of monitoring SCIMs, using 

techniques described in this thesis, which are sited in 

hazardous areas has not been covered by this thesis. This 

problem can be solved by close liaison witi) machine 

manufacturers and certifying authorities.
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APPENDIX I - SURVEY QUESTIONNAIRE



ROBERT GORDON’S INSTITUTE OF TECHNOLOGY, i\BERDEEN 
SCHOOL OF ELECTRONIC AND ELECTRICAL ENGINEERING

QUESTIONNAIRE ON CONDITION MONITORING OF MEDIUM/LARGE 
SQUIRREL-CAGE INDUCTION MOTORS ________________________

Do you use any of the following condition monitoring techniques 
on your squirrel-cage induction motors?
(a) Vibration Monitoring YES NO If the answer is yes continue 

proximity transducers on plain bearings ^ES| NO| ; 
accelerometers IYES| NOI ; velocity transducers (YESj NOI ;

computer based vibrationvibration spectrum analysis 
monitoring system lYES NOi

lYES NQ ;

(b) Winding temperature sensing iYES NO!

(c) Stator core temperature sensing YES NOI

(d) Bearing temperature sensing YES NO]

(e) Meggar Insulation Testing 'YES NO!

(f) Tan (6) Insulation Tests YES | NOj ! Tests

(g) Measurement of shaft voltages across the rotor lYES NO;

(h) Wear debris monitoring YES NO) if yes continue :
Magnetic Plugs |YES Npi| ; oil sample testing/analysis YES| NO

(i) Apart from standard tests any other monitoring techniques 
you use ?

What I S 'On-Condition Maintenance?'
With on-condition maintenance, repairs are carried out only when 
the condition of the machine has deteriorated past a predetermined 
point. That is, repairs or part replacements take place at a point 
in time where it has definately been proved that a fault exists, and 
if left unrepaired would probably result in catastrophic breakdown, 
'vith possible damage to other machine parts and a disruption in 
production.
(a) /



(a) Do you apply only the standard planned maintenance
schedules to your large squirrel cage induction motors? YES NO

(b) Do you apply on-condition maintenance programmes based on 
any of the measurement techniques stated in Question 1?

(c) Any comments about the concept of on-condition maintenance?

(d) Where possible, could you please complete the following 
tables (pages 3 and 4) .



Motor Rating
Application 
of M o t o r

Starting
DOL/Other

Total No. of Yrs. 
in Service

No. of Yrs. in 
Service prior to 

First Fault
Bearing 
Faults/Caiise 
if Possible

Presence^ of 
Shaft Voltages

Uage and 
xiuency

Rating



Deax'ing' Damage 
IXie to Bearing 

lectrical Currents
 ̂ Do you Insulate the 

Bearing Pedestals ?
Stator Winding 

Insulation Failure
Cracked/Broken 

Piotor Bars
Cracked
Shafts

Stator 
Core Faults

Any Other Faui 
Causing Failtu



UNBALANCED SUPPLY BY SYMMETRICAL COMPONENTS

The symmetrical component analysis of an unbalanced three-phase 

system is based on the following equations (14 ):

APPENDIX II

=
v_ = 

=

( V^+ a V^+ a^\)/rs 

( a^V,+ a V. )//3

( V̂ -H \  )//3

where , V_ and are the positive, negative and zero sequence 

voltages respectively and V^,V^and V̂ âre the phase voltages a is the 

120 operator.

In a balanced system

Vy = a V. 

= a Vp

Consider the case when one phase voltage, say Vp , is reduced in 

magnitude to xVp , where 0 < x  <1,

The symmetrical component voltages can now be written as:

V̂ .= ( xVp + a Vy + a*-Vt)/41
V_= ( xV^ + â V̂y + a \  ) / ^

% =  ( xVp + + Vb)Af3



Simplifying gives:

V^= Vr(x + 2)/j3 

V_= V^(x - 1)/j3 

V = V^(X - D/Jl

Now unbalance is given as V_ /V^and Vq 

Therefore:

V_ /V^= (x - 1)/(x + 2) 

/V, = (x - 1)/(x + 2)



DERIVATION OF TORQUE AND SPEED FOR ROTOR WITH BROKEN BAR

To the rotor the revolving field of the stator is at the slip 

frequency (sf). The current in the rotor is due to induction and 

also varies at the slip frequency. So we have, for the rotor,

APPENDIX III

B = B sin (2'tt' s  ft) m

and I^ = I sin (2 TT' s ft) b in

The torque produced by a single conductor can be written as;

T = r

Bi I. rD

/r I B sin (2rc' s ft) sin (2 ft^s ft)m III

= K (1 - cos H ft' 3 ft)

where K = ^  r B l m m



So the torque produced by a single bar varies at twice the slip 

frequency and is always positive. In a well designed machine the 

torques from the individual conductors will sura to a constant

i e T — C i.e

If however, a conductor cannot contribute its share of the torque 

the effective torque can be written as:

Tbb = C - K (1 - cos 4 s ft)

= D - K cos 4 /Tf s ft , where D = C - K

Thus a broken conductor will produce a component of torque which 

pulsates at twice the slip frequency.

The rotational speed of the rotor is related to the torque by the 

following equation

+ FtX> + T^

Where T^ is the drive torque, J is the inertia, F is the viscous 

damping and T/. is the load torque. For small changes in speed the 

load torque, T^ , can be written as:

= Tj, - T,u.



For a broken rotor bar the torque and speed are related as follows;

D - K cos H fC 3 ft = Jco + Fui Tg - 6vJ

rearranging the letting 4 /Tsf = p

Juc + (F - T^)u> = (D - Tg) - K cos p

Taking Laplace transforms of each side gives

W(s) (sJ + (F - T^) ) = (D - Tg) Ks
2 2 3 + p

W(s) Ks

s(sJ + (F - T^)) (sJ + (F - T^)) (s^ + p)

Solving in the normal manner gives a steady state solution of the 

form

CO gg - K^ cos 4 /TTsft - K2 sin 4firsft

Therefore the effect of a broken rotor bar on the speed is to 

produce a fluctuation in speed at twice the slip frequency.
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Introduction

In offshore oil and gas production platforms aind in onshore 
refinery installations the three-phase squirrel-cage 
induction motor (SCIM) is used to drive gas compressors, sea 
water injection pumps and oil exporting pumps. Consequently, 
the assessment of the condition of the motor and its future 
availability are important, since failure caused by one of a 
number of fault conditions is costly and potentially 
dangerous. This is particularly evident when oil production 
and refinery installations are being considered. Here the 
handling costs associated with plant removal and loss of 
production makes down-time unacceptable unless absolutely 
necessary. It is essential therefore that the operator knows 
the condition of the motor while it is in service and if 
possible is able to predict when a motor might fail.

It has generally been believed by many engineers responsible 
for plaint monitoring that damage and wear in rotating 
machines can be detected by analysing vibration signals and 
by monitoring shaft motion. It is true that the vibration 
signal contains information relating to damage and wear but 
the spectrum also contains information about the normal 
operation of the motor. The inherent difficulty is the 
separation of these two aspects of signal information. This 
is particularly difficult with a three-phase squirrel-cage 
induction motor since the resulting vibration spectrum is a 
by-product of electromagnetic forces and the normal 
mechanically transmitted forces.(D Due to the motor being 
a complex electromechanical device, the fault mechanisms can 
be electrical, mechanical or electromechanical in nature. 
This means that the normal on-line protection devices for 
sensing overload and earth leakage currents and excessive 
bearing, winding cind core temperatures are insufficient, and 
additional on-line monitoring techniques are required. One 
approach involves time consuming analysis of vibration data 
coupled with an in-depth appreciation of plant behaviour



assisted by historical records of performance. (̂ ) This leads
to a monitoring system based essentially on experience and 
can be particularly difficult to operate in an offshore 
installation due to such factors as the staff working shift 
cycles, 'hot' work permits being required and the generally 
hostile environment. A second approach and the one being 
considered as the main objective of the work referred to in 
this paper seeks to identify the fundamental causes of 
various electromechanical faults and to develop an on-line 
data processing system for detecting faults and predicting 
the availability of the motor.

The initial results of the research work are presented in the 
paper and are primarily concerned with providing a data base 
for identifying faulty SCIMs, with a view to developing fast 
and efficient processing techniques which are particularly 
applicable to SCIM fault recognition. The results of a 
survey carried out to determine the existing monitoring 
techniques and data collection methods currently being used 
for 3-phase induction motor fault recognition is presented, 
and the types of failure and their frequencies of occurrence 
are also reported. A brief discussion of the fault 
mechanisms and the development of a fault producing test rig 
is presented. The data acquisition and computer processing 
system is described, a data bank of the processed signals 
for 'healthy' and 'unhealthy' machines is presented and the 
results discussed.

Survey of Monitoring Techniques and Failure Mechanisms of 
3-phase Squirrel-cage Induction Motors

A survey of a variety of major industrial organisations using 
large SCIMs in the offshore and onshore environment was 
conducted to gain information about the types of failure of 
SCIMs and the methods used for monitoring the condition of 
the machine. A questionnaire was sent to each of the 
operators and consisted of two sections. The first was 
concerned with identifying what types of condition monitoring 
techniques are currently being used and to also test the 
operators' reaction to the concept of on-line condition 
monitoring as part of an on-condition maintencince strategy. 
The second section consisted of specific questions on the 
types of failure to assess if there is a real need for 
developing on-line diagnostic techniques for SCIM fault 
recognition.

All of the industrial organisations completed Section 1 and 
six out of the eleven operators provided specific information 
about motor failures. The results are presented in Taibles 1 
and 2 respectively. A 100% response was not expected in 
Section 2 because the collection auid compilation of the data



required a considerable effort in terms of man hours. Since 
the information gives details on the types of failure and 
frequencies of occurrence of eighty-two SCIMs in the range 
from 425 kW to 6. 3 MSV, the results are able to provide 
sufficient information for deciding whether or not a problem 
exists in SCIM fault recognition.

The main conclusions from the survey and personal discussions 
with the operators are :

(a) There can be considerable savings in maintenance 
procedures, outage time of plant aind loss of 
revenue if reliable condition monitoring techniques 
are available as part of an On-condition maintenance 
strategy.

(b) Due to the number of failures reported by the 
operators, there is a need for fundamental studies
of various types of fault mechanisms to be undertaken, 
and to also develop signal processing techniques to 
provide a data base for classification of ’healthy' 
and 'unhealthy' motors.

(c) The operators would welcome the development of a 
flexible microprocessor-based instrumentation system 
capable of performing an on-line analysis of 
different types of signal (e.g. vibration, current, 
stray flux) which could also identify the various 
types of fault mechanisms and assess the availability 
of the SCIM.

Fault Mechanisms

In response to the survey and additional discussions with 
other industrial users it was decided to investigate the 
following faults :

(a) Inter-Tum Winding Faults
The insulation between turns of a coil can breakdown 
due to contamination, thermal ageing or vibrational 
stresses. The breaikdown process causes heating in 
the winding and a change in the current distribution 
which leads to a complete failure of the motor's 
insulation system.

(b) Broken Rotor Bars
This usually occurs when one of the conducting bars 
which forms part of the 'squirrel-cage' rotor 
winding breaks where it is joined to the conducting



(c)

end ring. The bars adjacent to the broken one carry 
extra current aind overheat which in turn generally 
leads to additional broken bars. This results in 
torque pulsations, speed fluctuations and changes 
in the vibration spectrum and can lead to mechanical 
damage of the rotor, stator bore or bearing assembly.
Static Rotor-Stator Eccentricity
In this situation, the axial centres of both rotor 
and stator are not coincident. This results in 
increased vibration levels aind could lead to bearing 
failure,

(d) Single-Phasing
This is the term used when one of the supply lines or 
windings becomes open circuited. This is a severe 
fault condition and results in high current and 
vibration levels.

The results of the survey also indicate that bearing failure 
in SCIMs is a major problem. This is rather surprising since 
bearing fault detection has received considerable attention from researchers and industrial operators(3-7). The 
difficulty of operating a vibration monitoring programme in 
a hostile environment has been mentioned and it is here that 
there is a need for the development of bearing monitoring 
techniques and instrumentation suitable for the offshore 
environment.

Previous investigators have tended to look at individual 
machine signals to determine the existence of a fault. 
E r l i c k i ^ S )  has shown how axial flux could be used to indicate 
non-symmetric supply conditions. P e n m a n h a s  clearly 
shown how inter-tum faults can be detected with axial flux 
but found the use of axial flux inconclusive for detecting 
broken rotor bars and dynamic rotor-stator eccentricity. Gaydond^fl^) has developed instrumentation techniques using 
shaft speed fluctuations as the signal source for the 
detection of broken rotor bars but has stated that "inherent asymmetries were found to give period fluctuations of the 
same magnitude as when one bar was deliberately open 
circuited." H a r g i s ^̂ 2) has considered changes in the current 
and vibration spectra for detecting broken rotor bars but 
has only presented one set of results for a good rotor and 
one with three broken bars. Steele(13) has monitored current 
for the detection of electromechanical faults in small-power 
motors. His results clearly show the potential of the method 
but he states that "much further work is required to fully 
explain the current spectra and to produce a commercially 
viable system."



Hence the authors consider that further work is required 
under controlled experimental conditions for the following 
reasons :

(i) to evaluate the effectiveness of monitoring 
various types of signal

(ii) to explain fully the changes in the spectra
(iii) to develop signal processing techniques to

highlight the fault conditions
(iv) to discriminate between the effects of high 

resistance joints, broken bars or end rings 
in squirrel-cage rotors

(v) to try and quantify the degree of severity of 
the different faults.

The philosophy proposed in this paper is to monitor various 
interrelated motor signals such as vibration, current, end 
winding leahage flux and axial flux during fault conditions 
and to present a data base of spectra. It is envisaged that 
an on-line monitoring system which utilizes three or four 
types of signals for identifying a particular fault will 
prove to be more useful than existing techniques which tend 
to look for changes in only one type of signal.

Test Rig and Signal Processing Equipment

Figure 1 shows the test motor and associated processing 
equipment. The test rig comprises an 11 kW SCIM loaded 
by a d.c. dynamometer and has been specifically designed 
for carrying out controlled experiments with the fault 
mechainisms described in the previous section. A number of 
transducers positioned on the test rig sense various 
parameters for determining the condition of the motor, viz :

AX

is an air-cored toroidal coil used to sense the 
electrical current in the main supply lead.
is a coil situated on the exterior casing of 
the motor to sense the extent of the end 
winding leakage flux.
is a coil v/ound on the main shaft of the 
induction motor to sense the degree of axial 
f lux.

■ V is an accelerometer positioned to respond to mechcinical vibration of the casing or bearing 
pedestals.



The electrical signals emanating from the transducers are 
pre-amplified, filtered and undergo frequency and time-domain 
analysis in a high-resolution spectrum analyser. The 
analyser exists as a peripheral device to a PDPll-03 
minicomputer system, comprising an 11-03 processor, dual 
floppy-disc storage unit, keyboard, visual-display unit, 
printer and high-resolution plotter. The experimenter 
controls, via the interactive terminal, the operation of the 
analyser and the subsequent secondary processing of the 
analysed signals. A library of data processing programs is 
available to the experimenter to distil the data produced by 
the analyser in such a way as to highlight particular machine 
faults. Typical library programs are ;

(i) control the analyser, write and read spectral 
values to and from the analyser and provide 
automatic scaling of all data values.

(ii) measure the energy content of the whole, or any 
part of the frequency spectrum of the signal 
emanating from any selected transducer.

(iii) determine the peak value of any frequency 
spectrum.

(iv) compute the autocorrelation coefficient of the 
frequency spectrum for any given offset.

(v) carry out a Fourier transform on a frequency
spectrum, providing a Cepstrum of the original 
signal.

(vi) control the plotting facility so that single 
and multidimensional plots of the processed 
data can be produced.

(vii) control the allocation of storage areas on the
disc storage units so that historical records of 
experiments carried out on the induction motor 
can be accessed at a later date for inspection 
and comparison.

Test Results

There are various frequency components in each signal which 
are expected from Induction machine theory. For the
current, end winding leakage flux and axial flux signals 
the expected frequencies are :

=  F(Hz)
fsH " F(R/P Cl - s ) + n)(Hz).

( 1)

( 2 )



a n d  f o r  t h e  v i b r a t i o n  s i g n a l  :

where

^IV = 2F(Hz) ...................... . (3)

^SHV FCR/P (1 - s ) + 2(n - 1))(Hz) . (4)

F fundamental supply frequency (50 Hz)
R number of rotor slots (28)
P number of pole-pairs (2)
s = slip, 0.02 for full-load
n = 1 , 2 , 3 . . . .
SH slot harmonic

An FFT analysis was initially applied to all the transducer 
signals. Where it was difficult to identify the difference 
between signature patterns for normal and abnormal conditions, 
a zoom analysis was applied around specific frequency 
components. The frequency at which the zoom analysis is 
applied depends on the type of fault and signal being 
analysed. Equations 1 to 4 can be used for this purpose. 
Figures 2 to 37 show spectra of the signals for normal and 
fault conditions.

Preliminary observations of the results indicate that the 
spectra for the broken rotor bar fault contains many sidebands. 
These sidebands can be explained by the application of rotor 
asymmetry t h e o r y . A  useful technique for determining 
the sideband content is cepstrum analysis.^ ' The main 
observations from the data bcink of spectra are as follows :

(i) Broken Rotor Bar
The tests were done under full-load operating conditions using 
two production type die-cast rotors. Both rotors have the 
same degree of dynamic balance but one has a broken bar. A 
spectrum analysis of the vibration signals is shown in 
Figures 2 and 3. The 0-2 kHz bandwidth spans the range of 
interest for detecting changes but it is difficult to observe 
any significant differences. However, using zoom analysis 
techniques, sidebands become apparent around the slot harmonic 
for the faulty rotor as indicated by comparing Figure 4 and 5. 
The same 'signature' patterns occur for the current, end 
winding leakage flux and axial flux signals, as shown in 
Figures 6 to 17. A cepstrum analysis was applied to highlight 
the increased sideband content, a Scimple of the results is



presented in Figures 39 to 46. The results clearly 
demonstrate that this fault can be identified from four 
signals. Based on the work so far the techniques will be 
used for discriminating between the effects caused by high 
resistance joints, number of broken bars or end rings.

(ii) Inter-tum Winding Faults
A comparison between Figures 18 amd 19 show that the 100 Hz, 
200 Hz and 300 Hz vibration components increase when a 
coil is short-circuited in the stator winding. In the axial 
flux spectrum the 50 Hz, 100 Hz and 150 Hz components 
increase, while in the current spectrum it is the 150 Hz 
and slot harmonic frequencies which increase significantly, 
as shown in Figures 20 and 21 and Figures 24 and 25 
respectively. It was found that although there were changes 
in the end winding leakage flux spectrum the sense (increase 
or decrease) of the change was a function of transducer 
position as indicated in Figures 22 and 23.

(iii) Single-Phasing
Figures 23 to 33 indicate that the 100 Hz component has 
a pronounced increase in both the vibration and axial flux 
spectra. The 150 Hz component in the current spectrum is 
also increased. As in (ii) the change in the end winding 
leakage flux is a function of transducer position.

(iv) Static Rotor-Stator Eccentricity
The only significant changes occurred in the slot harmonics 
of the vibration spectrum as shown in Figures 34 to 37, and 
that the sense of the change was a function of transducer 
position around the motor's frame, as indicated in Figure 38. 
Further work is required on the signal processing side to 
try and detect changes in the other signals.

Conclusions

A study of the failure mechanisms of squirrel-cage induction 
motors has been carried out and reported. The fault 
mechanisms have been investigated under controlled 
experimental conditions and a computer-based instrumentation 
system has analysed signals representative of a motor's 
supply current, axial flux, end winding leakage flux and 
mechanical vibration. A comprehensive data bank of different 
types of spectra for SCIM fault recognition has been 
presented. The authors believe that this is the first time 
a data bank of spectra in this form has been put into print. 
The resulting data patterns reveal that different 'signatures' 
exist for 'healthy' and 'unhealthy' motors. In addition.



three or four different types of signal may show a particular 
pattern for one fault condition. The concept of looking for 
changes in four signals as opposed to only one, has the 
distinct advantage that an industrial user of SCIMs is more 
likely to believe the former as an indication of a fault.
The tests have therefore been used to establish a data baink 
of machine signatures for use in predictive maintenance 
operations. Overall system reliability can then be improved.
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\iimmr ,-Ŵ H« rrT\tti2CLnQ Y N S S M Y X X X X 13%
*<Ar-3i*t-ir n luca N S N N S X X X X X 0%
n  1 3 xc la jrviivsls s Y Ti S N N X X X N 27»

Y M S M N N s Y Y X X 2'%
Ulcr3»<3\lc dlsd^axga ;< H M N Y M Y X X X X la»

Intagratad dLs<lvar^ M H H H Y N N X X X X 9%
Stray £Xox cdvltnciag H H r* N M N X X X X X 9%

A to  K t LndMtJd-Al op«rm taa Y : Y ««  H : Mo

• : o o a * 1 0 Lally # : l i  » d i i  pitabLm * d » «

 ̂ : aU y durlnq LnstAlLetlon

TM)1* 1 I Suri^/ o f  ito itacL iv i rKÌ¥iliivjM  iM d  a i > -^ *1 *  S q v r i^ l - o ^ i
tnduceiai yt iu x j  wlth ra tin g» a f 500 h .p . (0.373 .**0 * id  abcx«.

rau lt OcciifTnoa

a u z ln g i 44.68»

V̂ lrvdlrvgB 44.63«

Crabcad/Srticjn totnr 3arj 4.25*

.'tiara lloieoija 6.39%

Ttitil nerbar o< caiiilna« ■ 82
P<twar yv^pL lis v a iy  £t^b  2 .3  IcV t o  13<9
yvixbar c i  aadMre» w ltiì no fiuXb • 30TtJtii mutar o£ fili'jr*« “ 94
paroKitiga a l aactLinaa r t ir ta d  0 .0 .L- •  90%

Tabi* 2 Sur^ fWulC» qi ̂ ĉhln̂  raiUg*
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MONITORING STRATEGY FOR DISCRIMINATING BETWEEN DIFFERENT 

TYPES OF ROTOR DEFECTS IN INDUCTION MOTORS

W T Thomson, N D Deans, R A Leonard, A J Milne 
Robert Gordon's Institute of Technology, Aberdeen AB9 IFR

INTRODUCTION

A recent survey (1) of industrial companies using large 3-phase squirrel- 
cage induction motors (SCIM) in offshore and onshore installations 
indicated that rotor cage faults can lead to motor failures. Pulsating 
loads or the undesirable effects of direct-on-line starting can result in 
rotor bar fractures.C2,3) The fatigue mechanism causes a poor electrical/ 
mechanical connection, arcing develops and this usually results in a 
broken bar. Torque pulsations, speed fluctuations and vibration changes 
occur and can cause rotor bearing failureCl) or stator core damage. There 
is a need for reliable on-line monitoring techniques for discriminating 
between high resistance bar to end ring joints, number of broken bars and 
end ring faults. It is proposed that a monitoring strategy which uses 
three or four interrelated types of signals for fault diagnosis is more 
credible than existing instruments monitoring only one signal.

REVIEW OF PREVIOUS WORK

Gaydon(^>5) has developed instrumentation techniques for rotor fault 
detection based on shaft speed fluctuations but has stated that "inherent 
rotor asymmetries can give period fluctuations of the same magnitude as 
when one bar was open circuited". HargisC^) has presented a set of 
spectra of vibration and current for two nominally identical motors, one 
with a normal rotor, and one with three broken bars but the early 
detection of one broken bar is important so that further degradation can 
be avoided. PozanskiCó) has shown that acoustic noise measurements 
indicated a 1 dB - 3 dB change between a motor with a good rotor and one 
with a single broken bar. The application of noise measurements for 
condition monitoring is not really suitable for offshore installations or 
hostile onshore situations0-). JonesC7) has developed an equivalent 
circuit for modelling the effect of an open-circuited rotor phase and 
shows that induced e.m.f. and current signals appear at a frequency of 
|l-2s|fi ill the stator winding. The model was verified experimentally for 
an open-circuited rotor phase. V a s C S )  has presented a similar approach 
but no experimental results were given. Williamson(9) has calculated the 
variation in rotor bar currents when broken bars or a broken end ring 
exists, but the experimental motor used to verify the analysis had a high 
resistance cage in the stator core. The analysis was verified by 
experimental tests for the cases of two/three broken bars and end ring 
faults but the test motor was untypical of those commonly used in industry. 
The on-line monitoring of bar currents is of course not a practical 
proposition. Williamson applied his analysis to a large SCIM and 
predicted that it may be difficult to detect a single bar fault in terms 
of the |l-2s|f]^ component of current or the 2sfi component of pulsating 
torque. Williamson's prediction has still to be verified by experimental 
tests. Penman(lO) has reported that the use of axial flux monitoring was 
inconclusive for detecting a rotor bar fault. Steele(H) has monitored 
current for the detection of one broken bar in a small-power motor but did 
not present results for the cases of two or three broken bars. Controlled 
experimentation is required if rotor cage faults are to be quantified in 
terms of the magnitudes of specific frequency components or by using



Cepstrum a n a l y s i s t o  identify the sideband content of spectra.

PRINCIPLES
Alger(i2) has shown that the air-gap flux density in a SCIM consists of 
five principal rotating fields. If time harmonic fluxes of the 
fundamental are included then a general expression for the slot harmonic
frequency components is : fi Cl - s) _+ n) . If J o n e s ' a n a l y s i s  is
applied to the fundamental and third harmonic time components of the stator 
flux then upper and lower sidebands occur at |1 ^  2s|fi around the 
fundamental. The slot harmonic frequencies for a rotor with asymmetry 
become : fx(n R(1 - s)/P) + 2s f^, where fx = fundamental frequency; 
s = slip; R = No. of rotor slots; P = pole pairs; n = 1, 2, 3...

These effects can be detected in the current, end winding and leakage flux 
spectraCl) using simple external pick up coils and spectrum analysis.
Since magnetic forces are proportional to flux density squared, then 
sidebands occur around the principal slot harmonic vibration components. 
These sidebands appear in four interrelatedCl) spectra and can be used as 
a basis for identifying various types of rotor fault.

EXPERIMENTAL EQUIPMENT AND TEST RESULTS

A test rig has been developed to investigate the effects of faults on the 
current, flux and vibration spectra of a machine. A 3-phase, 50 Hz, 11 kW, 
4-pole SCIM, loaded by a d.c. dynamometer, has transducers attached to 
sense current, leakage and axial flux, and vibration. The sensed signals 
are amplified and filtered and subjected to spectral analysis in a high- 
resolution spectrum analyser acting as a peripheral device to a mini­
computer. A suite of programs in the minicomputer control the analyser 
and present the processed data to the experimenter in graphical or 
numerical form. Figure 1 shows the test rig and associated processing 
equipment.

Tests were initially done using two 28—slot production type die-cast 
rotors, one as the normal reference and the other for introducing 
controlled rotor cage faults. For the experiments with the 28-slot rotors, 
the motor developed its nominal full-load torque at 1470 r.p.m. An FFT 
analysis was applied to the vibration, current, end winding and axial flux 
signals. Upper and lower sidebands appeared around various frequency 
components when the rotor with one broken bar was tested. An FFT zoom 
analysis of the vibration and end winaing flux signals is presented in 
Figures 2-5. The spectra for the faulty rotor have a pronounced sideband 
content around the principal slot harmonics. A Cepstrum analysis was used 
to obtain a value for the sideband content. Figures 6 and 7 show that 
this technique can detect a single rotor bar failure. Several bars were 
broken adjacent to the single broken bar and the resulting Cepstra are 
shown in Figures 8 and 9. A similar pattern occurred for the other 
signals and a sample of Cepstra for the end winding flux signals is given 
in Figures 10 and 11.

A standard type bl'-slot rotor was redesigned to investigate the effects of 
high resistance bar to end ring joints. A number of the bars could be 
broken and reconnected in situ via special bolted connections. The 
remaining 43 copper bars were soft soldered into the end rings. A high- 
resolution micro—ohmmeter was used to measure the resistances of a number 
of similar soft soldered joints and bolted connections on a separate rotor 
cage, and it was found that they were of the order of 5 to 6 yfl and 21 to 
22 yfl respectively. The 51 slot rotor developed the motor’s nominal full­
load torque at a speed of 1430 r.p.m. and is typical of a standard



production model. The transducer signals were analysed when the rotor had 
no broken bars and sidebands appeared in the vibration, current and flux 
signals. This suggests that high resistance joints can be interpreted 
as broken bars. Figure 12 shows the pronounced sideband content. With a 
bar disconnected from the end ring, the changes in the current and flux 
signals were inconclusive. However, the sideband content in the vibration 
signal increased as shown in Figure 13. A further increase occurred with 
two broken bars.

CONCLUSIONS

A study of different rotor cage faults has been carried out under 
controlled experimental conditions and a set of spectra and cepstra 
presented. The results show that cage faults can be identified in four 
interrelated signals and that Cepstrum analysis can provide a single value 
for the relevant sideband content. Sidebands also appear in the spectra 
when the rotor cage has high resistance bar to end ring joints and it was 
observed that only the vibration signal showed a significant change when 
bars were subsequently broken. The concept of looking for changes in four 
different signals as opposed to one or two, has the distinct advantage 
that an industrial user of SCIMs is more likely to believe the former as 
an indication of a fault. This is particularly relevant in the offshore 
oil industry where loss of production is extremely costly. Further work 
is required to study the effects of decreasing/increasing the number of 
high resistance joints compared to broken bars, and end ring faults 
compared to broken bars.
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A B ST R A C T

This paper reports a  study carried  out into the identification o f Jau lts in 
three-phase squirrel cage induction m otors. The reasons fo r  m onitoring  
fibration , current and stray flu.x signals in a  unified approach  are  
presented and a jau lt producing test rig and com puter-based  signal 
processing system  a re  described. The changes which occur in the signals 
during single-phasing, broken  rotor bar, rotor-stator eccentricity and  
inter-turn w inding fau lt conditions a re  discus.sed and a .sample o j the 
signature patterns is presented. The results show that a malfunction can 
be identified from  carious signals and in certain instances the reliability  o f 
fault diagnosis could be im proved by the m onitoring strategy prop osed  in 
this paper.
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I n  o l l 's h o r e  o i l  a n d  gas p r o d u c t i o n  p l a t f o r m s  t h e  t h r e e - p h a s e  s q u i r r e l  c a g e  

i n d u c t i o n  m o t o r  ( S C I M )  is u sed  to  d r i \ e  g as  c o m p r e s s o r s ,  sea w a t e r  

i n j e c t i o n  p u m p s  a n d  o i l  e x p o r t i n g  p u m p s .  T h e  a s s e s s m e n t  o f  th e  

c o n d i t i o n  o f  th e  m o t o r  a n d  its f u t u r e  a v a i l a b i l i t y  a n d  r e l i a b i l i t y  a r e  

i m p o r t a n t  s in ce  f a i l u r e  c a u s e d  b y  o n e  o f  a  n u m b e r  o f  f a u l t s  is c o s t l y  a n d  

p o t e n t i a l l y  d a n g e r o u s ,  T h o m s o n  ct a l}  I t  is d e s i r a b l e  t h a t  f a u l t  

m e c h a n i s m s  c a n  b e  d e t e c te d  a t  a n  e a r l y  s ta g e  so  t h a t  p l a n n e d  o u t a g e s  c a n  

t a k e  p la c e  to  p r e v e n t  c a t a s t r o p h i c  f a i l u r e .  I n  o lT s h o re  p o w e r  i n s t a l l a t i o n s  

t h e  m a j o r i t y  o f  S C I  M s  a r e  s t a r t e d  d i r e c t - o n - l i n e ,  r e s u l t i n g  in  l a r g e  

s t a r t i n g  c u r r e n t s  a n d  t o r q u e s  w h i c h  c a n  c o n t r i b u t e  to  e n d  w i n d i n g ,  r o t o r  

c a g e  o r  b e a r i n g  f a i l u r e s . '  V o l t a g e  u n b a l a n c e  in  t h e  s u p p l y  s y s te m  m a y  

o c c u r  a n d  c a u s e  p r e m a t u r e  f a i l u r e  o f  th e  w i n d i n g s .  S e a  w a t e r  

c o n t a m i n a t i o n  o f  t h e  s t a t o r  w i n d i n g s  h as  b e e n  r e p o r t e d  as b e i n g  o n e  o f  

t h e  c a u s e s  o f  i n s u l a t i o n  f a i l u r e . '  A  r e c e n t  s u r v e y  h a s  s h o w n  t h a t  t h e  

m e t h o d s  u se d  f o r  o n - l i n e  f a u l t  d ia g n o s i s  t e n d  to  l o o k  a t  s o u rc e s  o f  

i n f o r m a t i o n  in  i s o l a t i o n . '  V i b r a t i o n  m o n i t o r i n g  is t r a d i t i o n a l l y  d o n e  b y  

m e c h a n i c a l  e n g in e e r s  a n d  i n s u l a t i o n  m o n i t o r i n g  b y  e le c t r ic a l  e n g in e e r s .  

H o w e v e r ,  th e  S C I M  is a c o m p l e x  e l e c t r o m e c h a n i c a l  d e v ic e  a n d  t h e  f a u l t  

m e c h a n i s m s  c a n  b e  id e n t i f i e d  f r o m  v a r i o u s  t y p e s  o f  s ig n a ls ,  T h o m s o n  a  
al.^ T h e  m o t o r  m a y  f a i l  b e c a u s e  o f  a f a u l t )  b e a r i n g  b u t  th e  f u n d a m e n t a l  

f a u l t  m e c h a n i s m  c o u l d  be e l e c t r i c a l ,  f o r  e x a m p l e ,  b e a r in g s  c a n  f a i l  d u e  to  

e l e c t r ic a l  b e a r i n g  c u r r e n t s ,  V e r m a  et al.^ F r o m  th e  re s u l ts  o f  t h e  s u r v e y  

a n d  d is c u s s io n s  w i t h  t h e  o p e r a t o r s  o f  S C I  M s  it w a s  c l e a r  t h a t  t h e  pre,sent
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t e c h n iq u e s  u sed  I b r  l a u l t  d ia g n o s is  in  e i e c l n c a l  m a c h i n e s  a r e  n o t  a l w a y s  

s u c c e s s f u l . '■’ I t  is p r o p o s e d  t h a t  a n  o n - l i n e  m o n i t o r i n g  s t r a t e g y  w h i c h  

u t i l is e s  v i b r a t i o n ,  c u r r e n t  a n d  s t r a y  llu.x s ig n a ls  in  a u n i f ie d  t t p p r o a c h  w i l l  

p r o v e  to  be m o r e  su c c e s s fu l  t h ; m  e x is t in g  t e c h n iq u e s ,  i  h is  p a p e r  r e p o r t s  

a n  e x p e r i m e n t a l  in v e s t i g a t io n  i n t o  v t i r i o u s  f a u l t  m e c h a n i s m s  a n d  th e  

d e v e l o p m e n t  o f  d a t a  a c q u i s i t i o n  a n d  s ig n a l  p r o c e s s in g  t e c h n iq u e s  f o r  

f a u l t  i d e n t i f i c a t i o n  f r o m  n o n - i n v a s i v e  m e a s u r e m e n t s  o f  i n t e r r e l a t e d  

s ig n a ls .

2. F A U L T  M l i C H A N I S M S

T h e  f a u l t  c o n d i t i o n s  b e in g  c o n s i d e r e d  m  th is  p a p e r  a r e  as f o l lo w s :  

U n b a l a n c e d  v o l t a g e  s u p p ly

In  o f f s h o r e  i n s t a l l a t i o n s  w h e r e  th e  p o w e r  s u p p l y  s y s te m  is r e l a t i v e l y  s m a l l ,  

t h e  t h r e e - p h a s e  v o l t a g e  s u p p l y  c o u l d  b e c o m e  u n b a l a n c e d  d u e  to  s u c h  

f a c t o r s  as s i n g l e - p h a s i n g  o f  p r i m a r y , s e c o n d a r y  c i r c u i t s  o r  u n b a l a n c e d  

s in g le -p h a s e  lo a d s ,  H o w e l l  a n d  H o g w o o d ." *  W h e n  a S C I M  is fe d  f r o m  a n  

u n b a l a n c e d  s u p p l y  t h e  m o t o r  c u r r e n t s  a r e  u n b a l a n c e d  a n d  a t  f u l l  l o a d  t h e  

c u r r e n t  u n b a l a n c e  is u s u a l l y  s ix  to  te n  t im e s  th e  v o l t a g e  u n b a l a n c e . ' *  T h i s  

l e a d s  to  e x c es s iv e  h e a t i n g  o f  t h e  w i n d i n g s ,  t h e r m a l  a g e i n g  o c c u r s  a n d  c a n  

r e s u l t  in  i n s u l a t i o n  f a i l u r e .  B r i g h t o n  a n d  R a n a d e '  h a v e  r e p o r t e d  t h a t  th e  

n o r m a l  p r o t e c t i o n  c i r c u i t s  w h i c h  o p e r a t e  w h e n  t h e  t e m p e r a t u r e  o r  c u r r e n t  

in c r e a s e s  a b o v e  a  p r e -s e t  le v e l  a r e  n o t  a l w a y s  r e l i a b le  f o r  p r o t e c t i n g  

a g a i n s t  f a i l u r e  d u e  t o  u n b a l a n c e d  v o l t a g e  s u p p l y .  F r o m  a  s a m p l e  o f  3 8 0  

b r e a k d o w n s  o f  s t a n d a r d  a .c .  d r i v e s  u p  to  2 5  k V ,  V i n c e n t ^  h a s  r e p o r t e d  

t h a t  1 2 %  o f  th e  t o t a l  f a i l u r e s  w e r e  d u e  to  t h e  w o r s t  u n b a l a n c e d  s u p p l y  

c o n d i t i o n  - k n o w n  as s i n g l e - p h a s i n g - - - w h i c h  o c c u r s  w h e n  o n e  o f  th e  

s u p p l y  l in e s  is o p e n - c i r c u i t e d .

B r o k e n  r o t o r  b ars

T h i s  o c c u r s  w 'h en  o n e  o f  t h e  c o n d u c t i n g  b a r s  o f  t h e  s q u i r r e l  c a g e  r o t o r  

w i n d i n g  b r e a k s  w h e r e  it  is j o i n e d  to  th e  c o n d u c t i n g  e n d  r i n g .  B u r n s . ’  

A d j a c e n t  b a r s  c a r r y  a h ig h e r  t h a n  n o r m a l  c u r r e n t  a n d  o v e r h e a t  w h i c h  

u s u a l l y  le a d s  to  a d d i t i o n a l  b r o k e n  b a r s .^  R o t o r  c a g e  f a u l t s  c a n  c a u s e  

t o r q u e  p u l s a t i o n s ,  s p e e d  f l u c t u a t i o n s  a n d  c h a n g e s  in  t h e  v i b r a t i o n  s ig n a l .
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m e c h a n i c a l  d a m a g e  to  th e  r e n o r  o r  s t a t o r  u m d m g .

K o t o r  s t a t o r  e c c e n t r ic i t y

S t a t i c  e c c e n t r i c i t y  e x is ts  w h e n  t l ie  a x i a l  c e n t r e  o f  th e  r o t o r  a n d  s t a t o r  a r e  

n o t  c o i n c i d e n t ,  t l i is  c a u s e s  u n b a l a n c e d  m a g n e t i c  p u l l  ( B i n n s  a n d  D y e ' * )  

a n d  m a y  le a d  to  b e t i r in g  d t i m a g e

I n t e r - t u r n  w in d in g  fa u l ts

I f  t h e  in s u l a t i o n  b e t w e e n  a d j t i c e n t  t u r n s  o l'  a c o i l  b r e a k s  d o w n  d u e  to  

c o n t a m i n a t i o n  o r  o t h e r  c t iu ses .  t h e n  s h o r t i n g  c a n  o c c u r  a n d  a h a z a r d o u s  

s i t u a t i o n  re s u l ts .  T h i s  is b e c a u s e  t h e  s h o r t e d  c o i l  n o w  lies in th e  m t i in  a i r -  

g a p  f ie ld  d u e  to  th e  rest  o f  th e  m a c h i n e  c i r c u i t s  a n d  c o n s e q u e n t l y  h as  a 

v o l t a g e  i n d u c e d  in i t .  T h e  i n d u c e d  v o l t a g e  d r iv e s  c u r r e n t  a r o u n d  t h e  c o i l ,  

a n d  its m a g n i t u d e  is l i m i t e d  o n l y  b y  th e  re s is ta n c e  a n d  i n d u c t a n c e  o f  th e  

lo c a l  c i r c u i t .  T h e  r e s u l t i n g c u r r e n t s c a n  be v e r y  h ig h ,  l e a d i n g  to  i n s u l a t i o n  

g a s s in g  w i t h  th e  p o s s ib i l i t y  o f  e x p l o s i o n  i f  a n d  w h e n  s p a r k i n g  o c c u r s .

T h e  u n b a l a n c e  t h a t  o c c u r s  in  th e  s t a t o r  e le c t r ic a l  c i r c u i ts  re s u l ts  in  

c h a n g e s  in  th e  h a r m o n i c  c o n t e n t  o f  th e  a i r - g a p  t1ux. a n d  th is  c a n  b e  

r e la t e d  to  c h a n g e s  in  t h e  c u r r e n t  t i m e  h a r m o n i c s .  O n e  o f  th e  a u t h o r s  h a s  

i n v e s t ig a t e d  th is  a n d  p r e d i c t e d  th e  h a r m o n i c  c h a n g e s  to  b e  e x p e c t e d  

u n d e r  c u r r e n t  c o n d i t i o n s .  P e n m a n  ei a / . ‘ ' T h e y  h a v e  a ls o  s h o w n  t h a t  

a l t h o u g h  s u c h  c h a n g e s  c o u l d  b e  o b s e r v e d  in  th e  l in e  c u r r e n t s  o f  th e  

m a c h i n e ,  th is  w o u l d  r e q u i r e  t h e  s e n s in g  o f  t e r m i n a l  q u a n t i t i e s  a n d  th e  

m e a s u r e m e n t  o f  s m a l l  c h a n g e s  w i t h  r e s p e c t  to  t h e  f u n d a m e n t a l .  T h e  

a l t e r n a t i v e  p r o p o s e d ' ' is t o  m o n i t o r  t h e  a x i a l l y  t r a n s m i t t e d  f lu x e s ,  f o r  

s u c h  a  s ig n a l  e fT e c t iv e ly  m a g n i f i e s  t h e  e f fe c ts  o f  s m a l l  u n b a l a n c e  in  th e  

m a g n e t i c  o r  e le c t r ic  c i r c u i t  o f  t h e  m a c h i n e ,  a n d  c a n  a ls o  p r o v i d e  

i n f o r m a t i o n  c o n c e r n i n g  o t h e r  f a u l t  c o n d i t i o n s  s u c h  as e c c e n t r ic  r u n n i n g  

a n d  p h a s e  u n b a l a n c e .

3. T E S T  R I G  A N D  P R O C E S S I N G  E Q U I P M E N T

■̂2 H / / i m m s o n cl al

T h e  f a u l t  p r o d u c i n g  test m o t o r  a n d  a s s o c ia te d  p r o c e s s in g  e q u i p m e n t  a r e  

s h o w n  in F ig .  1. T h e  test m o t o r  is a s t a n d a r d  11 k W  S C I  M  w h i c h  h as  b e e n  

r e d e s ig n e d  t o  c a r r y  o u t  c o n t r o l l e d  e x p e r i m e n t s  w i t h  t h e  f a u l t  m e c h a n i s m s  

d e s c r ib e d  in th e  p r e v io u s  .sect ion . A  n u m b e r  o f  t r a n s d u c e r s  p o s i t i o n e d  o n
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Fig. I. Test rig. ci;tt;i aaiiiisition and processing equipment

t h e  test r ig  sense v a r i o u s  s ig n a ls  f o r  o n - l i n e  a n a ly s is  a n d  f a u l t  d ia g n o s i s ,  

n a m e l v :

T.C<i>

T.

a n  a i r - c o r e d  t o r o i d a l  c o i l  u s e d  to  sense e le c t r ic a l  c u r r e n t  in  a n y  o f  

t h e  m a i n  s u p p l y  l in e s

a  c o i l  s i tu a te d  o n  t h e  e x t e r i o r  c a s in g  o f  th e  m o t o r  in  a n  

a p p r o p r i a t e  p o s i t i o n  to  sense  th e  e n d  w i n d i n g  l e a k a g e  f lu x  

a  c o i l  w 'o u n d  o n  th e  m a i n  s h a f t  o f  t h e  m o t o r  t o  sense t h e  a x i a l  f lu x  

a n  a c c e l e r o m e t e r  p o s i t i o n e d  t o  .sense t h e  v i b r a t i o n  o n  t h e c a s i n g  

o r  b e a r i n g  p e d e s ta ls

T h e  t r a n s d u c e r  s ig n a ls  a r e  p r e - a m p l i f i e d  a n d  th e n  s u b je c te d  t o  s p e c t r a l  

a n a ly s is  in  a h ig h  r e s o l u t i o n  s p e c t r u m  a n a l y s e r  a c t i n g  as a p e r i p h e r a l  

d e v ic e  t o  a m i n i c o m p u t e r .  A  s u i te  o f  p r o g r a m s  in  th e  m i n i c o m p u t e r  

c o n t r o l s  t h e  a n a l y s e r  a n d  p re s e n ts  th e  p ro c e s s e d  d a t a  to  th e  e x p e r i m e n t e r  

in  g r a p h i c a l  o r  n u m e r i c a l  f o r m .  T h e  s y s te m  c a n  c o n t r o l  t h e  a l l o c a t i o n  o f  

s to r a g e  a r e a s  o n  th e  d is c  s to r a g e  u n i t s  so  t h a t  h is t o r ic a l  r e c o r d s  o f  

e x p e r i m e n t s  c a r r i e d  o u t  o n  t h e  i n d u c t i o n  m o t o r  c a n  b e  accessed  a t  a l a t e r  

d a t e  f o r  i n s p e c t io n  a n d  c o m p a r i s o n .
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T I- :S  I' K I - . s u L T S  A N D  D I S C U S S I O N

A l g e r '  ’ h as  s h o w n  t h a t  t h e  a i r - g a p  llii.x d e n s i ty  in  a S C I  M  e o n s is ts  o f l i v e  

p r i n c i p a l  r o t a t i n g  f ie ld s .  I f  t i m e  h a r m o n i c s  o f  th e  f u n d a m e n t a l  l l i i x  a re  

i n c l u d e d  th e n  th e  b tis ic  e q u a t i o n s  a r e  as f o l l o w s :

/ ,  =  s u p p l y  f r e q u e n c y

./a,i =/, ( - d  - .v)±/t |(1U.)
r

( 1 )

( 2 )

T h e s e  f r e q u e n c y  c o m p o n e n t s  c a n  be d e t e c te d  in  th e  c u r r e n t  a n d  s t r a y  f lu x  

s ig n a ls .  S in c e  m a g n e t i c  fo r c e s  ; ire  p r o p o r t i o n a l  to  I l u x  d e n s i t y  s q u a r e d ,  

t h e n  th e  f o l l o w i n g  c o m p o n e n t s  a p p e a r  in th e  v i b r a t i o n  s p e c t r u m ;

/ , .  = 2 / ,  ( H z )  

' R
A h .  = / .  ( - ( I  -  . v ) ± 2 ( / i -  I )  ) ( H z )

( 3 )

(4)

I f  t h e  r o t o r  c a g e  w i n d i n g  is a s y m m e t r i c a l ,  th e n  s id e b a n d s  a p p e a r  a r o u n d  

t h e  f u n d a m e n t a l  c u r r e n t  c o m p o n e n t  a n d  th e  s lo t  h a r m o n i c s  o f  th e  

c u r r e n t ,  e n d  w i n d i n g  a n d  a x i a l  f lu x ,  a n d  v i b r a t i o n  s i g n a l s , '■* A n  F F T  

a n a ly s is  w a s  i n i t i a l l y  a p p l i e d  to  th e  t r a n s d u c e r  s ig n a ls  a n d  a s t u d y  m a d e  o f  

t h e  s i g n a t u r e  p a t t e r n s .  W h e r e  it w a s  d i l F c u l t  to  i d e n t i f y  t h e  d i l i e r e n c e  

b e t w e e n  s i g n a t u r e  p a t t e r n s  f o r  n o r m a l  a n d  a b n o r m a l  o p e r a t i o n ,  a z o o m  

a n a ly s is  w a s  a p p l i e d  a r o u n d  s p e c i f ic  f r e q u e n c y  c o m p o n e n t s .  T h e  

f r e q u e n c y  a t  w h i c h  th e  z o o m  a n a ly s is  is a p p l i e d  d e p e n d s  o n  t h e  t y p e  o f  

f a u l t  a n d  s ig n a l  b e in g  a n a l y s e d .  E q u a t i o n s  (1 ) - ( 4 )  s h o u l d  b e  u s e d  f o r  th is  

p u r p o s e .  C e p s t r u m  a n a ly s is  c a n  b e  u sed  to  d e t e r m i n e  t h e  s i d e b a n d  

c o n t e n t  o f  s p e c t r a . ’

Test conditions. T h e  s p e c t r a  s h o w n  in  F ig s .  9 - 1 2  w e r e  o b t a i n e d  u s in g  a  

s p e c ia l l y  d e s ig n e d  5 1 -s lo t  r o t o r ’ a n d  th e  o t h e r  e x p e r i m e n t s  w e r e  

c o n d u c t e d  u s in g  a 2 8 - s l o t  r o t o r .  T h e  re s u l ts  s h o w n  in  F ig s .  2 - 1 5  w e r e  

r e c o r d e d  w h e n  th e  m o t o r  w'as d e l i v e r i n g  f u l l - l o a d  o u t p u t  a t  t h e  r a t e d  

s p e e d ;  th e  m o t o r  s p e c i f i c a t io n  is as f o l lo w s :

3 -p h a s e ,  11 k W ,  4 1 5  V ,  5 0  H z ,  4 - p o l e ,  s q u i r r e l  c a g e  i n d u c t i o n  m o t o r  

2 8 -s lo t  r o t o r ;  f u l l - l o a d  r a t e d  s p eed  1 4 7 0 r p m  

5 1 -s lo t  r o t o r ;  f u l l - l o a d  r a t e d  s p e e d  14.70 r p m  

3 6 -s lo t  s t a t o r

a i r - g a p  l e n g th  = 0 - 3 8 1  m m  ( 0  0 1 5  i n)
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I n  a d d i t i o n ,  ;i 4  kV V  SC I M  w a s  a ls o  u se d  t o  in v e s t ig a t e  i n t e r - t u r n  w i n d i n g  

f a u l ts .

S i n g l c - p h a s i n g / i i n b a l a n e c d  v o l t a g e  s u p p ly  f a u l t  d e te c t io n

A  c o m p a r i s o n  o f  F ig s .  2 a n d  3 i n d i c a t e s  t h a t  th e  10 0  H z  c o m p o n e n t  o f  

v i b r a t i o n  in c r e a s e s  w h e n  o n e  o f  th e  s u p p l y  l in e s  to  t h e  m o t o r  is o p e n -  

c i r c u i t e d .  T h e  10 0  H z c o m p o n e n t  o f  v i b r a t i o n  a ls o  c h a n g e s  w h e n  a s t a t o r  

c o i l  is s h o r t - c i r c u i t e d .  In  a d d i t i r ) n .  t h e  ( 2  — v ) / ,  c o m p o n e n t  ( a p p r o x i ­

m a t e l y  10 0  H z )  o f  th e  a x i a l  lU ix  in c r e a s e s  w i t h  s in g le - p h t is in g  o r  a s h o r t -  

c i r c u i t e d  s t a t o r c o i l . ' H e n c e  t h e  r e l i a b i l i t y  o f  d ia g n o s i n g  a p a r t i c u l a r  f a u l t

i s
zs¿8
isliffl
«8

P

. 100 Hz

a'AV,',, * •k*', V .'.A.

0 00  200 300 400 500 600 700 800 900 1000
Hz

Fig. 2. Accderalion spectrum normal supply.

m e c h a n i s m  is s u s p e c t .  C o n v e r s e l y ,  i f  t h e  1 0 0  H z  c o m p o n e n t  c h a n g e s  in  

v a r i o u s  i n t e r r e l a t e d  s ig n a ls  t h e n  i t  c a n  b e  u s e d  as  a  r e l i a b le  i n d i c a t o r  t h a t  a  

m a l f u n c t i o n  e x is ts  in  t h e  m a c h i n e .  I f  f u n d a m e n t a l  e le c t r ic a l  m a c h i n e  

c o n c e p t s  a r e  c o n s i d e r e d  t h e n  t h e  c o n d i t i o n  o f  s i n g l e - p h a s i n g  w i l l  p r o d u c e  

a  s t a n d i n g  w a v e  f lu x  p a t t e r n  w h i c h  s h o u l d  b e  re f le c te d  i n t o  t h e  1 0 0  H z  

c o m p o n e n t  o f  v i b r a t i o n .  F u r t h e r  tes ts  w e r e  c o n d u c t e d  a n d  F i g .  4  s h o w s  

t h e  v a r i a t i o n  o f  th e  1 0 0  H z  c o m p o n e n t  b e t w e e n  n o r m a l  t h r e e - p h a s e  

o p e r a t i o n  a n d  w i t h  o n e  p h a s e  o p e n - c i r c u i t e d .  T h e  c u r v e s  i n d i c a t e  t h a t  

d u r i n g  t h e  f a u l t  c o n d i t i o n ,  t h e  le v e l  o f  t h e  1 0 0  H z  c o m p o n e n t  v a r ie s  

d r a m a t i c a l l y  w i t h  t r a n s d u c e r  p o s i t i o n  a  s t a n d i n g  w a v e  p a t t e r n  o c c u r s  

a r o u n d  th e  p e r i p h e r y  o f  t h e  m o t o r .  T h e  o t h e r  p h a s e s  w e r e  o p e n - c i r c u i t e d  

in  t u r n  a n d  th e  r e s u l t i n g  c u r v e s  w e r e  n e a r l y  c o i n c i d e n t  w i t h  th e  o n e  s h o w n  

in  F ig .  4 .  I f  th is  f u n d a m e n t a l  k n o w l e d g e  is u sed  in a c o n d i t i o n  m o n i t o r i n g
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system, then it is possible to im prove the re liab ility  o fd e te c iiiig  a single­
phasing I'ault. I 'u r th e r  w ork  is required to study the elìcci o f  vary ing  the 
am ount o fs u p p ly  voltage unbalance, m otor m ounting  arrangem ents and  
pole num bers.

I d e n t i l i c a t i o n  o f  b r o k e n  r o t o r  b ars

Th e  slot harm onic I'requencies in the current and stray t1ux signals 
em anating  from  an induction  m o to r w ith  an asym m etrical ro to r can be 
calculated using eqn. ( 5 ) . ’

Ah: = /i(̂ A ■V)//; ± //) ± 2.V/ , (5)

Sidebands at twice the 'slip ' frequency also appear aroun d  the principal 
slot harm onic v ib ra tio n  com ponents. This means sim ilar signature  
patterns occur in four in terre lated  signals and can be used as a basis fo r  
iden tify ing  a ro to r cage fau lt. E.xperim ental tests have showm that this is 
the case, see Figs. 5 8. H ow ever, one o f  the problem s is the d iscrim ination  
between ro to r bar,end ring failures and inherent ro to r asym m etries such 
as high resistance bar to end ring  jo in ts . In a recent paper by Tho m son  et  

i i l . .~  a p re lim inary  study o f  the efl'ect o f  high resistance jo in ts  ind icated  
that s im ilar signature patterns occurred in four signals but w'hen one bar  
was broken it was on ly  the v ib ra tio n  w hich showed a significant change in  
the sideband content. A  fu rth e r series o f  tests have been conducted and  
the results show that as the num ber o f  high resistance jo in ts  is reduced the 
sideband content drops, and consequently the re lative d iflerence between  
the sideband content o f  a ro to r having few high resistance jo in ts  and one 
broken bar is larger, see Figs. 9 12. Th e  re lia b ility  o f  fault d iscrim ination  
is still suspect but it can be concluded that if  all fo u r signals e.xhibit this 
signature pattern then the ro to r cage is asym m etric . I f  this con d itio n  
develops w hile the m o to r is in service it should be put under close 
surveillance.

R o t o r  s t a t o r  e c c e n t r i c i t y

In contrast to the previous fault m echanism s, the on ly  significant change  
occurred at one o f the slot harm on ic  com ponents (885 H z ) o f  the 
v ib ra tio n  spectrum . The .sense ot the change was a function  o f transducer 
position around  the periphery o f  the m o to r fram e as shown in Fig. LT 
T h e  results show that at least one o f  the fo u r in terrelated siiinals is
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?R-
Q:
*̂755 ■ »D ■ 7X3 ~ eo ‘ sad ' ¿¿i ’ ski' eeo '90 Ĥ!
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s e n s i t iv e  to  r o t o r  s t a t o r  e e c e n t r i c i t ) . I ' u r t h e r  vvork  is r e q u i r e d  to  t r \  a n d  

d e t e c t  c h a n g e s  in th e  o t h e r  s ig n a ls  a n d  to  in v e s t ig a t e  th e  elVects o f  

d i lT e re n t  m o t o r  m o u n t i n g s  a n d  d y n a m i c  e c c e n t r i c i t y .

I n t e r - t u r n  w in d in g  fa u l ts

A  c o m p a r i s o n  b e t w e e n  F ig s .  14 a n d  15 s h o w s  t h a t  th e  1 00  H z ,  2 0 0  H z  a n d  

3 0 0  H z  v i b r a t i o n  c o m p o n e n t s  in c r e a s e  w h e n  a c o i l  is s h o r t - c i r c u i t e d  in th e  

s t a t o r  w i n d i n g ,  w h e r e a s  in  t h e  c u r r e n t  s p e c t r u m  it w a s  th e  15 0  H z  a n d  o n e  

s lo t  h a r m o n i c  c o m p o n e n t  w h i c h  in c r e a s e d .  In  th e  a.xial tlu.x s ig n a l ,  th e  

5 0  H z ,  1 0 0  H z  a n d  15 0  H z  c o m p o n e n t s  in c r e a s e d  a n d  th e  c h a n g e s  in  t h e  

e n d  w i n d i n g  l e a k a g e  f lu x  w e r e  a  f u n c t i o n  o f  t r a n s d u c e r  p o s i t i o n .  F u r t h e r  

test  re s u l ts  t a k e n  f r o m  a 4  k W  S C I  M  w i t h  a 4 - p o l e  w i n d i n g  s h o w  t h a t  i t  is 

p o s s ib le  to  i d e n t i f y  s p e c i f ic  h a r m o n i c  c o m p o n e n t s  in  t h e  a x i a l  f l u x  s ig n a l  

w h e n  a n  i n t e r - t u r n  f a u l t  o c c u r s .  U s i n g  t h e  m e t h o d s  s u g g e s t e d , ' ” "  it is

kHz

Fig, 15. Accelcralioii .spoemim. sliori-circuitcd stator coil
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p r e d i c t e d  t h a t  t im e  h a r m o n i c s  o f  o r d e r  1, p lu s  a l l  e v e n  o r d e r s ,  s h o u l d  

a p p e a r  in  a d d i t i o n  to  t h e  u s u a l  6 n  +  1 o r d e r s .  F ig u r e s  16 a n d  17 s h o w  t h a t  

th is  is t h e  c a s e ,  p a r t i c u l a r l y  w i t h  r e f e r e n c e  to  th e  f u n d a m e n t a l  a n d  e v e n  

h a r m o n i c s .  T h e r e  is a ls o  g r o w t h  in  t h e  t h i r d  h a r m o n i c ,  m o s t  l i k e ly  c a u s e d  
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5. C O N C L U S I O N S

A n  in v e s t i g a t io n  i n t o  th e  e tre c t iv e n e s s  o f  m o n i t o r i n g  v i b r a t i o n ,  c u r r e n t  

a n d  s t r a y  f lu x  s ig n a ls  f o r  d e t e c t i n g  f a u l t s  in a t h r e e - p h a s e  s q u i r r e l  c a g e  

i n d u c t i o n  m o t o r  h as  b e e n  c a r r i e d  o u t  a n d  r e p o r t e d .  T h e  f a u l t  m e c h a n i s m s  

h a v e  b ee n  s tu d ie d  u n d e r  c o n t r o l l e d  e x p e r i m e n t a l  c o n d i t i o n s  a n d  a set o f  

s p e c t r a  p r e s e n t e d  f o r  i d e n t i f y i n g  a ‘ h e a l t h y '  a n d  ' u n h e a l t h y '  m o t o r .  I t  has  

b e e n  v e r i f ie d  t h a t  a s i m i l a r  s i g n a t u r e  p a t t e r n  o c c u r s  in f o u r  i n t e r r e l a t e d  

s p e c t r a  w h e n  a r o t o r c a g e  f a u l t  e x is ts ;  c o n s e q u e n i l )  . th is  u n i f ie d  a p p r o a c h  

c o u l d  i m p r o v e  th e  r e l i a b i l i t y  o f  r o t o r c a g e  f a u l t  d e t e c t i o n .  T h e  re s u l ts  a ls o  

s h o w  t h a t  t h e  100  H z  c o m p o n e n t  o f  th e  v i b r a t i o n  s ig n a l  c h a n g e s  

i n s t a n t a n e o u s l y  w h e n  a s i n g l e - p h a s i n g  o r  i n t e r - t u r n  w i n d i n g  f a u l t  o c c u r s .  

I f  t h e  t r a n s d u c e r  is c o r r e c t l y  p o s i t i o n e d  it is p o s s ib le  to  d i s c r i m i n a t e  

b e t w e e n  t h e  t w o  f a u l t  m e c h a n i s m s .  I t  h a s  b e e n  v e r i f ie d  b y  e x p e r i m e n t  t h a t  

t h e  p r e d i c t e d  h a r m o n i c  c o m p o n e n t s ' ^  ' ' d o  a p p e a r  in  t h e  a x i a l  s p e c t r u m  

w h e n  a n  i n t e r - t u r n  f a u l t  e x is ts .  In  a d d i t i o n ,  th e  s lo t  h a r m o n i c  

c o m p o n e n t s  in t h e  \  i b r a t i o n  s p e c t r u m  c a n  b e  u sed  to  d e te c t  s ta t ic  r o t o r  

s t a t o r  e c c e n t r i c i t y .  F u r t h e r  w o r k  is r e q u i r e d  to  t r y  a n d  d e t e c t  c h a n g e s  in  

t h e  o t h e r  s ig n a ls  a n d  a p p l y  t h e  t e c h n i q u e s  f o r  d e t e c t i n g  d y n a m i c  

e c c e n t r i c i t y .  F i n a l l y ,  t h e  c o n c e p t  o f  l o o k i n g  f o r  c h a n g e s  in  f o u r  

i n t e r r e l a t e d  s p e c t r a  as o p p o s e d  to  o n l y  o n e  c a n ,  in c e r t a i n  cases ,  i m p r o v e  

t h e  r e l i a b i l i t y  o f  f a u l t  d e t e c t i o n .

A C K N O W L E D G E M E N T S

T h e  a u t h o r s  w is h  to  a c k n o w l e d g e  t h e  s u p p o r t  o f  t h e  S c ie n c e  a n d  

E n g i n e e r i n g  R e s e a r c h  C o u n c i l  M a r i n e  D i r e c t o r a t e  in  th is  w o r k .  T h a n k s  

a r e  a ls o  e x p r e s s e d  to  M r  A .  J. L o w  f o r  h is  a d v ic e  a n d  a s s is ta n c e  in  t h e  

d e s ig n  a n d  d e v e l o p m e n t  o f  th e  e x p e r i m e n t a l  test  r ig .  In  a d d i t i o n ,  M r s  

M .  G o r d o n  a n d  M r  B. D a v i d s o n  a r e  t h a n k e d  f o r  t h e i r  a s s is ta n c e  in  th e  

p r e p a r a t i o n  o f  th e  m a n u s c r i p t .
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VIBRATION ANO STRAY PLUX NGNITORING FOR UNBALANCED
SUPPLY ANO INTER-TURN WINDING FAULT DIAGNOSIS 
INDUCTION mTORS

(i)

IN

R A Lsonard, B ScCHcns^ .( iüW T Thomson, B Sc (Fions), N Sc , '
NIEE,C Eng

This paper discusses the philosophy of on-line fault 
diagnosis using vibration, current and stray flux signals in 
a unified monitoring strategy as opposed to the traditional 
rrcnitoring techniques used for electrical machine fault 
cerecticn. Fault mechanisms in induction nnotors are 
ciscussed in general and a theoretical analysis is presented 
to show how the vibration pattern on the frame of the motor 
changes due to unbalanoed supplies and inter-tum winding 
faults. The experimental test rig and signal processing 
system are described and a set of experimental results are 
presented and discussed. An assessment of the effectiveness 
cf vibration and stray flux monitoring for detecting 
electrical malfunctions is presented in the conclusions.

1 INTRODUCTION
In British industry the 3-phase squirrel-cage 

induction motor (SCIN) is widely used for reasons of 
economy, robust construction and reliability. In the 
offshore oil industry, which is currently the United 
Kingdom's major financial asset, they are used to drive 
gas compressors, sea-water injection pumps and oil 
exporting pumps. Due to the harsh environmental operating 
conditions the motor’s reliability is being tested to the 
limit. To prevent catastrophic failure which can be very
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costly and potentially dangerous it is essential that 
fault mechanisms are detected at any early stage so that 
repairs can occur at a convenient time. In offshore 
installations the SCIM is usually started direct-on-line 
which causes large starting currents and torques and can 
contribute to end winding, rotor-cage and bearing 
failures. In addition, sea-water contamination of the 
windings and winding vibration problems have caused 
insulation failure. The traditional approach for 
detecting faults in electrical machines is that vibration 
monitoring is used to detect mechanical faults such as 
drive misalignment, shaft whirl and bearing wear [1] 
normally done by mechanical engineers. Similarly, 
electrical engineers have concentrated on the detection 
of high voltage winding insulation deterioration, rotor 
winding problems and shaft voltages/bearing currents. 
However, an electrical machine is a complex electrc- 
rragnetic and electromechanical device which means the 
failure mechanisms are often not simply mechanical or 
electrical in origin.[2] For example, insulation failure 
can be a by-product of excessive core and end winding 
vibration[3] and bearings can fail due to the flow of 
electrical currents in the bearing assembly.[4] The 
final failure may appear to be electrical or mechanical 
but the fundamental cause can be quite different. A 
recent survey to determine the condition monitoring 
techniques used by the operators and the frequency of 
occurrence of different types of failure has shown that 
the present techniques used for fault diagnosis are not 
always successful. [2] Sources of information tend to 
be studied in isolation by the particular vibration or 
insulation expert and the general opinion is that 
correlation studies between different signals should 
improve the reliability of fault diagnosis. The authors 
have responded to this need for a new look at SCIM fault 
diagnosis and have shown that an on-line monitoring 
strategy which utilises vibration, current and stray flux 
signals in a unified approach should prove to be more 
successful than existing techniques [2,3,5]: the 
philosophy being that if 4 or 5 interrelated signals 
all indicate a particular fault then the operator is 
likely to believe the information and repair the motor.
This paper presents further experimental results for 
assessing the effectiveness of vibration and stray flux 
monitoring for diagnosing electrical malfunctions.

VIBRATION
ELECTRICAL

NON I TOEING 
NALFUNCTIONS

CR DIAGNOSING

In offshore installations where the supply system is 
relatively small then the 3-phase voltage supply could 
become unbalanced due to single-phasing of primary/ 
secondary circuits or untalanced single-phase loads. [5]



This causes overheating of the windings, thermal ageing 
occurs and can result in insulation failure. For exam:ple, 
insulation life can be halved for every 10° C rise over 
the rated temperature. [7] Numerous protection schemes 
are available for preventing motor failure due to 
unbalanced supply and are usually based on sensing over­
current, voltage or current asymmetry or stator winding 
temperature. [8] However, they are not always successful 
and unfortunately motors still fail due to the effects of 
unbalanced supplies. [9] Vincent [10] has reported that 
frcm a sample of 380 failures of standard a.c. drives 
up to 25 kV, 12% of the total breakdowns were due to the 
most severe unbalanced supply condition known as single­
phasing. This condition occurs when one of the supply 
lines is disconnected or one of the phase windings 
develops an open-circuit. With the conventional 
protection techniques it is very difficult to protect the 
motor against the effects of single-phasing over the 
complete operating range from no-load to full-load. Lord 
and Pearson [11] have developed a sensitive protection 
scheme which will detect a single-phasing fault provided 
the motor is running with a load greater than one-third 
full-load. The device will also trip with a minimum 
current in a fault between lines of one quarter full-load 
current for a fully loaded motor, and one half full-lead 
current for an unleaded motor. This is a significant 
improvement on the conventional techniques but the 
protection strategy does not cater for all load conditions. 
What is still required is the development of a monitoring 
scheme/protection device which will protect the nx)tcr 
against unbalanced supplies for all load conditions.

During normal operation of a 3-phase induction 
motor it is reasonable to assume that the magnitude of 
the fundamental air-gap flux remains constant between 
no-load and full-load operation. This is true since the 
basic e.m.f. equation for a 3-phase motor is given by [12]

4.44 i> N f̂  k 1 w (1)

Where N, f^, k are constants for a given motor design 
and for practical operating considerations the difference 
between the normal applied voltage and the induced e.n.f. 
E due to load variations is negligible. It is also 
known that the magnetic forces which act on the stacor 
core of the motor can be determined from :

P = Ë Î
2u^

The resulting force components act directly on the core 
and the resulting vibration pattern is a function cf the 
electromagnetic force waves and the mechanical response 
of she core and frame.[13] Since this force is directly



^;roportional to the air-gap flux squared then any change 
in the flux distribution will be observed as an 
instantaneous change in the vibration spectrum. The 
following analysis will show how the vibration pattern 
changes due to unbalanced sucply or inter-turn winding 
faults. Consider the delta connected winding shown in 
Figure 1 .

F i g u r e  1

If the system is symmetrical then the resultant magneto­
motive force (m.m.f.) is given by [12] :

F  ̂ = 1.5 F sin (wt - —  ) ................  (3)m3 m T

For sim.plicity let the permeance be a constant and since 
B = m.m.f.X permeance then by combining equations (2) 
and (3) the force on the stacor core will be of the form

F^ = K. [1 - cos [2(jat - )].............  (4)3 1 T

If one of the supply lines is disconnected as shown in 
Figure 2, then the m.m.f. will contain a pattern of the
form . _ ................

ml 1 T
and the forve acting on the core will be of the form :

F. = [1 + cos . [1 - cos (2wt]]....  [6)1 2 T

Plots of equations (4) and [z. are shown in Figures 3 and 
4 respectively.

From the curves and equations it is observed that the 
frequency of vibration is 1C1 Fiz and the force wave for 
ncrmal 3-phase operation (nc-lcad to full-lead) is a



travelling wave but due to single-phasing a 
pulsating component appears. The analysis shows that 
during the fault there will be optimum positions for 
sensing the change in the 100 Hz component of the 
vibration spectrum.

/u

For other unbalanced supply conditions and inter-turn 
winding faults a similar pattern will occur around the 
core. It has of course been known for some time that the 
100 Hz vibration component changes [14] but this 
information has only been used as an indication that an 
electrical malfunction exists. [1] This is because 
vibration monitoring is generally used to detect 
mechanical malfunctions [15, 15, 17] and the transducers 
are normally placed on the bearings. In most cases 
vibration monitoring of the core has been neglected by 
condition monitoring engineers. The results presented in 
previous publications by the authors [2, 3, 5] and the 
contents of this paper clearly show that vibraticr 
monitoring of the core should be one cf the parameters



STRAY FLUX MONITORING FOR SENSING UNBALANCED 
SUPPLIES/WINDING FAULTS

If the insulation between adjacent turns of a coil 
breaks down due to contamination or because of excessive 
winding vibration then shorting can develop and a 
hazardous condition occurs. [3] This is because an 
e.m.f. is induced in the shorted coil since it now lies 
in the main air-gap field, consequently, the induced 
voltage drives current around the coil and its magnitude 
is only limited by the impedance of the local circuit.
The short-circuit currents can be very large which may 
lead to insulation gassing with the possibility of 
explosion if and when sparking occurs. The unbalance 
which occurs in the stator winding causes changes in the 
air-gap flux and Pennnan [18, 19] has shown that the fault 
can be detected in the axial flux signal. Thomson [3]
(et al] has also shown that this is the case and in 
addition a change can also be observed in the end-winding 
leakage flux signal.

TEST RIG AND PRDCESSING EQUIPMENT
The fault producing test rig and associated 

processing equipment are shown in Figure 5.

used for on-line induction motor fault diagnosis.

F i g u r e  5



The test motor is a standard 3-phase, 5Q-Hz, 11-kW,
415-V, 4-pole, SCII4, which has been redesigned to conduct 
controlled experiments with the fault mechanisms discussed 
previously. A number of transducers positioned on the 
test rig sense various signals for on-line analysis and 
fault diagnosis, namely :

T.1 - is an air-cored toroidal coil used to 
sense electrical current

e({) is a coil situated on the exterior 
casing to sense the end-winding leakage 
flux

a(p is a coil wound on the main shaft of the 
motor to sense the axial flux

T - is an accelerometer positioned to sense 
^ the vibration at any position around

the frame/bearing pedestals

The transducer signals are preamplified and then analysed 
in a high resolution spectrum analyser. A suite of 
programmes in the minicomputer can control the analyser 
and perform further signal analysis and present the 
processed data in graphical or numerical form.

TEST RESULTS AND DISCUSSION
Vibration experiments were initially carried out to 

verify the predicted theory that the variations in the 
100 Hz component of vibration would be negligible for a 
given measurement point as the motor load was changed. 
Figure 6 shows that for no-load and full-load operation 
the vibration pattern around the core is almost identical 
and any variations can be considered negligible.

F igures  Variation of 100Hz component w ith load



Due to inherent magnetic/winding asyrrmetries and the 
effect of nodes occurring at the foot mountings then 
there is a variation around the frame for each load 
condition. Having established the normal vibration 
patterns, one of the supply lines was open-circuited 
with the motor running on no-load. For one particular 
transducer position the resulting vibration spectra 
are shown in Figures 7 and 8 and it was noted that the 
100 Hz component increased by 15 dB during the fault. 
However, it was not known whether a standing wave 
vibration pattern did occur.
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Each of the three supply lines were open-circuited in 
turn and readings of the 100 Hz vibration component 
around the periphery of the motor's frame were recorded 
for no-load operation. The sajme vibration pattern 
occurred in each case and Fig'-re 9 shows that at the



± 100 degrees measurement point the vibration increased 
by a factor of approximately five. Further tests were 
carried out with different winding connections, and 
Figure 10 shows the result for the 6-pole configuration.
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The experimental results have confirmed that a standing 
wave vibration pattern occurs during single-phasing and 
is independent cf the speed and pole number. If the 
transducer is ccrr^ctly positioned then the 100 Hz 
component can be used to sense a single-chasing fault 
during all load conditions.

Another set of experiments were conducted to



deteanine if the 100 Hz vibration component could detect 
small amounts of voltage supply unbalance. The tests 
were carried out during full-load operation and the 
standard definition of unbalanced supply was used, [20] 
namely, the ratio of negative to positive sequence 
voltages. Figure 11 shows the variation of the 100 Hz 
vibration component as a function of transducer position 
and degree of supply unbalance. Examination of the 
curves shows that the optimum sensing positions are the 
same (± 100 degrees) as the single-phasing fault. For 
a 0.84% supply unbalance the 100 Hz component increased 
by a factor of appjroximately two. Similar families of 
curves occurred with supply unbalance in the other two 
phases.
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Figure 11 Vibration plots as a function of voltage
unbalance

The results show that the 100 Hz vibration component can 
be used to detect small amounts of voltage supply 
unbalance and winding asymmetry. It should be mentioned 
that the changes between "normal" and "abnormal" 
operation will be different for each particular motor and 
its mounting arrangement, but the standing wave vibration 
pattern will still occur and rhe change will be 
significant. The axial flux signal was also monitored 
during single phasing and Figures 12 and 13 show the 
change between normal and fault conditions.

The results show that the (2 - s)f^ component 
(approximately 1C3 Hz) increases by approximately 20 dc. 
In addition, intsr-turr, /.inding faults vjere studied and



Figures 14 and 15 show that the vibration spectrum 
changed, in particular, the 100, 200 and 300 Hz 
components all increased. The axial flux spectrum also 
changed, [2] consequently, the results clearly demonstrate 
the potential of vibration and stray flux monitoring for 
detecting short-circuited coils in the stator winding. 
Further tests are required to determine the changes in 
the vibration as a function of transducer position with 
short-circuited coils.
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CGNCLUSIONS
An investigation into the effectiveness of 

monitoring vibration and stray flux for detecting 
unbalanced supplies, single-phasing and inter-tum 
winding faults in a 3-phase induction motor has been 
reported. It has been verified that the variation of 
the 100 Hz vibration ccmponent between no-lcad and 
full-lead operation of the motor is negligible. The 
results prove that a standing wave vibration pattern at 
a frequency of 100 Hz occurs around the periphery of the 
motor during single-phasing, and consequenoly there are 
optimum sensing points for fault detection. Unbalanced 
voltage supplies and inter-tum winding faults can also 
be detected using the 100 Hz vibration correonent. This 
means the vibration signal could be used in a protection 
strategy for preventing winding fail'^re due to single-



phasing, unbalanced voltage supplies and inter-turn 
winding faults.

It has been demonstrated that the axial flux spectrum 
also changes and if the vibration and stray flux are 
considered together then the reliability of fault 
detection will be improved. Further work is required to 
quantify the degree of severity of the faults in terms of 
the measured vibration signal. This is currently in 
pregress and involves modelling the force-wave functions 
during the fault and the mechanical response of the core 
and frame. Finally, the results prove that vibration 
monitoring on the core of an electrical machine can detect 
a number of electrical faults. Flence, condition 
monitoring engineers involved with designing a monitoring 
strategy for electrical machine fault diagnosis should 
consider the merits of mounting transducers on the core 
as well as on the bearing assemblies.
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= flux density (Tesla)
= induced e.m.f. per phase (volts)
= supply frequency (FIz)

= magnetomotive force, normal supply 
(ampere-turns)

= magnetomotive force, single-phasing 
supply (At)

= force wave, normal
= force-wave, single-phasing
= current (amps)
= winding constant
= number of turns/phase

-2= magnetic pull (!''Jmi )
= slip 
= time (s)
= distance between pole centres



X = distance from centre of phase A pole

" o
= permeability. 4 tt X  1 0 " ^ )

w = angular speed ( rad s }
= flux per pole (webers)
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