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LIST OF SYMBOLS

Symbol overview

A A4
B, B
B,
B,
ab
(S

Js

Jo

S
Jong
N
fbrb
Jshort
Secc
H,H
He

I
J,J

~

Q = =

magnetic vector potential; cross sectional area

magnetic flux density

r - component of the magnetic flux density

@ - component of the magnetic flux density

points delimiting a short circuited section of the winding
unit vector in the z-direction

supply frequency

mechanical frequency depending on the bearing characteristics
rotational frequency

vibration bearing frequency

characteristic vibration frequency

characteristic frequencies for the detection of broken rotor bar/s
characteristic frequencies for the detection of inter-turn short circuits
characteristic frequencies for the detection of eccentricity
magnetic field intensity

coercive field

electric current

circulating current

electric current density

constant

length of the conductor

constant

constant

number of turns

eccentricity order

order of the stator time harmonics

number of broken rotor bars

number of pole pairs; electric power

constant

number of rotor slots

DC resistance of the conductor
coordinates of acircular cylindrical coordinate system
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integration surface

time

voltage

reluctivity

conductivity
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¢p: Dw
Q

(]
(03

electric scalar potential

phase angles

electric scalar potential

fundamental angular frequency of the supply voltage
rotor angular velocity

Abbreviation overview

MCSA motor current signature analysis

MMF
AC
DC
FE
rms
UMP
FFT
brb
€ecc
NB
SB

2B
4B
meas.
simul.
cf
pl

magnetomotive force

alternating current

direct current

finite element

root mean square value

unbalanced magnetic pull

fast Fourier transformation

broken rotor bars

eccentricity

stator winding configuration consisting of no parallel branches (see Appendix I1)
stator winding configuration consisting of two parallel branches — special configuration (see
Appendix 1)

stator winding configuration consisting of two parallel branches (see Appendix 1)
stator winding configuration consisting of four parallel branches (see Appendix I1)
measurements

simulations

core fault

search coils purposed to sense the air-gap electromagnetic flux
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1 INTRODUCTION

1.1 Background and importance of fault diagnosis and condition monitoring

Electrical machines have been used extensivelynfany different industrial applications
since several decades ago. These applications fesmgeintensive care unit pumps, electric
vehicle propulsion systems, and computer-coolings fto electric pumps used in nuclear
power plants. The electrical energy that is conglnme (induction) motors accounts for
around 60% of the electrical energy that is conslitme industry in developed economies
(Williamson 2004).

The present-day requirement for the ever-increasaligbility of electrical machines is now
more important than ever before and continuesdwgAdvances are continually being made
in this area as a result of the consistent demeord the power generation and transportation
industries. Because of the progress made in engimge@nd materials science, rotating
machinery is becoming both faster and lighter, @ as being required to run for longer
periods of time. All of these factors mean that de¢ection location andanalysisof faults
play a vital role in the good operation of the electtiecaachineand are essential for major
concerns such as tisafety reliability, efficiency andperformanceof applications involving
electrical machines. Although continual improvemémt design and manufacturing has
become a priority task among contemporary manufagwof electrical machines, faults still
can and do occur.

Since the analysis and design of rotating machimemyitical in terms of the cost of both
production and maintenance, it is not surprisireg the fault diagnosis of rotating machinery
is a crucial aspect of the subject and is receienvgr more attention. As the design of rotating
machinery becomes increasingly complex, as a regulhe rapid progress being made in
technology, samachinery condition monitoring strategies must Imeeomore advanced in
order to cope with the physical burdens being pthom the individual components of a
machine

When faults do occur and the machine fails in servihe result could, at best, be the loss of
production and revenue, or, at worst, catastroptriche industrial process and potentially
dangerous to the operators.

The issues gbreventive maintenance, on-line motor fault detegtandcondition monitoring
are of increasing importance, taking into consitieneessential concerns such as:

- ageing motors

-lack of redundancy in the event of a machine fejlur
-high-reliability requirements

-cost competitiveness

During the past twenty years, there has been damnitzd amount of research into the creation
of new condition monitoring techniques for eleaitiecnachine drives, with new methods
being developed and implemented in commercial prtsdéor this purpose (Chow 2000,
Benbouzid 1999, Nandi et al. 2005). The researchdavelopment of newer and alternative
diagnostic techniques is continuous, however, stoeelition monitoring and fault diagnosis
systems should always suit new, specific electatomdrive applications This continuous
research and development is also supported byatitdgHat no specific system/technique may
be considered generally the best for all the appbaos that exist, sinan operator must treat
each motor driveas aunique entity In this respect, thpotential failure modedundamental
causesmechanical load characteristiceandoperational conditionsll have to be carefully
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taken into consideration when a monitoring systetoibe designed or selected for a specific
application(Thomson 1999).

The large amount of previous work carried out ia #Hrea of fault diagnosis and condition
monitoring shows that there have been many chaer@md opportunities for engineers and
researchers to focus on. Various recommendatiorns samutions concerning condition
monitoring technologies have been given in thisanmeainly depending on theachine type
size operating conditions (loadingavailable instrumentatigrcost constrainttc.

In order to allow analysts to correlate differespects of each technology to troubleshoot
symptoms and determine a course of action to daéures, several fields of science and
technology such aselectrical mechanicagl thermal and sometimeshemical engineering
should be closely considered and combingtkenever possibleThis is also a stringent
requirement when aiming to build a competitive gbad monitoring system.

1.2 Aim of the work

The main aim of this thesis is &tudy the ability of electromagnetic flux to pravidseful
information about various faults in an induction chine The usefulness of this monitoring
parameter will be assessed in comparison with satimer electrical parameters used for fault
detection, such astator phase currerdandcirculating currents between the parallel branches
of the stator windingif there are such).

Another aim of this thesis is tealidate by experimentsvhen and where possiblée
accuracy of different fault signatures issuing fronumerical electromagnetic field
simulations

On the exclusive basis of data obtained from sitiaria, astudy of the modifications brought
by various stator winding desigmne some of the asymmetrical air-gap electromagnitic
density harmonics responsible for the detectiovaoious faultswill be carried out.

Theanalysis of a core faulinsulation fault in the stator laminatigrartificially implemented
in a numerical electromagnetic model of a machimeéerms of finding a suitable parameter
to sense such a fault, is also studied in this work

The area of interest for this thesis is restridtednduction machines but, the possibility of
extrapolating the findings to other machine tyediscussed at various points.

14



1.3 Scientific contribution

Scientific contribution of the author

First of all, this study represents a detailed ysialof the electromagnetic flux patterns that
are supposed to provide potential useful infornrmaibout a fault in an induction machine.
For capturing such patterns, six search coils vean@loyed in the measurements and four
search coils in the simulations. The complexitytlo sensor network for capturing the
electromagnetic flux in various parts of the elieeir machine and the critical comparative
analysis of the indications provided by varioudtfendicators may be viewed as an important
contribution to the existing state of the art irsttesearch area.

The investigation carried out on finding the akilbof electromagnetic flux eccentricity
harmonics of the orderptl” to detect machine abnormalities other than ausitypes of
eccentricity, both from measurements and simulati@considered a new contribution.

This study also presents an attempt to implementumerical simulations an insulation fault
located in the stator lamination and to suggestelaetrical fault indicator that may be
confidently used to detect such an abnormality.

The investigations of the modifications broughtvayious stator winding desigts. 1) some

of the asymmetrical air-gap electromagnetic fluxagiy harmonics responsible for the
detection of various faults, and 2) to the abitifystator branch currents and, also, circulating
currents to sense such faults are considered fisrtber original contributions.

Contribution of other members of the research team

Most of the present research work was carried st part of a collaborative research project
between the Laboratory of Electromechanics and taboy of Control Engineering of
Helsinki University of Technology. The researchjpob was entitledFault detection and
diagnosis for AC electrical machinesThe industrial partners involved in this projeatre
ABB Industry Oy, KCI Konecranes International OfONE Oyj, and Kuppari Mittaus Oy.

The main task of the Laboratory of Electromechamas to develop simulation models and
to carry out measurements for electrical machineskivg under both faulty and healthy
conditions. Relying on the data provided by the drabory of Electromechanics, the main
task of the Control Engineering Laboratory was ®&vedop advanced signal processing
techniques for fault diagnosis in electrical maekin

Antero Arkkio — played a very active role in providing compreheasyuidance and
supervision throughout this work. Since he is thevedoper of the finite element
electromagnetic field simulation code used in tsrk for modelling the electrical
machinery, he made a major contribution by impletingrthe faults and by giving an insight
into the capabilities and features offered by tbd.

Pedro Jover Rodriguez —made an important contribution in building and tgnithe
experimental measuring set-up. As a member ofghogect affiliated to the Laboratory of
Electromechanics, he also contributed to this weitk several comments on various aspects
of the research.

A part of the results presented in this thesis wmeviously reported in conference and
journal papers. Among the most representative edealpapers are the followings: Negrea et
al. (2002, 2004, 2005, 2006) and Poyhdnen et 803R This thesis collects, unifies and
summarises these previous reported results begpigesenting the ones that were not yet
reported in a publication.
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1.4 Structure of the work

The structure of the research work is reflectethendivisions of the thesis:

1. Chapter 2 presents averviewof the faults to be found in various types of electrical
machinestogether with adescription of the possible causes, failure medrmsi and
symptoms produced by each fault

2. Chapter 3 offers general view of the fault indicators usually used detecting faults in
electrical machingswith a special focus on current and electromagrfiix monitoring,
since this thesis relies only on the indicatiorsvfated by these parameters.

3. Chapter 4 deals with the description of the méshof analysis used in this work:
numerical electromagnetic field analysis (simulapand measurementg-ollowing a short
history of the development of finite element methadthe area of electrical engineering, this
chapter then describes the finite element anajysisedure used in the modelling of a cage
induction motor. The faults implemented in the mmstostructures and their modelling
procedures are discussed. A description of the uneasent set-up used for the validations of
the results obtained from simulations and a briefsentation of the signal processing
techniques used in the field of fault detectiorliectrical machines is also to be found in this
chapter.

4. Chapter 5 reports thiesultsobtainedfrom the simulations and measurements

5. Finally, the results obtained both from the dations and measurements are discussed in
Chapter 6, while Chapter 7 concludes by considetitgg most important findings of this
work. The areas of the work which the author belgeeould be extended and improved in
future research work are also discussed in Cha@pter

16



2 FAULTS IN ELECTRICAL MACHINES

2.1 General

A fault in a component is usually defined as a conditibmeduced capability related to
specified minimal requirements and is the result@imal wear, poor specification or design,
poor mounting (here also including poor alignmewtipng use, or a combination of these. If
a fault is not detected or if it is allowed to deyefurther it may lead to &ilure (Thorsen
and Dalva 1999).

Several surveys have been carried out on the idyabf electrical machines. In such
surveys, a large number of machine operators wetally questioned on the types and
frequency of faults occurring in their plant. Tregdest of these surveys, carried out by the
General Electric Company, was reported in an ERRéctric Power Research Institute)
publication (1982) and covered about 5000 motgrpraimately 97% of which were three-
phase cage induction motors. According to this eyr¥ig. 2.1 presents the distribution of
faults occurring in the motors surveyed. It mustriméed that Fig. 2.1 provides data from
machines working in many different applications aind several different branches of
industry. It is known that the occurrence of anytha# fault types will depend heavily on the
specific application of the machine. For examplehas been found that in cage induction
machines, the incidence of rotor cage failuresbEat least as high as stator winding failures
in applications where the machine is continuougling stopped and restarted under a heavy
load (drilling machines in the oil and mining intliss).

Bearing related faults (41% of the total faults) Stator related faults (37% of the total faults)
Other
Qil o
leakage E Core O::.,;r
39 rame 1% o
1%
Thrust Q bi:ier::s Wedges
bearings o 1 %
iy 16 % o \
Bracing b
3 n/ﬂ
Seals
X 7 '
Anti-fricti FAULTS IN Tom el
nti-friction insulation insulati
bearings ELECTRICAL 4% msgﬁa“‘;on
8% MACHINES ’
Other faults (12 % of the total faults) Rotor related faults (10 % of the total faults)

Other
1%

Cage
C
o faults

@
i
%o ‘ 79
Other faults Sha
12% faults

1%

Fig. 2.1 Distribution of faults (EPRI 1982)
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Extemal Mot specified
faults 1%
11 %

Shaft -
coupling
3% {f\._\
o S
rotor /I
ha's-ringsef_ m \ Bearing
6% — TN 52 %

Stator

winding

24%
Fig. 2.2 Distribution of failures among failed cooments for electrical machines working in
the petrochemical industry (Thorsen and Dalva 1999)

Based on the work of Thorsen and Dalva (1999), Eig.is intended to highlight the failure

distribution among failed components in 483 higltage induction motors working in the

same branch of industry, i.e. the petrochemicalistiy. Such motors very often operate in
extreme conditions within offshore activities. Thase often started directly on-line, which
leads to large starting currents and torque pulsafihese conditions are harmful for the
motor, weakening different machine componentsnretiComparing the results of this survey
with the ones presented by EPRI (Fig. 2.1), it bees clear thathe occurrence of a specific

fault type depends considerably on the specificliegipon of the machine and on the

environment the machine is operating in

Since some electrical machines are subject tordiffteenvironmental conditions (such as
moisture intrusion in most offshore activities),ist important to have an idea about the
dependence of the failure rate on the environmarthis respect, Thorsen and Dalva (1999)
show thathe failure rate for motors situated outdoors irirermely tough conditions (in both
onshore and offshore plants) may be 2.5 times hitifam the failure rate for motors situated
indoors

2.2 Fault types in electrical machines

This section presents a comprehensive descripfitheomost common faults to be found in
electrical machines. For each fault, the possibleses and mechanisms of failure are briefly
outlined.

According to Nandi and Toliyat (1998), the majoulfa arising in electrical machines may
generally be classified as:

- stator faults resulting in the opening or shortfighe winding,

- turn to ground faults,

- abnormal connection of the stator windings,

- a broken rotor bar or cracked rotor end-rings,

- static and/or dynamic air-gap irregularities,

- a bent shaft which results in rub between the statd rotor, causing serious damage to
the stator core and windings,

- shorted rotor field winding,
- demagnetisation of permanent magnets,
- bearing and gearbox faults.
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2.2.1 Winding faults — Stator- and rotor-related

General

Industrial surveys and other studies have showh dahkrge percentage of failures in an
electrical machine result from a fault relatedte stator winding and core (EPRI 1982, IEEE
1985). Many works have indicated that the majootymotor stator winding failures result
from the destruction of the turn insulation. In moases, this failure starts aguan-to-turn
fault that finally grows and culminates in major oneshsascoil-to-coil, phase-to-phaseor
phase-to-ground failureultimately causingnotor breakdowriKliman et al. 1996).

Shorted turns in the stator winding belong to tblaiss of faults that may often have a
negligible effect on the performance of the mactinethe presence of which may eventually
lead to a catastrophic failure. Therefore, strimgdemands for means to minimise the
occurrence and mitigate the effects of turn insotabreakdown are highly desirable (Stavrou
et al. 2001).

Causes

The stator winding of an electrical machine is sabjto stresses induced by a variety of
factors, including, among the chief ones, therrvaklmad, mechanical vibrations, and voltage
spikes caused by adjustable-frequency drives etcodling to Tavner and Penman (1987),
some of the most frequent causes of stator winfdiigyes are:

- high stator core or winding temperatures,

- slack core lamination, slot wedges, and joints,
- loose bracing for end winding,

- contamination caused by oil, moisture, and dirt,
- short circuits,

- starting stresses,

- electrical discharges,

- leakages in the cooling systems.

Failure mechanisms and symptoms produced by the fau It

Early investigations on failure mechanisms in met@€rawford 1975) concluded that the
great majority of failures seemed to be associiédwire insulation, resulting in low-power
intermittent arcing, which causes erosion of thadumtor until enough power is drawn to
weld them. Crawford claims that once the welding becurred, high induced currents in the
shorted loops lead to rapid stator failure.

Short circuits in stator winding

In large generators and motors in power plants,stagor and rotor winding insulation is

exposed to a combination of thermal, electricalbrational, thermo-mechanical, and

environmental stresses duringeration. In the long ternthe multiple stresses cause ageing,
which finally leads to insulation breakdown. Foistineason, it is important to estimate the
remaining insulation integrity of the winding afeperiod of operating time.

Deterioration of the winding insulation usually beggas an inter-turn fault involving a few
turns of the winding. A turn fault in the statomaing of an electrical machine causes a large
circulating current to flow in the shorted turnsic8 a circulating current is of the magnitude
of twice the locked rotor current; it causes seveoalised heating and sustains favourable
conditions for the fault to rapidly spread to agkr section of the winding (Kliman et al.
1996). The locked rotor currents are of the orde6-a0 times the rated current (Rotating
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Electrical Machines Part 15 1995), (Wiedenbrug.e2@03). If left undetected, turn faults can
propagate, leading to catastrophic phase-groupth@ase-phase faults.

Excessive heating caused by turn-to-turn shottseiseason why motors in this condition will
almost always fail in a matter of minutes, if netsnds. A basic rule of thumb to consider is
that every additional 1GC causes the winding to deteriorate twice as fastwhen the
operation takes place in the allowable temperatinege Failure of the insulation between
the winding and ground can cause a large grounctriirwhich would result in irreversible
damage to the core of the machine. This fault meagdsevere that the machine might even
have to be removed from service. If the fault itedied at an early stage, the machine can be
put back into service by just re-winding the statohile, on the other hand, replacing the
whole motor means increased downtime (Tallam €2G03).

For high-voltage machines and large low-voltage Imrees, the development of a time delay
between a direct turn-to-turn short circuit andugrd insulation failure is very short, probably
only a few seconds. For these types of machnegsilar monitoring of the winding insulation
condition utilizing on-linePartial Dischargeanalysis was successfully used since the ‘70s
(Nattrass 1993). On-line monitoring of dischargévity in the structure of a stator winding
produces an accurate indication of the deteriangtimcess. Regular monitoring provides the
opportunity for early detection of problems andgibke remedial action thereby prolonging
the life of the machine. For smaller machines, degelopment of a time delay between a
direct turn-to-turn short circuit and ground ingida failure can be from some minutes up to
as much as some hours, depending on the sevetity ddult and the loading of the motor.

Another fault associated with the stator windingadled ‘Single-phasing In this case, one
supply line or phase winding becomes open-circuifété resulting motor connection has a
line voltage directly across two phases (assumirfgtar” connected machine) which is
equivalent to a single-phase circuit.

The effect of an insulation fault between turntigliminate a turn or group of turns from the
stator winding. This will be of little consequenbet it will be quantifiable in the flux
distribution in the air-gap (Penman et al. 1994).

Fig. 2.3 shows an inter-turn short circuit betwéen points, a and b, of a complete stator
winding. The path to the circulating current betwélgese points is closed and the pata’

can be expanded into two independent circuits. ERshows that the two currents, the phase
current and the current which flows in the shorcuited part, produce opposite MMFs.
Therefore, inter-turn short circuits have a cumuateffect in decreasing the MMF in the
vicinity of the short-circuited turn(s). Firstly,h@n a short circuit occurs, the phase winding
has less turns and, therefore, less MMF. Secottiyshort-circuit current MMF is opposite
the MMF of the phase winding. The circulating cuatrk is a result of the galvanic contact
between points a and b but also due to the cotimiblorought by the transformer effect or
mutual induction.

>

Complete phase
winding

Fig. 2.3 Inter-turn short circuit.
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2.2.2 Stator core-related faults

General

Stator core problems are rare (1% of all faultsoading to Fig. 2.1) compared to stator

winding problems and such problems are not uswaliajor concern for small machines.

However, the repair/rebuild process is more cdstithe case of a stator core failure, since it
usually requires the entire core to be replaceérdfore, there has been interest in identifying
the causes of core problems and finding ways ofitmng the core in order to detect and

prevent stator core failure, especially in the cafskarge machines, where the cost of repair
and outage can be significant (Tallam et al. 2003).

Tavner and Anderson (2005) stated that such favdtselatively rare, even for large electrical
machines. The same authors claim that on many iocsaghe details of such failures assume
major commercial significance, and therefore falumvestigations have, of necessity, to be
handled in a confidential manner, touching as tth@yn the design, manufacture, operation,
and insurance of large electrical plant. This mayobe of the reasons why no literature on
core faults has been published but the scientifieciples of the mechanisms at work have
been studied in considerable detail and papersighgal on those principles in the

international literature.

Causes

The stator cores of electrical machines are brglnfthin insulated steel laminations with the

purpose of minimising the eddy current losses fohér operational efficiency. In the case of
medium/large machines, the core is compressedtattarore laminations are stacked in order
to prevent the individual lamination sheets fronbrating and to maximise the thermal

conductance in the core.

According to Tavner and Penman (1987) and Klimaal.ef2004), the main causes of stator
core failure are:

- core end-region heating resulting from axial flaxthe end-winding region,

- core melting caused by ground fault currents,

- lamination vibration resulting from core clampiredaxation,

- loosening of core-tightening at the core endItegufrom vibration during operation,

- relaxation of lamination material resulting fraire compression of insulation material
with time and temperature,

- manufacturing defects in laminationgon-uniform thickness within lamination sheets
causes cumulative non-uniform pressure distribution

- inter-laminar insulation failure,

- mechanical damage to the inner surface of th®rsthuring assembly, inspection, re-
wind, and re-wedge,

- heat, chemicals, or mechanical force applied wdigpping the winding during rewind,

- stator-rotor rub during assembly and operation,

- arcing from winding failure,

- foreign particles introduced during assemblyp@&wion, or repairing,

Inter-laminar faults are very difficult to moniton-line since the fault causes only localised
flux re-distribution and heating. The core of agmachine is usually inspected during or
after manufacturing, during regular maintenancej after repair. Before any thermal or
electromagnetic techniques were developed for daetemter-laminar insulation failure, the
detection of core faults relied on visual inspetifbee et al. 2005).

21



Mechanisms of failures and symptoms produced by the fault

If laminations are shorted together for one of tbasons above, a circulating eddy current
larger than that found in normal operation is iretlién the fault loop. The circulating fault
current causes additional power loss in the coreranults in localised heating, which may
grow in severity and eventually cause the lamimetito burn or melt. As a result, the stator
insulation and windings can also be damaged, cgugiound current through the stator core,
which may potentially cause machine failure.

2.2.3 Rotor-related faults

General

Because of different rotor constructions, consgsbf
- rotor bars- for cage induction machines,
- rotor windings-for conventional synchronousachines and slip-ring induction machines,
- rotor permanent magnetsfor permanent magnet machines,

and constituent materials:

- aluminium (copper, steel) for cage rotor bars,
- permanent magnets for rotors of permanent magnetimes,
- copper wires for the wound rotor of synchronous mivaes,

rotor faults may be considered to be more comphekwarious than stator-related ones.

Following the previous description of the rotor figarations and constituent materials, the
most common rotor faults an electrical machine ergounter may be classified as:

- fractures (breakage) of rotor bar and/or end-ningage induction motors,

- short-circuits in the field winding occurring inmmeentional synchronous machines with
a wound rotor,

- demagnetisation of the permanent magnets in pemhamggnet machines,

- rotor pole displacements in permanent magnet mastdand synchronous machines.

Short circuits in rotor winding - failure mechanism S

Short-circuited turns in power generator rotor vimgd cause operational problems, such as
high vibration levels; therefore, early detectisressential.

Similarly to the case of stator winding-relatedlfguinter-turn short circuits usually appear
because of mechanical, electromagnetic, or thestneds conditions.

Normally, the resistance of the windings on opopitles is identical. The heat produced by
Joule’s effect is distributed symmetrically abdu rotor forging. If the inter-turn insulation
is damaged in such a way that two or more turnth@fwinding become short-circuited, then
the resistance of the damaged coil diminishes #rltle poles are connected in series, less
heat is generated than in the symmetrical coil e dpposite pole. The rotor body thus
experiences asymmetric heating, which producesamidl bow in the rotor body, causing
vibration. The unbalanced magnetic forces on therrproduced by the change in the
magneto-motive force (MMF) from the winding contrib to increased vibration (Ramirez-
Nino and Pascacio 2001).
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Rotor failures of the induction machines - physical structural damages

General

Unlike stator design, cage rotor design and manuifeag has undergone little change over
the years. As a result, rotor failures now accdantround 10% of total induction motor
failures (EPRI 1982, Kliman et al. 1996). Howeverthe field of fault diagnosis and the
condition monitoring of electrical machines, mokthe research presented in the literature
deals with induction motor rotor failures, whileabmg-related failures, which account for
40-50% of motor failures, are not so widely diseassRotor cage-related faults perhaps
received so much attention in the literature assalt of their well-defined associated fault
frequency components.

Causes

Manufacturing process defects

For a rotor cage, physical damage faults can aisthe manufacturing stage through
defective casting in the case of die-cast aluminmators, or through poorly welded or
brazed bar-to-end-ring joints in the case of faiigd rotor cages. A defective cast
aluminium rotor may have air bubbles within thetag thus increasing the resistances of
the rotor bars and consequently resulting in hotssjn the bars where the resistance is
greatest and which could lead to a complete fraadithe bar (Paterson 1998).

Severe operational conditions

Under normal operating conditions, large mechan&al thermal stresses are present,
especially if the machine is being continually steg and restarted or if the machine is
heavily loaded. It is well known that the rotor @mt during starting can be as much as ten
times the normal full load current and that theeef§ of these large currents are
represented by very large thermal stresses indtue circuit. The starting period is also
characterised by minimal cooling and maximum meid@rorces, which over-stress the
rotor bars.

Mechanisms of failures and symptoms produced by the fault

The sequence of events following the cracking obtar bar is described as follows: the
cracked bar will increase in resistance and wikrbeat at the crack. The bar will break
completely and arcing will occur across the breldks arcing will then damage the rotor
laminations around the faulted bar. The neighbaubars will carry an increased current
and will be subject to increased stresses, evdntcalising these bars to fail. Finally, the
broken bars may lift outwards because of centrifdgeces and could catastrophically
damage the stator windings (Paterson 1998).

Eccentricity
General

Machine eccentricityis defined as a condition of thesymmetric air-gapthat exists
between the stator and rot¢vas 1993). The presence of a certain level oéetity is
common in rotating electrical machines; some mastufars and users specify a maximum
permissible level of 5 percent, whereas in oth@esaa maximum level of 10 percent of
the air-gap length is allowed by the user (Thomsoa Gilmore 2003). However,
manufacturers normally try to keep the total eadeity level even lower in order to
reduce vibration and noise and minimise unbalanmoegnetic pull (UMP) (Nandi and
Toliyat 1998). Since the air-gap of an inductionchiiae is considerably smaller than in
other types of machines with a similar size andgoerance, this type of machine is more
sensible to changes in the length of the air-gap.
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There are two types of air-gap eccentric#tiatic air-gap eccentricitanddynamic air-gap
eccentricity(Fig. 2.4). In the case of static air-gap ecceityri the position of the minimal
radial air-gap length is fixed in space, while lne tase of dynamic eccentricity, the centre
of the rotor is not at the centre of the rotatiow ahe position of the minimum air-gap
rotates with the rotor. However, the static and aigit eccentricities are basic
classifications, since varieties and modificatisash as unilateral eccentricities, as well as
angular and radial misalignments, are just as plessi

)
)

a) concentric ) dvatic eccentricity c) dynamic eccentricity

A
J

(

|
|

Fig. 2.4 Eccentricity types.

Causes

Static eccentricitymay be caused by the ovality of the stator cordyithe incorrect
positioning of the rotor or stator at the commisgig stage. Assuming that the rotor-shaft
assembly is sufficiently stiff, the level of staéiccentricity does not change.

The dynamic eccentricitymay be caused by several factors, such as maatifagt
tolerances, wear of bearings, or misalignment, meicial resonance at critical speed, and
incorrect manufacture of the machine componentsoRavhirl” near a critical speed is
another source of dynamic eccentricity and is amoitant consideration in larger,
flexible-shaft machines.

Mechanisms of eccentricity production and symptoms produced by the fault

In reality, bothstaticanddynamic eccentricitiegend toco-exist An inherent level of static
eccentricity exists even in newly manufactured nreeh as a result of manufacturing and
assembly methods. This causes a steady UMP in ioeetidn and with usage this may
lead to a bent rotor shaft, bearing wear and t&ay esulting in some degree of dynamic
eccentricity. Unless detected early, the eccenyrlmecomes large enough to develop high
unbalanced radial forces that may cause statastty-rub, leading to a major breakdown
of the machine (Barbour and Thomson 1997).

2.2.4 Bearing faults

General

Because of the close relationship between motdesyslevelopment and bearing assembly
performance, it is difficult to imagine the progsesf modern rotating machinery without
considering the wide application of bearings. Asoréed by Kliman et al. (1997) and EPRI
(1982), bearing faults may account for 42%-50% lbfreotor failures. Motor bearings may
cost between 3 and 10% of the actual cost of theombut the hidden costs involved in
downtime and lost production combine to make bearfailure a rather expensive
abnormality (Barker 2000).
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Bearing faults might manifest themselves as rotsymametry faults, which are usually
included in the category of eccentricity-relatedlfe Otherwise, ball bearing-related defects
can be categorised as outer bearing race defaoes; bearing race defects, ball defects, and
train defects. Figure 2.5 presents the artificiabgated outer bearing race fault studied in this
work.

Causes, mechanisms of failure, and symptoms produce d by faults

Different stresses acting upon a bearing may leaktessive audible noise, uneven running,
reduced working accuracy, and the development afhamgical vibrations and, as a result,
increased wear. As long as these stresses arevkbipt the design capabilities of the bearing,
premature failure should not occur. However, if argmbination of them exceeds the
capacity of the bearing, then the lifetime may Ipastically diminished and a catastrophic
failure could occur.

More than twenty years ago, few bearing failuregewelectrically induced but at the
beginning of the '90s a study by Kerszenbaum (1%®®wed that bearing failures are about
12 times as common in converter-fed motors asmection-line motors. This relatively high
percentage of electrically induced motor bearinlyifas is due to the modern high-frequency
switching power devices that were rapidly develgpim that period. Such devices,
employing, for instance, bipolar junction transistgBJTs) and faster (shorter rise time as a
result of fast switching) insulated gate bipolaansistors (IGBTs) produce unintended
consequences for peripheral equipment, generaligrieed as electromagnetic interference
(EMI) (Busse et al. 1997). Concerning this issuelying on simulations, analytical
expressions, and experiments, Maki-Ontto presanteanethods for the mitigation of shaft
voltages and bearing currents in frequency conkéett AC motors (Méaki-Ontto 2006).

However, Barker (2000) claims that mechanical issiemain the major cause of bearing
failure. The same author provides a list of reasomsmechanisms that usually cause bearing
failures:

- thermal overloading,

- misalignment of the shaft,

- excessive loading (both static and/or dynamic)ia{fadial combined),
- mechanical overload,

- excessive shock and vibration,

- inappropriate shaft fit,

- machining defects,

- bad handling and/or mounting,

- improper application,

- improper installation,

Fig. 2.5 Artificially created bearing fault studiel this work.
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heavy radial and axial stresses caused by shaéctien

lifetime load profile,

environmental/external problems,

- contamination and corrosion caused by pitting dmel $anding action of hard and
abrasive minute particles or corrosive action ofemaacid, etc.

- improper lubrication, including both over- andden-lubrication, causing heating and
abrasion

bearing currents,

shear stress.
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3 FAULT INDICATORS FOR ELECTRICAL MACHINES

3.1 General

The history of fault diagnosis, condition monitajjnand protection is as old as technical
devices themselves. Generallyp-line condition monitoring and diagnostics reasrthe
sensingand analysisof suchsignals that contain specific informatiqgeymptompwhich is
characteristic of the degradation process, problemfault to be detectedvarious factors
need to be considered when selecting the most ppat® monitoring technique for
application in an industrial environment. The miosportant factors, according to Thomson
(1999), are listed below:

the sensor should be non-invasive

thesensor and instrumentation system must be reliable

the diagnosis must be reliable

the severity of the problem should be quantjfied

ideally, an estimation of the remaining run-lifeoskd be given

ideally, a prediction of the fundamental cause@s)he fault should be provided via on-
line information from sensors etc

2

It is extremely difficult and, in most cases, impibte to satisfy all the above criteria, mainly
because of the complexity of the degradation mdshes) abnormalities, and nature of the
fault. Because of the world-wide interest in thedion monitoring and diagnostics of drive
systems, substantial advances have been made doeitgst fifteen years and in many cases
it is possible to achieve Criteria 1 to 4. HoweWeriteria 5 and 6 are extremely difficult to
achieve.

3.2 Potential fault indicators for a technical device

Because of the wide variety of physical phenomenaetfound in a technical device, several
fields of science and technology need to be consilevhen designing and developing
competitive monitoring and diagnosis systems. Asexample, Fig. 3.1 illustrates the
complexity of the interactions of physical phenomegharacteristic for a general
electromagnetic energy converter structure.
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Fig. 3.1 Interactions of physical phenomena chagestic for a general electromagnetic
energy converter structure (Driesen 2000).
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Different fields of physics, such adectrical mechanical thermal fluid flow, and motion
interact in a complex manner, as depicted in thevipusly mentioned picture. Various
parameters belonging to these fields may be foarmktsuitable potential fault indicators for
the technical device. The control system that gmvehe overall system and the power
electronic system specialised in translating itsie@nds into energetic signals supplied to the
device may together be considered the core of aittom monitoring and fault diagnosis
scheme.

3.3 Potential fault indicators for electrical machines
3.3.1 General

It was previously claimed that the monitoring andgaosis of electrical machines is a very
popular topic, since it corresponds with industmatfjuests for an increasing number of
applications for which reliability is the key poirlh this respect, sensor implementation is
fundamental for the development of industrial mdthat a cost compatible with the
applications in which monitoring and diagnosis iaeeessary.

In order to ensure safe and reliable operation, nfaufacturers and users of electrical
machines initially relied on simple protections Iswas over-current, over-voltage, or earth-
fault. However, as the tasks performed by eledtricechinery grew more complex,
improvements were also sought in the area of thafinosis (Nandi and Toliyat 1999).

A number of potential measurement parameters &adylito provide nowadays useful
condition-indicating information for possible faiki modes in any electrical machine.
Thorsen and Dalva (1999) categorise mainly thesanpeters asnechanicallike vibrations,
acoustic, speed fluctuations, amctromechanicallike currents, electromagnetic leakage
fluxes, surges, and partial discharges. In addittwmetemperature oil particle and gas
analysis

Following, a short description of the most poputla&chanical parameters, temperature, oil
particle and gas analysis based methods is prekertie electromechanical parameters used
in the field of fault diagnosis and condition mamihg of electrical machines will be
discussed in more detail in the following sectiohthis thesis.

Acoustic emission monitoringorks with ultrasonic but also with audible frequis, and is
particularly promising for detecting bearing faulif©ie contact between rolling elements with
and without cracks generates waves that propapabeigh the machine with the speed of
sound. The waves have little energy, but their hfgdguencies can be detected by
piezoelectric transducers. Rienstra and Hall (2@0d$ent a study on the basic principles of
the acoustic monitoring and on the industrial usthis technique for bearing fault detection.
However, the acoustic monitoring has also provesifde in the attempt to identify electrical
faults, such as loose stator coils (Gaylard €1285). In this case, the identification procedure
was performed automatically by a neural network.

Nau and Mello (2000) indicate the causes of acoustise in induction motors and present
methods to reduce the noise before and after thermare manufactured.

Vibration monitoring uses vibration transducers such as measuring emoostters of
piezoresistive types with linear frequency spectrifibrations are caused by magnetic,
mechanical and/or aerodynamic forces. The measysargmeters can bdisplacement
velocity andacceleration Vibrations are measured directionally, e.g. riyiar axially, and
the transducers are often placed on the bearingdefie@cting mechanical faults (Wang and
Gao 2000). However, by placing probes on the sttt also possible to detect non-even air
gap (Cameron et al. 1986), stator-winding or rdtarlts (Trutt et al. 2002), asymmetrical
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power supply (Chow 1996) and unbalances in theedrivad (Obaid and Habetler 2003),
(Leonard and Thomson 1986)

The users of electrical machinery pay a speciah#tin to theeemperature monitoringince
the basic rule of thumb claiming thavery additional 16C causes a winding to deteriorate
twice as fastas when the operation takes place in the allowable pemature rangé
represents a very serious concern for the goodatiper of their machinery. Other
components of electrical machinery may be irreldysaffected by higher temperatures; the
case ofpermanent magnef®und in the structure of a permanent magnet nmaclotor is a
good example in this respect. Thmeagnetic characteristicof permanent magnets are
temperature-dependeaind a high temperature may leadirteversible demagnetisatioof
the permanent magnets. Negrea et al. (2001) presshidy dealing with the temperature
distribution in a permanent magnet synchronous maged for ship propulsion drives. More
specifically, the transient thermal behaviour af thhotor under fault conditions, i.e. during
short circuits occurring in the terminals of thesttemotor is studied, and various
considerations on the issues of stator winding @gedmanent magnets protection are
presented.

Temperature monitoring devices installed to mortiaring temperatures are also often used.
Remembering that bearing failures cause the mgjofitmotor failures, many maintenance
departments utilize thermal image scanning to lémkabnormally hot spots on in-plant
inspections (Malinowski and McCormick 2002).

For figuring out ventilation malfunctions, tlwwolant bulk outlet temperatuiis monitored,
particularly when the machine is stressed beyandhied data.

Gas in oil analysigs the traditional way to monitor insulation cotmai. Dissolved gases in
the oil produced by thermal ageing can provideayéndication of an incipient fault. Gases
normally analyzed are hydrogen, oxygen, carbon mideo carbon dioxide, methane, ethane
ethylene, and acetylene. Tigas in oil analysistogether with theoil particle, and other
methods relying orchemical analysisare extensively presented by Tavner and Penman
(1987).

Table 3.1, based on Payne et al. (2002), briethggnts:

- what type of instrumentation is required to mongome of the most popular machine
parameters used in fault detection in the caset@nsverse flux motor,

- the degree of accuracy of fault indication that neyobtained when relying on a
specific parameter,

- the level of expertise an operator needs in oweérterpret the recorded data,

- how invasive a dedicated sensor for each faultatdr would be,

- possible means of analysis (signal processing tqubg).

Even though the content of Table 3.1 refers t@asiverse flux motor, which is not typical of
industrial drives, this may also be consideredeingrepresentative of any type of electrical
machine, since the same potential measurement pteesrare presented by other research as
likely to provide useful condition-indicating infoiation for possible fault modes.

From the multitude of previously-mentioned machiaameters, some authors claimed that
on-line technologies based otemperature axial flux, and shaft current/voltage
measurements present enough ability to proteanthter against fault conditions which were
previously difficult or impossible to detect (Boweand Piety 2001). These measurements are
known asproactive.A proactiveconcept may be defined as the capability of cdiiippa
situation by controlling a situation capable of siag a fault rather than waiting to respond to
it after it happens.
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Table 3.1 Fault indicators in electrical machiné&agne et al. 2002),
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3.3.2 Indicators for detecting winding-related faul  ts

The detection of stator winding faults in low-vgea motors during operation has been a
problem, mainly because such a fault is not alwhy8nguishable when the stator current is
monitored (Joksimovic and Penman 2000). A largewarhof work has been carried out on

developing condition monitoring techniques basedther machine parameters such as:

- axial leakage component of the electromagnetic lRenman et al. 1994),
- electrically excited vibrations (Trutt et al. 2002)

- negative-sequence impedance (Kohler et al. 200B)lefo et al. 2003),

- instantaneous power (Legowski et al. 1996),

- partial discharge testing (Green et al. 2005),

- electromagnetic torque (Hsu 1995).

Frequent changes in the temporal behaviour of tdveep supply cause unbalance, which in
turn obscures the fault signature, resulting isdadlarms. Such a false alarm could lead one
to detect the presence of a stator fault, evengimdbe root cause of the problem is supply
unbalance. Similar arguments could be made regartia impact of low-frequency load
variations and load changes on mechanical fauktatien and the effectiveness of various
methods in detecting such problems (Parlos and 2461).

To detect shorted turns in the rotor windings, sav@ethods have been used, such as the air-
gap search coil technique (Connolly et al. 1985mRRez-Nino and Pascacio 2001), the
monitoring of the circulating stator current in ddercircuit machines (Muhlhaus et al. 1985),
measurement of the rotor shaft voltage, or momtpthe harmonic components present in the
generator excitation current for synchronous ganesgPenman and Jiang 1996).

3.3.3 Indicators for detecting rotor-related faults

The consequences of faulty rotors are poor stapigdormance, excessive vibration, and
higher thermal stresses. All these contribute éoftinther deterioration of the rotor, as well as
to secondary failures of the stator.

Various methods have been proposed for the deteofiootor faults, relying on monitoring
motor torque (Thomas et al. 2003), rotor speed didaet al. 1982), electromagnetic flux
(Elkasabgy et al. 1992, Penman et al. 1994), vdmatin the machine stator housing
(Cameron et al. 1986), and stator current (KIim@8&8lL Benbouzid 2003). The analysis of the
current spectrum is the most popular, becauses @imiple way of recording the stator input
current while the motor is running under load henoenterruption to the machine operation
being required.

Relying on extensive experiments carried out oimdaction motor with various rotor faults

and under various load conditions, Trzynadlowskd Ritchie (2000) have shown the
usefulness of the instantaneous power as diagnastdia for rotor faults in induction

machines. The stator current, which is regularlgdughn motor signature analysis, yielded
inferior results.

3.3.4 Indicators for detecting bearing faults

Bearing faults may lead to increased vibration aoide levels. Considering these symptoms,
it is easy to understand why previous researchftvasd out that bearing faults are best
detected by monitoring vibrations, shock pulses| acoustic emissions. However, many of
the previous investigations and methods proposedetect bearing faults are based on the
spectral analysis of electrical quantities (Scheeal. 1995, Cardoso and Saraiva 1993, Obaid
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et al. 2000). They have the advantage that thekwwith standard current sensors that are
already available in most drive applications and/mpeovide the same indications without

requiring access to the motor by correlating tharatteristic bearing frequencies to the
spectral components of the stator currents (Kligagh Stein 1990). The fault spectral lines in
the current can be determined on the basis of ¢éagig geometry and the rotational speed
(Schoen et al. 1994).

However, a fault signature is detectable in théosteurrent only if the bearing fault causes a
displacement of the rotor within the air-gap, réegl in a distortion of the air-gap field.
Hence, it is hard to obtain a reasonable signaleise ratio at an early stage of bearing fault.

For a 15 kW four pole induction motor, Lindh et @003) have investigated the use of stator
current signal for the detection of an outer rirgfedt of a ball bearing with normal radial
clearance. It was found that the stator currentsomesment as a bearing fault indicator is not
adequate for this motor type since the modificapooduced by the radial movement of the
rotor was found very small if the radial movemeraswestricted with bearing with small
radial clearance. An outer race defect was cleidjcated only in the case of the large
internal radial clearance of the bearing.

Obaid et al. (2003) claim that the main disadvamtafjusing the current for monitoring the
condition of bearings comes from the difficultydi$tinguishing bearing fault signatures from
non-fault components or noise in the stator current

Stack et al. (2004) also claim that, the main diaathge of stator-current-based bearing fault
detection is that the effects of a bearing fault aften subtle and difficult to predict. This is
the reason why they propose a modeling techniquerevthe changes in the stator current
spectrum are compared to a baseline spectrum,rrait@ searching for specific fault
components. These changes in spectral contenhareused to identify developing faults.
Before this modeling technique is applied, theostatirrent should be filtered to remove the
significant non-bearing fault components such tmy changes in bearing health are tracked.
Stack et al. (2004) claim and there are no beddanl detection techniques in industry that
are current-based.

Additional methods based on special sensors placéide machine in order to detect shaft
voltages or axial magnetic flux caused by a beadefgct have also been reported (Ong et al.
2000). Besides an increase in costs, the mounfiragditional sensors is, however, also a
practical problem in terms of motor design and apal by the manufacturer, operator, or
safety legislation authorities.

Kliman et al. (1997) claim that bearing faults malgo produce small torque perturbations.
These perturbations are major for some types dfsfgsuch as a pit in the race), resulting in
predictable frequencies, but very small for othgres, such as a dented cage or damaged
balls. Therefore the necessity arises that a mamgasystem must be able to resolve very
small components of the spectrum, even when theguincies are not definitely known, and
recognise when they differ from a nominal or healthotor. In this respect, Schoen et al.
(1994) use neural network techniques with the psgpof characterising the spectra of the
stator current that are associated with the norstale of a motor and load and then
determining when the spectra have changed signtfickom the nominal to indicate a fault.

Li et al. (2000) used the commercially availableddiaery Fault Simulator (SpectraQuest) to
obtain vibration data from bad bearings to traimearal network with the purpose to identify
fault severity. Both simulation and real-world tegtresults obtained indicate that neural
networks can be effective agents in the diagndsi@pous motor bearing faults through the
measurement and interpretation of motor bearingatitn signatures
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3.3.5 Indicators for detecting eccentricity

If a certain level of eccentricity between the raaod the stator occurs in an electrical motor,
whatever its origin, it causes new air-gap fieldnimanics to appear and/or an increase in the
amplitude of the previously existing harmonics. ithé produces a global effect that
stimulates the development of the following sideef (Duque et al. 2004):

- unbalanced magnetic pull,

- parasite torque,

- intensification of vibration and noise levels,

- decrease in the rotor speed,

- electric current flowing through the bearings.

Many surveillance schemes determine the Fouriestspa of a single line current in order to

monitor the condition of the motor (Thomson 1994nNi and Toliyat 2002). These schemes
evaluate additional fault specific harmonics thag due to rotor misalignment. The location
of these harmonic waves is given by the numbewotidrrbars and the actual slip (Hirvonen

1994, Barbour and Thomson 1997, Dorrell 1997). sltviery important to sense the

misalignment between the motor and mechanical lsexde this may initiate a radial force,

which pushes the rotor to the side and can prodigtesr eccentricity ranges.

Vibration signals can also be monitored in ordedlétect eccentricity-related faults. Cameron
(1986) gives the high-frequency vibration compoeedntbe monitored for detecting static or
dynamic eccentricity. The relationship of the viwa of the bearing to the stator current
spectra can be determined by remembering that mfgap eccentricity produces anomalies
in the air-gap flux density. Most bearing defeatsduce a small radial motion between the
rotor and stator of the machine that may be peeceas a form of eccentricity.

Mechanical unbalances give rise to two first-oraerrrent harmonics. Because of the
interaction of the currents and voltages, botheghasrent harmonics are also reflected by a
single harmonic component in the frequency spectfithe electric power. It is claimed that
this single component is easier to assess thanthetturrent harmonics (Kral et al. 2004, Liu
et al. 2004).

Eccentricity-specific signals are also present hie electromagnetic flux, which can be
measured by search coils which sense the axiab¢gakiux and the electromagnetic flux
from the air gap (Fruchtenicht et al. 1982, Tenlueieal. 2003, Dorrell et al. 1995).

Other schemes evaluate mechanical (Dorrell et @37}l or acoustic vibrations caused by
mechanical unbalances, torque signatures (Wiesek 099), and radial forces (Smith and
Dorrell 1996, Arkkio 1996).

Cardoso et al. (1997) use a detection techniqueetieluates space phasors calculated from
two or three measured currents. This techniqueyaedhe characteristic patterns of the locus
diagram of the current phasor.
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3.4 Current monitoring

This section presents the state of the art foedsfit monitoring techniques based on motor
current signature analysis (MCSA) that are usedetect and, eventually, localise different
faults in electrical machines.

Why current monitoring?

Vibration measurements have historically been tendation of most on-line condition

monitoring programs, but new techniques such asethiovolving spectral analysis of the
electric line current powering the motor are becwnof significant interest. The main

problem concerning the monitoring methods basedarrinstance, measurement of the rotor
speed, vibration, and fluxes is that they are d&dbninvasive, requiring transducers to be
fitted in or around the machine, with an obviouseiruption to operation. Besides the
increase in costs, the mounting of additional sensalso a practical problem in terms of
motor design and approval by the manufacturer,aiperor safety legislation authorities.

The condition monitoring schemes that rely on thalgsis of the motor current are the most
attractive, as the current sensors are usuallglladgtby default in the motor control centre for
other control or protection purposes. As a consecgiea variety of methods are applied to
today's cost-effective microprocessor hardwarefgrais in order to accurately diagnose
impending failures of electrical machines and maasnmercial products rely on integrated
packages incorporating analysis techniques badgdarthe voltages and currents available.

The MCSA technique is applied to machines operatimder steady state conditions and has a
basic requirement that for reliable diagnosis asuitial current must flow; i.e. the motor
must be operating at or near full load conditioFtsere are certain situations, however, when
this requirement is impractical, i.e. if the mob@s been removed from service and taken to a
workshop for repair. Under such circumstances,ntioéor can only be tested under-load
conditions (Burnett et al. 1995).

The current monitoring method is highly likely toeet Criteria 1-4, which were previously
mentioned in Section 3.1 and depicted again in &@.

«

@ Sensor’s non-invasivity

Sensor and

@ instrumentation’s system
reliability

@ ‘ Diagnosis reliability
Fault severity
@ quantification
@ Remaining life-time
estimation
@ Cause of the fault
\) prediction

Fig. 3.2 Factors to be considered when selectirgrtiost appropriate monitoring technique
for application in an industrial environment (Thoons1999).

anbiuyoa) buioyuow Jus1ind

Ideal condition monitoring technique

3.4.1 Phase current

Stator winding faults

Some diagnostic methodologies have been proposeetéat stator short circuits that rely on
the fact that stator asymmetry causes an increadkei space harmonics. The interaction
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between the electrical quantities at the supplguesncy and the different space harmonics
produces additional time harmonic components in skegor and rotor currents. As a

conseqguence, the space harmonics of the air-gapdéuasity may be considered useful to
obtain reliable results. Thomson et al. (1998) &ildbpetti et al. (2000a) claim that the

harmonic components of the stator currents caugethd rotor slotting can be used for

diagnostic purposes.

On the other hand, Joksimovic and Penman (2006 #gtat as a result of the nature of the
rotor, no new frequency components of the lineanitrispectra can appear as a consequence
of the fault in the stator winding of an electricahchine. For the case of a turn-to-turn short
circuit in the stator winding, only a rise in somwifethe frequency components which already
exist in the line current spectra of a healthy nr@ehwas observed both from their
experiments and simulations.

It is well known that degradation of the insulatioetween stator winding turns introduces a
dissymmetry in the first harmonic components of ¢herents and consequently a so-called
negative sequence component. It was suggesteththaiffect may be used for the detection
of an insulation failure (Vas 1993)

Rotor related faults

When used properly, the analysis of the electriteru signature of the motor has proven to
be very reliable for quantifying broken rotor bars.

Supposing that the current in a healthy motor Hnees fundamental supply frequendy
changes in the load of the motor modulate the dugdi of the current to produce sidebands
besides this fundamental frequency component. Brakefractured rotor bars generate a
sideband below the supply frequency, which is disptl by twice the slip frequencys@
from the supply frequency. This cyclic variation time current reacts back to the rotor to
produce a torque variation at twice the slip fretue giving rise to a speed variation twice
the slip frequency. This speed effect reduces oheel sidebands(1-2s) and produces an
upper sideband at the frequergi+2s). It was found that the magnitudes of these siddba
are affected by the motor-load inertia (Thomson9l ®lippetti et al. 1996). Concluding, the
characteristic fault sideband compondpisaround the fundamental for detecting broken bar
faults are given by:

fo = (1£ 2ks) f, k=1,2,3. (3.1)
Deleroi (1982) suggests that additional spectraimanents should be observed in the stator
line current with the purpose of detecting rotogeaelated faults:

foo= f{(hpj (1-s)% s} (3.2)

wherek has the integer values 1, 2, J.is the number of pole-pairsjs the per unit slip and
k/p=1, 3, 5...

The most prominent sideband frequency is the oat appears at twice the slip frequency
below the line frequency. The ratio of this lowédeband amplitude to the main supply
frequency component gives an estimation of therggwaf the fault, indicating the amount of
broken or fractured bars (Hirvonen 1994, Kliman adt 1988). Besides the sideband
components at twice the slip frequency, current moments near the rotor-slot harmonic
frequency may be found. In the case of broken roéws, the modulation of the stator current
at twice the slip frequency can be found on thetspa by analysing the slot frequencies:
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p
wheren= 0, 1, 2...and\; is the number of broken rotor bars.

fo, = f, [Ew + Zn} + 2sf_
(3.3)

Other techniques, such as those based on monittrangorque and instantaneous power,
have been shown to be sensitive to rotor bar faoiltshave not been proved to be as reliable
or to provide a quantitative estimate of brokensbdn this respect, a comparison and
performance evaluation of different diagnostic pihares that use input electric signals to
detect and quantify rotor breakage in induction nivaes supplied by the mains was achieved
by Bellini et al. (2000). This work proved that tkarrent signature analysis provides the
information to diagnose the rotor breakage acclyradad quantitatively by retrieving an
effective diagnostic index that sums the amplitudeshe two sideband components in the
current spectrum given by Eq. 3.1. Alternative diagfic methods that use current space
vector modulus, as well as instantaneous powenstantaneous torque, lose information and
thus do not allow an accurate quantification of heakage, since they are affected twice by
the speed reaction.

Siau et al. (2003) claim that it is difficult to téet partial rotor bar breakages or make
accurate estimates of the number of broken rotes baing the current spectrum alone.
A possible solution for improving the accuracy otar fault detection and estimation of
severity would be to combine the information frdme turrent and flux signals.

Burnett and Watson (1995) presented a methodologfint the location of broken bars
within a rotor of an induction motor. The techniqused to detect the location of broken bars
involved using the stator windings as referencations within the motor from which the
distance travelled by the broken bar can be condputdis technique was found to be
dependent on the successful detection of the frexyueomponents given by Eq. 3.2.

A drawback of the diagnostic procedure based on M@Sthe possible confusion with the
motor current modulation produced by other evestgsh as pulsating load, undesired
interaction between the motor and the train equignand particular rotor design, which also
cause sideband current components. If the loadchtiami frequency is near, the resulting
current spectrum is similar to that of a faultetbrqreflected as two anomalous lines in the
current spectrums2 from the supply frequency line), but previous eigreces showed that
the two causes can still be distinguished (Filippett al. 1998). However, a particular rotor
structure design, such as a spidered structuretivittsame number of legs and poles as are
found in large motors, may produce a magnetic asstmnwhose effect is the same as rotor
electrical asymmetry (Thomson 1992).

Bearing faults

Generally, the bearing condition monitoring tecluas rely on the indications provided by

the motor current and vibration. The efficacy ofreat monitoring for bearing fault detection

by correlating the relationship between vibratiow &urrent frequencies caused by incipient
bearing faults was investigated by Schoen et 894) In this respect, it was experimentally
proven that there is a relationship between theatitnal and current frequencies, since the
stator current signature can be used to ident#ypifesence of a bearing fault. This combined
analysis is supported by the fact that the mechanibrations are associated with variations
in the physical air-gap of the machine. When balhrings support the rotor, any bearing
defect will produce a radial motion between theoroand stator of the machine. Such
variations cause the air-gap flux density to be utemted and the stator currents to be
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generated at predictable frequencies related to dleetrical supply and vibrational
frequencies.

Vas (1993) and Schoen et al. (1994) suggest tleattéchanical damages referred to bearing
faults introduce harmonic components in the curspettrum at the frequencies

fo..=f.xf, (3.4)

bng —

wherefs is the supply frequency arfgis a mechanical frequency depending on the type of
fault and on the bearing characteristics. Other pmmants at different frequencies can be

introduced by load anomalies and it should be nthetithey can cause misunderstandings,
because these components can be confused withdaosed by machine faults.

Schoen and Habetler (1997) present a method foovienmp the load effects from the
monitored quantity of the machine. The methods @epthe actual stator current to a model
reference value which includes the load effects theddifference between these two signals
provides a filtered quantity, independent of vaoias of the load, that allows continuous on-
line condition monitoring to be conducted withoohcern for the load condition. Simulation
and test results presented the effects on the repeadf the monitored quantity for both
constant and eccentric air gaps when in the presefhan oscillating load.

Eccentricity

Variation in the air-gap length because of statidymamic eccentricity leads to variations in
the air-gap flux density. As induced stator curseate affected, many of their frequency
components can help to identify both static andadyic eccentricity.

Vas (1993) claims that, generally, the presencstafic and dynamic eccentricity can be
detected using MCSACameron et al. (1986) found that static eccenyricitn be identified
by changes in the mechanical vibrations causedhbyrator-slot harmonics, and dynamic
eccentricity is characterised by the appearancenmfue frequency components in both the
current and frame vibration signals. The same astblaim that static eccentricity variations
result in the introduction of dynamic eccentricdgmponents in the current and vibration,
thus indicating that dynamic eccentricity is a lrgguct of static eccentricity.

According to Cameron (1986), the frequencies of tl@monics resulting from the
asymmetries caused by the slotting and eccentiaitybe calculated according to:

f_ = fs[(szi nd)(l;ps)i m} (3.5)

wherefs denotes the machine supply frequency @adjives the number of rotor slotg, = 0

in the case of static eccentricity, amg= 1, 2, 3... in the case of dynamic eccentricityi$
known as eccentricity orden,is the slip,p is the number of pole-pairk,is any integer, and

ny is the order of the stator time harmonics thatmesent in the power supply driving the
motor (. = +1, £2, £3, 5, etc.). In the event that one of these harmoisias multiple of
three, it cannot exist in the line current of adbakd three-phase machine. However, it has
been shown by Nandi and Toliyat (1998) that onlgaaticular combination of a machine
pole-pairp and a rotor slot numbé&, will give rise to significant components relatedyoto
static or only to dynamic eccentricity. This redaiship for a three-phase machine is given by

Q,=2p[3(mt g+ r|+ k (3.6)

wherentq=0, 1, 2,3, and=0or 1k=1.
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According to Obaid et al. (2000), Dorrell et al. (1995), and Nandi and Toliyat (1998), the
effects of combined static and dynamic eccentricity cause characteristic sideband currents in
the current spectrum given by

fui=1, (1 +k I_—Sj (3.7)
p

where k is the order number and is an integer. The interaction of these harmonics with the
mainly sinusoidal supply voltage causes eccentricity-specific harmonics in the power and
torque spectrum at:

1_
Jece = fsk—ps (3.8)

These low-frequency components also give rise to high-frequency components, as described
by Penman et al. (1994). However, these components are strong only for machines whose
pole-pairs and rotor slot numbers are given by Eq. 3.6, where k = 1, while for machines with k&
= 2 these frequency components are rather weak. Since a changing load torque may also result
in current harmonics similar to those calculated with the above equations, a constant load is
usually assumed. Schoen and Habetler (1995 and 1997) found that the magnitudes of the
frequency components caused by load changes are always larger than those of eccentricity
harmonics.

Another motor current-related approach for the detection of eccentricity in induction motors
was suggested by Cardoso and Saraiva (1993) and consists of monitoring the Current Park’s
Vector.

3.4.2 Circulating current

In many electrical machines (usually, but not only, in large synchronous generators), the
stator/rotor windings are parallel-connected in order to deliver the rated required
characteristics at the terminals of the machine.

The additional (parallel) connections serve to generate an MMF which counteracts the
asymmetrically distributed magnetic field in the air-gap resulting from the asymmetrical
construction or assembly of the machine, especially the off-centre position of the rotor in the
stator bore. Such an asymmetrical magnetic field induces mechanical vibration in the rotor
and stator (with the attendant increased load on the bearings), as well as an unbearable noise.
Equalising currents between winding coils are responsible for the drastic reduction of radial
forces and ensure almost vibration-free operation (Berman and Erlicki 1991).

Concerning the use of circulating currents in fault diagnostics, it was claimed that for stator
winding short circuits in double-circuit machines, the measurement of the differential current
between the parallel connected half-phases represents an accurate way to detect a fault
(Penman and Jiang 1996, Tavner and Penman 1987). Single-winding stators present a more
intractable problem, although it has been observed that there are some harmonic changes in
line current under such conditions. The computation of the circulating current under faulty
conditions such as eccentricity and short circuits in the rotor winding of large synchronous
generators was also discussed by Foggia et al. (1999).

3.4.3 Shaft currents

Irregularities in the magnetic circuits of electrical machines may result in unwanted voltages
that lead to shaft currents through the shaft, bearings, bearing supports, and closing through
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the machine framework. The IEEE Standard Test Riweefor Polyphase Induction Motors
and Generators (IEEE 2004) discusses the shakrtuand presents a measurement method
for recording either the voltage across the endeethaft or the current.

Ong et al. (1997) claim that only the Rogowski caileasurement yields accurate
measurements of shaft currents, whereas the othethooh either yields inaccurate
measurements or may result in other problems fnthchine's integrity.

3.4.4 Current monitoring - drawbacks

Taking into consideration the following potentiahd/backs of a condition monitoring system
relying only on current monitoring, the motivatiéor approaching and relying on additional
fault indicators seems to be clear and realistic:

- For multiple faults or different varieties of deivschemes, MCSA may not provide
enough ability to discriminate between differentilfs, since such abnormalities and time
harmonics may end up generating similar signatures.

- The current spectrum is influenced not only byltfaanditions but also by other factors,
including the supply, static and dynamic load ctiods, noise, machine geometry, and
fault conditions, and these conditions may leaelrtors in fault detection.

- When a commercial diagnostic system has to opdrtiveen a few kW up to MW range
of different designs and driving a wide range ofthamnical loads, providing a diagnosis
from sensing only the current and its subsequealyais becomes much more complex
than is at first apparent (Thomson 1999).

- In order to facilitate the successful detectiémator faults during steady state operation,
a large supply current needs to flow. This largeent is usually obtained by monitoring
the motor while it is running under full load cofidns. The necessity of requiring a large
current may not be appropriate nor achievable mescases if, for example, the motor
has been taken off-line or removed to a workshoprenment. In addition to requiring a
large current, it was found that these monitorieghhiques also have difficulty in
detecting other common rotor faults over and absiveple broken bars. These faults
include damaged end-rings or broken bars withiroabte-bar rotor machine (Burnett
and Watson 1995).

- It is very important to bear in mind that the ME&chniques are not able to detect all of
the possible faults in an induction machine. Irs ttéspect, many researches, including
this work, were aimed to transfer a part of the MCi&owledge to techniques that
monitors the signatures produced by the fault ¢oellectromagnetic flux signals.
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3.5 Magnetic flux monitoring

Why flux monitoring?

As previously shown, electrical motors experiencevide range of mechanical problems
common to most machinery, such as unbalance, mysaént, bearing faults, and resonance,
but electrical motors also experience their owrcsjgeset of problems, which are a result of
electro-magnetically generated fields in the staiod rotor.In this respect, monitoring
devices relying on the information provided by #lectromagnetic fluxes produced by any
small unbalance in the magnetic or electric cirafitmotors may be efficiently used in
addition to or as alternatives to the widely-usedent monitoring. An example of such a
combined current-magnetic flux analysis was caroed by Kliman et al. (1988), where,
based on an evaluation of numerous test runs, tiercurrent and external leakage flux
were selected as the most practical signals cantathe needed information for the detection
of broken bars.

Generally, it may be claimed that a monitoring teghe based on magnetic flux
measurement is highly likely to meet Criteria 1Hj( 3.2).

3.5.1 General principles, comparisons, sensor-measu  ring technologies

There are many ways to sense magnetic fields, ofastem based on the strong interaction
between magnetic and electric phenomena. Magratisirsg techniques exploit a broad range
of physics and chemistry disciplines. In this respeenz (1990) presents some of the most
common magnetic sensor technologies used in difteields of science (Table 3.2). This
table compares approximate sensitivity rangespmescases the projected ranges based on
further improvements are indicated by dashed litteis. very important to bear in mind that
the electronic measurement devices considerablyeinfe the sensitivity range for each
concept. There are many other factors to be coresidehen deciding what type of sensor is
best suited for a specific application. Among thiseors, therequency responssize and
powershould be carefully taken into account.

More information on the general characteristicsnaignetic fields and magnetic field meters
that are typically used in electrical machines, aalibration methods for magnetic field
meters, and on the sources of measurement undgreain befound in the specifications for
magnetic flux density and electric field strengtaters provided by IEEE (IEEE 1994).

3.5.2 Sensors used for condition monitoring in elec trical machines — the search coils
General

When the stator phase current is used for the wramgt of rotor faults (such as broken rotor
bars in cage induction machine#f)e stator winding is used as a search coil forkpems
associated with the rotoiThe converse of this concep that therotor may be used as a
search coil for stator faultd=or example, the axial magnetic leakage flux isgnis a similar
technique but detects changes in the line currantnbanics indirectly via the axial flux
spectrum.

Search coilsare employed to capture flux signals from insidd autside the machine. Such
coils are able to provide electricgjuality” signatures sensitive to conditions which alter the

electrical characteristics of the motor, such askén rotor bars, eccentricity, unbalance
between phases, and stator faults. The voltageypadf such coils is directly proportional to

the rate of change of the flux.
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Table 3.2 Magnetic sensor comparison (Lenz 1990)

Detectable Field (G)

Magnetic Sensor Technology {(1T=104G=10°7)
1010 104 102 102 108

1. Search—Coil Magnetometer

2. Flux—Gate Magnetometer

3. Optically Pumped Magnetometer
4. Nuclear-Precession Magnetometer

5. SQUID Magnetometer

6. Hall-effect Sensor
7. Magnetoresistive Magnetometer

8. Magnetodiode

9. Magnetotransistor
10. Fiber-—Optic Magnetometer

11. Magneto-Optical Sensor

The occurrence of a fault in an electrical machesults in a change in the air-gap space
harmonic distribution. A search coil is able toedtthe time harmonics but is not able to
capture the space harmonics. Space harmonics stdter cause time harmonics in a rotating
rotor. By choosing the search coil properly, thenbar of space harmonics to be monitored
may be restricted.

3.5.3 Electromagnetic flux regions to be monitored in electrical machines
General

In the industrial environment, the flux measuremmeare preferably taken with the flux coil
placed outboard in the axial direction, since ieasier to take readings in thrial direction
in order to ensure the repeatability of the fluxl goosition. On the other hand, the
recommended mounting location for some monitoringsuis radial for the optimal location
to detect temperature and vibration (Burnett 2002).

The use of internally mounted search coils is hyighVasive and is not a practical option for
machines already installed. However, when the fafitrmation is more valuable than that
provided by only one fault indicator (for exampterent monitoring), such search coils have
to be confidently implemented. For example, théégue of using air-gap search coils has
been proved to be more sensitive than the statoemuin detecting faults such as broken
damper bars or short-circuited turns in power gatoerrotor windings (Ramirez-Nino and

Pascacio 2001, Connolly et al. 1985, Karmaker 2003)

41



Fig. 3.3 presents some of the most comprehensively studied magnetic fluxes for the
identification of particular fault components produced by different stator- or rotor-related
faults.

The axial flux appears in all electrical machines and is produced because no machine can be
constructed perfectly symmetrically; it will be always present in electrical machines as a
result of the small asymmetries on both the rotor and stator sides. Since asymmetries are
coming from both the rotor and stator sides, the axial leakage flux contains a component
caused by the stator currents and a component caused by the rotor currents.

The axial flux measurements are a potential method for monitoring the condition of the stator
and rotor winding of induction motors during operation. The axial flux analysis has also been
found to be able to identify rotor asymmetries, shaft misalignments, and bearing faults
(Tavner and Penman 1987, Vas 1993).
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Fig. 3.3 Schematic of flux regions used for fault detection and condition monitoring of
electrical machines (Thomson 1999).

Increments in the amplitudes of specific fault sideband frequencies are indicative of such
abnormalities. The axial leakage flux trajectory is not clearly defined in electrical machines,
but usually this is associated with the shaft. In practice, the detection of axial leakage flux is
relatively straightforward. The technique of measuring the axial leakage flux is simple and
non-invasive. All that is required is a search coil placed concentrically with the drive shaft of
the motor. Some authors claim that, typically, there is sufficient axial leakage flux that it is
possible to mount the coil, or coils, external to the machine case (Kokko 2003).

End winding leakage fluxes are the main cause of the axial leakage flux, which is measured
using axial leakage flux measurements.

A source of troublesome eddy currents in the stator core end regions of large machines is
caused by the "back-of-core leakage flux", which is the small component of armature flux
that is not contained by the core and which permeates the space behind the core and tends to
be drawn into circumferential members of the core frame. The axial members of the core
frame are exposed to this leakage flux and act as a squirrel cage, with the circumferential
members of the core frame at the ends of the machine providing return paths (Anderson).
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Electromagnetic flux regions to be monitored for th e machine under study in this work

In this thesis, the search coils presented in F3g$:-3.5 were studied both by means of
measurements (carried out for a 35-kW cage indactimtor) and simulations (when
possible) in order to find out their ability to serspecific machine faults:

- “1” internal search coil mounted around one statmth; wave winding formed of a
conductor 1.7 mm in diameter,

- “2” external search coil formed of 200 turns, lwits length equal to the active axial
length of the machine and width equal to 2 polehas; the conductor used is 0.2 mm in
diameter,

- “3” search coil formed of 200 turns mounted i thon-drive end (ventilator side); the
conductor used is 0.2 mm in diameter,

- “4” search coil formed of approximately 300 turn®umted around the motor shaft
(internal), the conductor used is 0.2 mm in diamete

- search coils sensing the electromagnetic fluxmiomics of the order pxl”; wave
windings formed of a conductor 1.7 mm in diametad placed in the slot openings of the
stator slots.

When the end connections of the coils are spread agvaveor serieswindingis formed. In
a wave winding there are only two paths regardi¢sise number of poles.

The external search coil, with its width equal tpdle pitches and the search coils purposed
to sense the electromagnetic flux harmonics ofotlaer ‘p+1”, are chosen with the purpose
of eliminating the main symmetrical air-gap field.this way, only those spatial harmonics
that appear during a working condition that affeitis symmetry of the machine are to be
displayed. In the simulations, the indications juled by these search coils should be ideally
zero for healthy operation as a result of the perieachine symmetry, which will not be the
case for the measurements obtained with tests @eak machinebecause of inherent
constructional asymmetries. The search coils irddnid sense the axial flux were chosen
with it being borne in mind that any asymmetry, Wiee coming from the rotor or from the
stator side, in an electrical machine is refledtethis flux.

Fig. 3.4 Search coils used for the electromagrfiitic monitoring.
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3.5.4 Electromagnetic flux harmonics of order “  p £ 1” used for fault detection

As will be shown in the following sections of thigrk, there is a stringent need to look for a
fault indicator that is able to point out eccentyigelated abnormalities and bearing faults. In
this respect, the electromagnetic flux eccentribidymonics of the ordemptl” that interact
with the fundamental harmonic of the machine antegate the forces will be studied to find
out their ability to detect machine abnormaliti¢lsev than various types of eccentricity; this
approach is a novelty in the field of fault diagisosn electrical machines. The
electromagnetic flux eccentricity harmonics of drder ‘p+1” were determined by analytical
means and are of the following form (Frichtenidtdale1982, Tenhunen et al. 2003):

B (X 1) = Bpﬂcos[( pt I x-(wtw,) t—(¢pi W)] (3.9)

wherep is the pole-pair number of the motes; is the fundamental frequency,, is the
whirling frequency, ang,andg, are phase angles.

Dorrell et al. (1995) have shown that dynamic etaaty produces air-gap field components
rotating atfst f, Hz (wherefs is the supply frequency ardis the rotational frequency of the
rotor) with corresponding+1 pole-pairs in addition to the usyabpole-pair field. It can be
seen that both static and dynamic eccentricity peedheir own p+1” field components and
these field components may be used for monitorimggses.

Fig. 3.5 presents the positioning of the searchscased for the detection of the+1”
eccentricity harmonics in the electromagnetic flBasically, the balanced pair(s) the
search coils in the air-gap are so arranged thatntain symmetrical air-gap field is
eliminated and only the lack of symmetry resultirgm the flux associated with a fault is to
be displayed. The three search coil pairs place@f Bpart in the air-gap (Fig. 3.5.b) are

connected in series.

a) search coil “p-1” b) sedrcoil “p+1”
Fig. 3.5Search coils positioning for measuring th&l” harmonics (the test motor has p=2).

3.5.5 Turn-to-turn (inter-turn) short circuit fault detection in stator windings

In the case of a stator winding-related fault, ¢hisra strong need for techniques that would
not only detect the occurrence of the fault but Malso locate its position in the winding
while the motor is operating. Since the effect dfim-to-turn short circuit will be to increase
asymmetry and consequently modify axial flux, agille method to locate the position of the
shorted turn is based upon localised measuremeieahagnetic field symmetry disruption
in the end-winding region of the motor.

Penman et al. (1994) tested a technique based iah laakage flux. A large coil wound
concentrically around the shaft of the machine thasability to sense a fault in the winding
while the motor is operating. The set-up needed liis method for the fault location
procedure consists of four coils symmetrically mteanin the four quadrants of the motor at a
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radius of about half the distance from the shafth® stator end winding (Fig. 3.6). The
frequency components to be detected in the axialdbmponent are given by

fo= fs(k + nMJ (3.10)

wherep is the number of pole-pairk,is the supply frequenck = 1, 3 (order of the supply
time harmonics)sis the slip, anah =1, 2, 3, ...(p-1).

__--Search
T cotls
‘
/

Shaft-"

Fig. 3.6 Coil geometry arrangement for reliablertiifault location (Penman et al. 1994).

3.5.6 Broken rotor bars detection

Elkasabgy et al. (1992) present different techrsgioe the detection of broken rotor bars in
the cage rotor of an induction machine. Among theskniques, those involving the study of
voltages induced in search coils appeared to peoti® most useful, reliable, and cost-
effective diagnostic techniques. It was found thatexternal search coil placed against the
casing is just as effective as an internal coil med around a stator tooth tip for the detection
of a rotor fault. The characteristic frequencieswdtich the rotor fault would become

distinguishable are given by:
k
foo= f{[gj (1-s)+ s} (3.11)

withk=1, 2, 3.

Techniques relying on the indications provided fgiinally mounted search coils proved to
sense well enough rotor faults such as broken dabgye (Karmaker 2003).

Following the work of Penman et al. (1986), theed&bn of rotor bar faults is also possible
by frequency domain analysis of the axial leakalge, fwhich is monitored by using an
external search coil wound around the shaft of anime. The frequency components are still
given by (3.11) wittk =1, 2, 3.

Other characteristic frequencies at which rotoitéawould become distinguishable are given
by Vas (1993):

forn = ST (3.12)
fo, = f(25£1) (3.13)
3.5.7 Bearing fault detection

The voltages resulting from the irregularities lre tmagnetic circuits of motors lead to shaft
currents through the shaft, bearings, bearing suppand closing through the machine
framework. The procedure of measuring the shaftetiirhas already been discussed in
Section 3.4.3.
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3.5.8 Eccentricity detection

Air-gap eccentricity induces harmonics in the apdflux. These harmonics give rise to
axially directed flux and the amplitude of axiatlyrected flux harmonics is proportional to
the amount of air-gap eccentricity.

Rankin et al. (1995) have demonstrated that th& shhage's AC component can be used as
an indicator to static eccentricity in the statordtor air-gap of a diesel driven salient pole
alternator.

Summary

Chapter 3 has presented a general view of the iaditators used for electrical machines,
with a special focus on the ones of an electriealre — current in the stator winding and
electromagnetic flux captured in various machireatmns.

The possible signatures to be produced by variaulisf were presented and will be resorted
to in Chapter 5 that deals with the presentatiothefresults obtained form experiments and
simulations.

However, it is very important to bear in mind thlae MCSA techniques are not able to detect
all of the possible faults in an induction machar® many research, including this work, are
aimed to transfer a part of the MCSA knowledgeethhiques that monitors the signatures
produced by the fault to the electromagnetic fligrals.
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4 METHODS OF ANALYSIS
4.1 Finite element analysis
4.1.1 Finite elements methods — general description , areas of application

The finite element methods a technique used to solve complex problems,chvtdre
represented by differential equations. It effedtivieansforms the problem into a series of
algebraic problems, which are much easier to coelp&ectromagnetic problems are
described byMaxwell's equationdMaxwell 1865), which relate electric fields to gmeetic
fields.

The finite element method splits the problem domaio a large number of small elements.
The elements are typically triangular or quadrilaten shape. Different techniques exist for
the derivation of the algebraic equations fromittigal problem region. The two most widely
used methods are théariational Method(Binns et al. 1992, Silvester and Ferrari 1996,
Jiamning 1993), such as the Rayleigh Ritz method, the method o¥Weighted Residuals
such as the Galerkin Method (Binns et al. 19920154d1995). Both types have advantages,
depending on the particular problem to be solved.

In order to solve a problem, the following infornaat is required:

- the problem geometry must be specified and sybtmany small regions (elements),

- the material properties are required, i.e. thedoativity, permeability, and so on,

- the excitations in the problem region must be kngmormally current densities in con-
ducting regions),

- any constraints which include boundary conditionsst be specified.

The first published paper to use the teffnite Elementswas published by Clough in 1960.
However, similar technigues were used as far back9d3 by Courant.

The technique was initially used in civil engineeyiand aeronautical problems, especially by
the large aircraft companies, which could affore gfowerful computers required for carrying
out stress analysis work on aircraft designs. Sitleen, the method has increased in
popularity, mainly because of rapid advances inmatmg power and speefinite element
analysis techniquesre now used in a wide variety of engineering f@ols, including
mechanical stresseslectric and magnetic fieldsheat transfers and fluid flows The
advantages offered by the finite element methodr anere traditional methods are that
complex geometries can be represented accuratafgrial properties and forcing functions
can be modelled accurately, and material non-liteean be accounted for.

4.1.2 Numerical electromagnetic field analysis for electrical machines
History

The potential of using finite element methods foalsising the magnetic field distribution in
electrical machines was identified in the earlysAChari and Silvester 1971). As well as
fixed mesh models, where the actual model is statpand the rotating fields and current
distributions are modelled by complex number repméstion, time-stepping techniques have
been developed (Arkkio 1988), where the rotor iggitally rotated inside the stator to give a
more realistic representation of machine operation.

With the finite element method of modelling an é&leal machine, the complex geometry of
the machine and the magnetic non-linearity of e cegions can be accurately represented,
allowing the effects of saturation to be modell€de induced currents in the rotor cage, for
instance, allowing for skin effects, can also bedeiled accurately.
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Three-dimensional finite element modelling has bdisoussed since the early '80s (Chari et
al. 1982), but because of the even greater compngtburden this involves, the extent of its
use was rather limited until the mid-2000s.

Application to fault diagnostics and condition moni toring

The basis of any reliable diagnostic method isiaderstandingf theelectric magneti¢ and
mechanical behaviouof the machine in a healthy state and under faohlditions As a
consequence of electrical or mechanical faults winiay arise during the operating period,
many electrical machines are operating unagrmmetrical conditionsin this respect, the
study of the asymmetrical magnetic field of thec&#leal machine is an inseparable part of the
diagnostic procedure.

The magnetic field distributions andperating characteristicsprovided by computer
simulations are essential filmreseeingthe changes of motor performancesulting from the
parameter changes that appear as the consequeddéednt faults. Computer simulations
based on mathematical models represergfattiveandinexpensivenethodfor studying the
influence of different motor faults on drive perimance. Simulation results represent a
contribution to the correct evaluation of the meadudata in diagnostic procedures, which
are an important part of a supervision system basedexpert systems and artificial
intelligence methods (Vas 1999).

Numerical modelling and simulation can providigtual measurement datkkom machines
that have faults implemented in their structurdse, modern signal processing techniques
can be used to convert the simulation results smtmrm from which faults can easily be
detected. It is very important to bear in mind tligd monitoring system cannot detect and
diagnose an artificial fault from the virtual measment signals, it is hardly likely to work
with real electrical machines, either

The electromagnetic model is valid for studyingyotilosefaults which modifythe magnetic
field distributionin the machinelt is not suited to studying, for instance, partlischarges in
the winding’s insulation or small mechanical vilwat caused by a fault in the bearings.

4.1.3 Description of the numerical electromagnetic field simulation tool used in this
thesis

The numerical electromagnetic field simulation taskd in this thesis was developed in the
Laboratory of Electromechanics of Helsinki Univéysof Technology and was originally
presented by Arkkio (1987).

By using this simulation tool, one may take fuliadtage of the possibility to monitor a wide
variety of electrical parameters (and not only) awd implement various fault types
characterised by specific severity degrees. Thighateof analysis is based on tbembined
solution of the magnetic field equations and thecuwit equations of the windingsThe
equations are discretised by the finite elementhoutin order to keep the amount of
computation at a reasonably low level, several bfiogtions were made:

- the magnetic field in the core of the machine suased to be two-dimensional.

- the three-dimensional end region fields are mode#ipproximately by constant end-
winding impedances in the circuit equations ofwhedings.

- the current density in the stator conductors isstamt, meaning that the skin effect in
the stator is neglected.
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- the laminated iron core is treated as a non-coimyatnagnetically non-linear medium,
and the non-linearity is modelled by a single vdloggnetisation curve.

The three-dimensional effects of the stator andrreind winding leakage reactances are
accounted for by their inclusion in equivalent aits inside the finite element model.

Themagnetic vector potentidl satisfies the equation
Ox(vOxA)=J (4.1)

wherev is the reluctivity of the material anlis the current density. The current density can
be expressed as a function of the vector poteamidlthe electric scalar potential

0A
J==2 51 .
aat ol 4.2)

wherecois the conductivity of the material. In the twovdinsional model, the vector potential
and the current density have only theomponents

A=A(xYy,t)e,

J =J(x y,t)e, (4.3)

The scalar potentialp has a constant value in the cross-section of adiwmnsional
conductor, and it is a linear function of the z4zboate. The gradient of the scalar potential
can be expressed with the aid of the potentiakdéficeu induced between the ends of the
conductor. By substituting (4.2) in (4.1), the di&quation becomes

D><(vD><A)+0%—'?:%uez (4.4)
wherel is the length of the conductor. A relation betwé®s total current and the potential
differenceu is obtained by integrating the current densit2)4ver the cross-section of the

conductor
) 0A
u=Ri+R|o—dS .
£ o G

whereR is the DC resistance of the conductor. The ciregitations for the rotor cage are
constructed by applying Kirchhoff's laws and (4f6) the potential difference. The details of
the construction of the circuit equations have heesented by Arkkio (1987).

Time dependence

A time-dependent fields solved by discretising the time at short tinmeivals At and
evaluating the field at the times ty, t3, (tks1 = tk + 4t). The time-dependence of the field is
modelled by the Crank-Nicholson time-stepping mdthHa this method, the vector potential
at timety.1is approximated as following

1|0A
A ===
k+1 z{at

By adding the field equations written at the timeandty.; together and substituting the sum
of derivatives from (4.6), the following expressisrobtained:

0A
+
w1 O

}At + A, (4.6)

k
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The potential difference equation (4.5) is discedi in the same way as the field equation, the
result being

1 1.,,. ) a-
E(”m +11,) =§R(lk+1 +i,) +R'S|.UA“AtAk [ds (4.8)

Egs. (4.7) and (4.8) form thieasic system of equations in the time-stepping dtation.
Starting from the initial values and successivelgleating the potentials and currents of the
next time-steps, the time variation of the quasdiis worked out.

Motion of the rotor

In a general time-stepping analysis of a runningamdhe equations for the rotor and stator
fields are written in their own co-ordinate systefile solutions of the two field equations

are matched with each other in the air-gap. Theristrotated at each time-step by an angle
corresponding to the mechanical angular frequehlog. rotation is accomplished by changing

the finite element mesh in the air-gap.

Numerical solution

The construction of the circuit equations and tle¢ails of the numerical solution of the
coupled field and circuit equations have been prieseby Arkkio (1987). The finite element
discretisation leads to a non-linear system of #goa in which the unknown variables are
the nodal values of the vector potential and theecits or potential differences of the
windings. The system of equations is solved byNbBaton-Raphson method.

Evaluation of operating characteristics

The magnetic field, the currents, and the potewlifférences of the windings are obtained in
the solution of the coupled field and circuit eqgoas as discussed above. Most of the other
machine characteristics can be derived from thesetities.

The calculation of thelectromagnetic torqués computed using the method developed by
Coulomb (1983). This method is based on the prlacgh virtual work, for calculating the
forces from a finite element solution. In this nudh the force is calculated as a partial
derivative of the coenergy functional with respectirtual movement.

Finite element mesh

The magnetic fieldof a healthy electrical machine igeriodic in spacetypically from one
pole-pair to the next onén order to reduce the complexity of the geomeingd the number
of nodes of the finite element mesh, the calcutetiare usually performed over the smallest
symmetrical part of the motor model. However, dtfauthe machine disturbs the symmetry,
and the whole machine cross-section has to be headel

For fault detection purposes, the interest is fecusmore on qualitative than exact
quantitative resultsi.e.more focused on detecting how the monitored pamniethaves as a
function of time and not so much in magnitudie this respect the finite element meshes to be
used can be relatively sparse, as long as the gagoragmmetry is the same as for the faulty
machine and the time dependence of the parametensodelled properly. In this study,
triangular first-order finite elements are usedj #me finite element meshes typically contain
6000-8000 elements.
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In the numerical ssimulations, during healthy motor operation, the symmetry forbids the flux
linkage through the search coils “ p£1” and through the one externally wound around two
pole pitches of the test motor. In a faulty machine, a flux linkage through these search coils
may be detected.

The input for the finite element code may be represented by the voltage waveforms measured
via a transient recorder directly from the frequency converter or by various other supply
sources. In this thesis, the simulation models were tested with the voltage waveforms
measured from the frequency converter but also with a sinusoidal supply. During the
simulations, the speed of the rotor was kept constant since the objective of the thesis was to
study only the operation at steady state.

4.1.4 Fault modelling procedure

The test motor used in this thesis is a cage induction motor whose main parameters are
presented in Table 4.1. Table 4.2 presents the faults taken into consideration in this work both
from experiments and simulations.

Table 4.1 Main parameters of the test motor.

Number of poles 4

Parallel branchesin stator winding 2

Turng/cail in stator winding 11
Stator connection star
Rated dip [%] 3

Rated power [KW] 35
Rated frequency [HZ] 100
Rated voltage [V] 400
Rated current [A] 64
Number of stator slots 48
Number of rotor dots 40

Table 4.2 Faults studied in the numerical simulations and in the measurements.

Fault Simulations | Experiments
Shorted turn in stator winding yes yes
Broken rotor bar/s yes yes
Static rotor eccentricity yes yes
Dynamic rotor eccentricity yes yes
Bearing fault no yes
Corefaults yes no

Shorted turns

To model a shorted turn, the sides of this turn in the finite element mesh are substituted by
conductors in a perfect short circuit. There is no galvanic contact between the reduced phase
winding and the new, shorted conductors. A shorted coil is treated in a similar manner. Fig.
4.1 presents a simple description of the turn-to-turn short circuit implemented in the
simulations.

In measurements, the turn-to-turn short circuit was implemented between two adjacent turns
of the stator winding (see Fig. 4.1), was initiated and cleared from outside the motor, and did
not comprise any resistor specialised in limiting the effects of such an operating state. By
using a switcher, the duration of this faulty condition was limited to about one second.
However, the measurements at full load were not carried out, since the main concern was to
keep the test machine healthy for further tests and not to expose it to extreme conditions.
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Shorted turn
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Fig. 4.1 Description of the turn-to-turn short aiiit implemented in the simulations (left
figure) and measurements (right figure).

Static and dynamic eccentricity

Static eccentricityis obtained by shifting the rotor by 30% of theélied air-gap length and
rotating the rotor around its centre point in thésv positionDynamic eccentricitys obtained
by shifting the rotor by 33% of the air-gap lengblut rotating it around the point that is the
centre point of the stator bore.

Experimentally, a dynamic eccentricity of 33% walstained by fitting non-concentric
support parts between the shaft and bearing (geeti). In order to create an artificial static
eccentricity in the test motor, the inner diameaiéithe motor end-shields was reduced by
about 0.6 mm (the size of the machine air-gap8snim). Both end-shields were then shifted
in the same direction in order to obtain a statiweatricity of around 30%.

k
Fig. 4.2 Artificially created dynamic eccentricity.

Broken rotor bars

Fig. 4.3 presents how the circuit equations of tage windings are composed of the
potentials of the bars inside the rotor core, batseoutside the core, and end-ring segments
connecting the bars. When modellindgprmken bar the resistance of the bar end outside the
core is increased to a value 1000 times the DGteexie of the whole bar. When modelling a
broken end-ringthe resistance of an end-ring segment betweenbtws is increased to a
value 1000 times the original resistance of thersag. In addition to the description of the
model implemented in the simulations for the statlyarious rotor cage-related failures, Fig.
4.3 also presents the artificially created rotaggectaults obtained by drilling holes in the rotor
bars.
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Broken rotor bar or end-ring
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Fig. 4.3 Description of the rotor cage-related faulmplemented in simulations (left figure)
and artificially created in measurements (rightuig).

Core faults — fault in core insulation

To model a fault in sheet insulation on a tooth-4opface, a current is allowed to flow along
the tooth-top and return back into the frame. Aisimfault can also be created in several
adjacent teeth. Fig. 4.4 presents a descriptigheo€ore fault implemented in the simulations.

Table 4.3 is intended to offer a view of the maguét of the various fault levels implemented
in the simulations (“cf1=“cf9” were used to indicate various degrees of dardt; see Fig.
4.4). The various stator winding configurationsdétal and referred to in this table as “NB”
(no parallel branches), “SB” (special configurajiot2B” (two parallel branches — this is the
original configuration to be found in the motortesexperimentally), and “4B” (four parallel
branches) are described in detail in Appendix II.

conducting
core element

Fig. 4.4 Description of the core fault implementedhe simulations.
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Table 4.3 Eddy current losses at the fault locatimd corresponding total
electromagnetic loss following the core fault inmpéntation.

Stator winding configurations — losses [W] Total edctromagnetic losses [W]
“NB” “SB” “2B” ‘4B” “NB” “2B” “4B” “SB”
cfl 31 29 32 31 3106 2830
cf3 94 87 94 93 3260 2900
cf6 188 173 188 187 3347 2980
cf9 281 260 281 279 3426 3068

4.2 Method of measurements

The test cage induction motor described in Table wlas fed from an inverter that had a
switching frequency of 3 kHz. A DC generator wasedifor loading the motor. The currents,
voltages, power and supply frequency, were measusied) a wide band power analyser. The
measurements were carried out for three differeatl lconditions. Figs. 4.5-4.7 present the
measuring set-up. A detailed description of a fdvthe devices used in this set-up is to be
found in Appendix Il. The current and voltage wawrefis were recorded with a transient
recorder. Hall sensors (LEM) were used as curresmistucers, and the voltages were
measured through an isolation amplifier. The samgpfrequency was 40 kHz and a typical
number of samples was 20000. The recording systamocalibrated using the measurements
from the power analyser. The measurements wergedaout only for the original stator
winding topology, consisting of 2 parallel branches

supply U Isolation Transient
wmmm INVERTER amp“fier recorder
|
[ lsensors
wide band LEM IM DC Load

—
power Hall
ana|yzer Sensors

generator resistor

Fig. 4.5 Schematic of the measuring set-up.
wE = A |

S S — : s \ e
pelc. T | £ g g o
. 2 — g s . . > -

Fig. 4.6 Test induction motor (left) and DC generaised as load.
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From the beginning, it is important to specify ththe induction machine used in the
measurements has a skewed rotor but the simulaaetiine has a non-skewed one. Because
of this, some differences between the measuredsandlated results should be expected,
especially in the magnitude of the rotor-slot hanios.

Fig. 4.8 presents the cross-sectional geometryhef machine and the magnetic field
distribution at rated load operating conditionstealthy operation.

Fig. 4.7 Measurement devices. From top to bottomndient recorder, keyboard, power
analyser, isolation amplifier, and connection box.

Fig. 4.8 Cross-sectional geometry of the test matat the electromagnetic field distribution
for healthy operation at rated load.
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4.3 Signal processing methods
4.3.1 General

With advances in digital technology over the lastesal years, adequate data processing
capability is now available on cost-effective, mojgrocessor-based, protective-relay
platforms to monitor motors for a variety of abnatities in addition to the normal protection
functions.

Various electromechanical operational parameteig &b provide rich information for
diagnosis are analysed in steady state but algansient state (especially at no-load starting)
using approaches such as:

- frequency-domain analysis,

- time-domain analysis,

- time-frequency domain analysis,
- neural network,

- model-based techniques.

4.3.2 Analysis in steady state

The frequency-domain analysfer the detection and localisation of abnormakteleal and
mechanical conditions in electrical machines iseljdused and accepted in the industrial
environment. This popularity is due to the avaiibbf the Fourier transform techniqueas
the characteristics of the studied signals are raasily noticed in the frequency domain than
in the time domain.

Advanced signal processing techniques, suchigis-resolution spectral analysigre also
used since they may lead to a better interpretatiothe spectra characteristic to specific
machine abnormalities. In this respect, it was @rpentally proved that stator current high-
resolution spectral analysis is very sensitiventhuction motor faults modifying main spectral
components, such as voltage unbalance and singlemheffects (Benbouzid et al. 1999).
Bi-coherencespectrawere used by Li et al. (1995) to derive featureat trelate to the
condition of a bearing. The applicationtwfspectralandtri-spectral analysis to the vibration
monitoring was also discussed by McCormick and Nét@b9).

4.3.3 Transient state analysis

Elder et al. (1989) developed a technique whicbvadl the detection and identification of
specific faults within induction motors during te&arting transient. During this short period
the machine is under conditions of severe and r&dattstress. This type of analysis at
transient state is important especially for theedgdbn of eccentricity since any UMP is a
maximum at starting.

Since under transient conditions the frequency amapts indicative of faulty operations are
non-stationary in both the time and frequency dosabther signal processing strategies
applicable to time variants need to be applied.eFfrequency domain techniques use both
time and frequency domain information, allowing foe investigation of transient features. A
number of time-frequency domain techniques thatehbeen proposed in literature are
summarised by Ocak and Loparo (2001) as following:

- Short Time Fourier Transform (STFT),

- Spectogram a representation of frequency components versos (Burnett et al.
1995),

- Wigner Ville Distribution (Burnett et al. 1995),

- Wavelet Decomposition (Douglas et al. 2005, Yen laind2000).
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Since in both the measurements and simulationsstheals studied as possible fault
indicators were captured in steady state, onlytrdiitional signal processing technique based
on Fourier transformation (FFT) was used in thestb.

4.3.4 Artificial intelligence techniques

The condition monitoring and fault detection of afecal machines have moved in recent
years from traditional techniques to Artificial étiigence (Al) techniques. In the Al-based
systems, several quantities are utilized as ingmass such as, stator currents and voltages,
electromagnetic fluxes, frame vibrations, etc. ”idechniques have numerous advantages
over conventional fault diagnostic approaghlessides giving improved performance, these
techniques are easy to extend and modify, and eamdxle adaptive by the incorporation of
new data or information. The Al-based techniquey mseexpert systemartificial neural
networks fuzzy logi¢ fuzzy-neural networkgenetic algorithmssupport vector machings
etc.

A review of the developments in the field of Al-lkdsdiagnostic systems in electrical
machines and drives is provided by Vas (1999) ailidpeétti et al. (2000b). Siddique et al.
(2003) focus their review of various Al techniqusthe induction motors, aiming more
specifically to the stator winding fault detection.

From the multitude of Al-based diagnostic systerti®e neural networks have a wide

industrial applicability (Meireles et al 2003). Aepresentative work dealing with the

application and design of artificial neural netwsifor electrical motors fault detection is the
one of Chow et al. (1993). Following, there will peesented few references to contributions
dealing with the detection of various faults ustihg neural network approach.

Salles et al. (2000), show that a neural netwogk@ach is able to distinguish betweead
anomaliegoscillation torque, repetitive dip of torque) anodor asymmetriegbroken bary of

cage induction motors. This is a very importantigssince a load anomaly causes a sequence
of speed and current spectral components that eacobfused with the one produced by a
cage-related fault.

Filippetti et al. (2005) report an induction maahiotor fault diagnosis based on a neural
network approach. After the neural network wasnidi using data achieved through
experimental tests on healthy machines and thrsimghlation in case of faulted machines,
the diagnostic system was found able to discemnwdemt “healthy” and “faulty” machines.

Tallam et al. (2000), present an on-line neuralvoet based diagnostic scheme, for induction
machinestator winding turn faultdetection. This scheme is claimed to be insemsitiy
unbalanced supply voltages or asymmetries in thehina and instrumentation. In addition, it
is claimed that a turn fault can be detected inetimly stage of development.

Huang et al. (2004) propose a scheme to monitotagel and current space vectors
simultaneously in order to monitor the levelanf gap eccentricityin an induction motor. For
the amplitudes of eccentricity related componehtg thange non-monotonically with the
operating conditions, an artificial neural netwaslused to learn the complicated relationship
and estimate corresponding signature amplitudesawade range of operating conditions.

Li et al. (2000) use neural networks to perform endtearing faultdiagnosis based on the
extracted bearing vibration features. Computer-fated data were first used to study and
design the neural network motor bearing fault desys algorithm. Actual bearing vibration
data collected in real-time were then applied tdquen initial testing and validation of the
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approach. The results show that neural networksbeagffectively used in the diagnosis of
various motor bearing faults through appropriateasaeement and interpretation of motor
bearing vibration signals.

Support Vector Machine (SVM) is a novel machinan@zg method introduced in early 90's
and it has been successfully applied to numeroassification and pattern recognition
problems such as text categorization, image retiognand bioinformatics. SVM based
classification scheme were designed for differeadk$ in cage induction motor fault
diagnostics and for partial discharge analysisnsllation condition monitoring and were
found highly competitive with, e.g., neural netwsrkvhich are widely studied also in the
area of condition monitoring and fault diagnosis edéctrical machines (Péyhdénen et al.
2002a, Poéyhonen et al. 2002b, Poyhdnen 2004).
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5. RESULTS OBTAINED FROM EXPERIMENTS AND SIMULATION S

First of all, the relatively good agreement betwele computed and measured total
electromagnetic losses is presented in Fig. 5.&s@hmachine quantities are responsible for
the correct evaluation of the motperformanceand are considered very important for the
procedure of validating the simulated data.

Once more, it should be mentioned that the measu@azhine has a skewed rotor, while the
rotor of the simulated one is unskewed. The mafacefof slot skew that is the filtering of
high frequency harmonics may be observed in theefoamns of various simulated motor
parameters characterised by higher ripple contemomparison with the similar measured
ones (i.e. Fig. 5.2.1, etc.).
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Fig. 5.1 Experimental and simulated total electrgmetic losses.
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5.1.  Current monitoring
5.1.1. Stator winding currents

First of all, the ability of the phase current &tett specific faults will be tested, since it was
shown that monitoring this parameter is the mostveaient (non-invasivity) and cheapest
way to sense a fault in terms of expense causexhipyadditional sensors. For all the current
spectra presented in this section, the supply &equ component (100 Hz) has been
normalised to be set at 0 dB.

On the basis of the measurements, no new frequemmyonents of the line current spectra
appeared as a consequence of the inter-turn siawitdn the stator winding; only a rise of
15 dB in the amplitude of thé®harmonic component and of 3 dB in the magnitudénef
fundamental was observed from experiments. Thislimmdp change is independent of the
machine loading (half load or no load). With refeze to the case of healthy operation,
irrespective of the machine loading, an increasarotind 6 dB in the amplitudes of the rotor-
slot harmonics was found. The rotor-slot harmomiese calculated according to Eq, 3.5
wherek andn,, are 1 andhy is O.

Based on simulations, Fig. 5.1.1 presents the nuadibns produced in the frequency
spectrum of the branch currents by the inter-turartscircuit. These new components are
according to Eg. 3.10 (Penman et al. 1994, Thon&a®l) and are of about the same
amplitude for all the configurations studied excém “SB” one (Appendix Il), where the
amplitudes are 25 dB higher. Minor modificationscfement of about 2-3 dB) in the
magnitude of the rotor-slot harmonics were obserie@spective of the stator winding
configuration and machine loading. The magnitudehef fundamental frequencies suffers
similar changes to the ones mentioned before B.8d“4B” and “SB”, 1.6 dB for the “2B”
stator winding type).
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Fig. 5.1.1 Frequency spectrum of the branch curremter-turn short circuit — simulations
at full load.

In the measurements, an inter-turn short circuthenstator winding was best reflected in the
unbalance of the stator winding currents (Fig. A.1A work dealing with the detection of
stator-related faults based on current amplitudes been presented by Jover and Arkkio
(2003).

It came out from both the simulations and experitmeimat the eccentricities, bearing-related
faults, and major rotor cage faults do not resaoltany unbalance of the stator currents;
spectral analysis then becomes indispensable witempating to detect such faults.

From the simulations, it was found that the staticentricity is not reflected in the indications
of the branch currents in any of the configuratithat were studied. The measurements
revealed increases of around 6-8 dB in the amm@#uaf the rotor-slot harmonics, irrespective
of the machine loading. Modifications of similar gmitudes are to be found in the case of a
bearing fault. However, these modifications are wety specific and it would be quite
difficult to rely confidently on them for claiminghe presence of a fault and, moreover,
distinguishing between various faults.

Fig. 5.1.3 presents the frequency spectra of tawrswinding branch current for healthy
operation and for abnormal operations provoked digrrcage faults. A rotor cage fault is
clearly visible when the sideband components ctosethe fundamental given by Egs. 3.1
and 3.2 are checked. For a rated slip of 3%, acwptd Eq. 3.1 these side bands are situated
at 94 Hz and 106 Hz, and at 45.5 Hz and 51.5 Hz, atcording to Eq. 3.2. The results
obtained from simulations stand for the originaB"2winding configuration. They look
similar to the ones obtained from a motor equipp#th a “4B” winding configuration that
are not presented here.
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Fig. 5.1.2 Stator winding branch currents — interst short circuit (top) and no fault (bottom)
— measurements at half load.
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Fig. 5.1.4 presents the distortions produced byagonrotor cage-related fault (three broken
rotor bars) in the stator winding branch currergcspum for the stator winding configurations
“NB” and “SB”. It is clear that for the stator wimdy configurations “NB” and “SB” a rotor-
cage-related fault does not produce similar maodiions in the indications of the branch
currents as is the case with the “2B” and “4B” wingl configurations; the distortions
according to Eqg. 3.2 are not found any more.

Fig. 5.1.5 offers a quantitative view of the magdé of the distortions produced by various
degrees of severity of the fault at full load. Theasurements (marked by dots) reveal a good
agreement with the simulations in terms of new ety components detected as a result of
a rotor cage fault. Simulations and measurementsldioad do not cause major changes to
the magnitude of the frequency components chaiatiteof this fault, but the distortion
content is poorer than the one that is clear atdad (the frequency components around the
fundamental according to Eqg. 3.1 are not found rmoye in the cases of the “2B” and “4B”
configurations). At no load it is almost impossilidedetect a rotor cage fault, since most of
the characteristic frequency components responfiblthe fault detection are missing or are
characterised by a dramatic change in magnitudss (lean 50 dB) with reference to the
fundamental.
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Fig. 5.1.4 Frequency spectra of the branch currentor cage fault-simulations at full load.
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Fig. 5.1.5 Characteristic fault frequencies produced by rotor cage-related faults in the stator
winding branch current spectrum — simulations (represented by bars) and measurements
(represented by dots) at full load. One broken rotor bar (top) and three broken rotor bars
(bottom).

On the basis of the simulations, the dynamic eccentricity is not reflected in the indications of
the branch currents for the cases of the “NB” and “SB” stator winding configurations. For the
“2B” stator winding configuration, Fig. 5.1.6 presents the distortion produced by dynamic
eccentricity in the branch current spectrum. For the “2B” and “4B” stator winding
configurations, Table 5.1 presents a summary of the most important modifications considered
useful for the detection of such asymmetry (according to Eq. 3.5). No relevant modifications
in comparison with the case of healthy operation were found in the magnitudes of the rotor-
slot harmonics.

The relatively good agreement between the measurements and simulations in terms of ability
to predict the location of the frequency sidebands responsible for the detection of this fault is
shown by arrows.
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Table 5.1 Modifications in the spectrafithebranchcurrentcaused bgynamiceccentricity [dB].

Full load Half load No load
f [HZ] Simul. Meas. Simul. Meas. Simul. Meas.
“2B” “4B” “2B” “4B” “2B” “4B”

51.5 -33 -34 -28

50.7 -27 -28 -22

50 -18 -22 -9
148.5 -23 -23 -26

149.2 -20 -20 -19

150 -12 -13 -5
1991.5 -62 -50 -60
1918.5 -43 -41 -56
1949.5 -44 -44 -30
2088.5 -41 -36 -56
2118.5 -42 -54 -58
2149.5 -32 -46 -18

5.1.2. Circulating current between parallel branche s

Since the stator winding phase of the test indactwotor consists of two half-phases
(branches) connected in parallel and these phaseacaessible from outside the motor, the
analysis of the differentiairculating currentbetween the half-phases is also performed with
the purpose of fault detection. Figs. 5:5.1.8 present the measured and simulated
waveforms of the circulating currents between statmding parallel branches for healthy
machine operation and for the faults under study.

For a machine which has its stator winding distelduin parallel branches, it is quite clear
that by monitoring the circulating current one abelasily identify both a major rotor fault

(such as a rotor bar breakage) and a stator-refatdtd(such as an inter-turn short circuit).
The circulating current may then be used as artiaddi diagnostic medium when aiming to

sense a stator-related fault or as a first sigotbér abnormal operation, since it would be
easier to sense the current unbalance in the ehitanches than compute the current
frequency spectra.

However, it appears difficult to discriminate beemedifferent fault conditions and between a
fault and a healthy motor condition on the soleidb@a$ the magnitudes of the circulating
currents. In this respect, it was found that asttcentricity level of 30% is reflected in the
circulating current almost identically as a bearfaglt and the magnitude of the circulating
current in these cases is almost the same as thiahws characteristic of healthy machine
operation.

The relatively clear agreement between the predlieigd measured circulating currents is
noteworthy. In simulations, the stator winding hotarcurrents are equal (perfect balance) for
healthy operation and their difference is zero.
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Fig. 5.1.7 Measured circulating currents.
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Fig. 5.1.8 Simulated circulating currents for ttest motor equipped with the original stator
winding configuration of type “2B”.

Discussion

Inter-turn short circuit

On the basis of the measurements, no new frequemtyponents in the line current spectra
appeared as a consequence of a fault in the stétding of an electrical machine. For the
case of a turn-to-turn short circuit in the statimding, only a rise in the amplitude of th& 3
harmonic component and of the fundamental was wbdefrom the experiments. This
change in amplitude was independent of the madomding. With reference to the case of
healthy operation, irrespective of the machine ilogdan increase of around 6 dB in the
amplitudes of the rotor-slot harmonics was found.

The monitoring of the "3 harmonic of the motor supply current was also tbtm be an
effective method for the detection of the presewitstator faults by other authors (Cruz and
Cardoso 2004). The only drawback of a techniqueginmgl on sensing this frequency
component is that low-voltage motors, especiallpdmam-wound motors, usually have
appreciable levels of inherent asymmetries and &y nbe possible that the residual
asymmetries of the motor may lead to the appearahtiee 3° harmonic component in the
supply currents, even when no faults are presethimotor.

The simulations were in relatively good agreemeitih Whe measured results. In comparison
with similar signatures produced by other faul®, hew frequency sidebands produced in the
frequency spectrum of the branch currents by ther-turn short circuit are so small that they

may be considered non-existent. For the “4B” and”“2vinding configurations, the
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magnitude of these new frequency components ista®@uwB lower with reference to the

fundamental, while for the “SB” configuration thesemponents are only 35 dB lower with

reference to the fundamental. The simulations ptedicted minor modifications (increment

of about 2-3 dB) in the magnitude of the rotor-dl@rmonics and in the magnitude at the
fundamental frequency (3.5 dB for “4B” and “SB”61dB for the “2B” stator winding type).

The simulated and experimental results obtainedforotor equipped with a stator winding
configuration of type “2B” are in accordance witlose presented by Joksimovic and Penman
(2000). They have also shown that no new frequecyponents of the line current spectra
can appear as a consequence of an inter-turn shoudit, but only a rise in some of the
frequency components which already exist in the @arrent spectra of a healthy machine can
be observed. These harmonics were the ones caysetbb slotting.

The inability of the measured stator current toadie detect a turn-to-turn fault was

mentioned by Henao et al. (2003). In this workthe case of six turns short-circuited in a
phase of an 11-kW cage induction machine, the rstatwent was found not to be sensitive to
this fault. However, the stray flux, which was sadlin parallel with the stator current, was
found to be affected by the fault being studied.

An increase in the magnitude of the rotor-slot hamios produced by an inter-turn short
circuit was also observed by Stavrou et al. (2001)this work, with a 150-kW slip ring
induction motor and a 30-kW cage induction motorywas shown that the most reliable
indicators of the presence of the fault were theelo sideband of the field rotational
frequency with respect to the fundamental, togethiéh some of the components that are
related to slotting.

However, the experimental results obtained in $kigtion are in contradiction with the results
presented by Thomson (2001). In this work, relyamgmeasurements carried out on a few
low-voltage cage induction motors of 2 and 4 palkespectively, it was found that certain
current components are clearly produced by inter-fawult. The reasons for differences
between the results presented in this thesis amdties presented by Thomson (2001) are
unclear. However, one may suspect that the statwtimg configuration of the test machine
represents a cause for the pronounced nature & spetific frequency sideband components
produced by an inter-turn short circuit.

Yazidi et al (2004) observed that the techniques relying orstatr winding current analysis
are not always reliable, especially when the nunabeshorted turns is small compared to the
total number of turns in a phase winding. Followangomparative investigation, the leakage
flux was found to be a more effective way to detéet stator fault than the stator current in
terms of specific frequency components at 750 Hz&50 Hz (18 and 17" harmonic) which
are excited increasing their magnitude to a le¥@C0odB.

Concerning the use of the rotor-slot harmonics @srgial indicators of a fault in the stator
winding, Nandi and Toliyat (2000) claimed that altigh MCSA can detect these
components, they may be confused with voltage @amual in machines. In this respect, it was
claimed that these harmonics can be unambiguowesthcted at the terminal voltages of the
machine just after it has been switched off, sith@esupply voltage is absent and the voltage
unbalance cannot influence the detection process.

The behaviour of induction machines affected bytostahort circuits by assuming the
dominant slot harmonic components of the statorecus as diagnostic indexes was also
investigated by Gentile et al. (2003). The resalitained from the simulations of different
asymmetric machines using the space vector approaofirm that the main harmonic
components of the stator currents resulting froertitor slotting of eighteen motors may be
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considered a reliable diagnostic index. Howeventreoy to the results obtained by Nandi
and Toliyat (2000), it was shown that these harmaumponents are almost completely
insensitive to possible supply voltage asymmetries.

In accordance with the results presented in thaseg following a study on fault diagnosis in
the stator windings of a low-voltage induction nrofed by PWM inverters, Villada et al.
(2003) also found only a small increase in some pmments of the stator current spectrum
which are difficult to detect. Nevertheless, thération and axial leakage flux frequency
spectra experienced measurable differences at rfraguencies. Therefore, for a better
indication of a stator winding fault, a combinedbysis of these signals was recommended.

In conclusion, it may be stated that monitoring #tator current does not always provide
useful and sufficient information for the detectioha stator winding fault. Moreover, the
possible reflections of the turn-to-turn short gitdn the stator currents are also characteristic
of other faults and the probability of discrimimagiclearly between various faults remains
small. The circulating current between parallelnotees and the unbalance in the phase
currents are suitable indicators for confidentlgtirling a turn-to-turn fault, but this is only
true in the case of a symmetrical supply.

Rotor cage fault - broken rotor bars

A rotor cage-related fault appears in a differer@nmer for motors equipped with various
stator winding configurations. The distortions acitiog to Eqg. 3.1 are to be found in all of the
cases under study but those according to Eq. 3Y2hmid true for motors equipped with a

stator winding configuration of types “2B” and “4BHowever, the new frequency sideband
components given by Eq. 3.2 provide a precise sigaeaf the rotor cage fault which is not

the case for those given by Eqg. 3.1, which may alspear as a result of pulsating loads,
interactions between the motor and the train eqaigmand particular rotor designs

(Thomson 1992).

Simulations and measurements at half load do matyme major changes to the magnitude of
the frequency components characteristic of thi fawt the distortion content is poorer than
that found at full load. At no load it is almostpossible to detect a rotor cage fault since
most of the characteristic frequency componentpaesible for the fault detection are

missing or are characterised by a dramatic changmagnitude (less than 50 dB) with

reference to the fundamental. This conclusion iadoordance with those obtained by other
researchers, who also claim that in order to f@atdi the successful detection of rotor faults
during steady-state operation a large supply ctirserequired to flow.

Static eccentricity, dynamic eccentricity, and bearing fault.

Previously, it was shown that an inter-turn shartuwt in the stator winding was best
reflected in the unbalance of the stator windingents. It emerged from both simulations
and experiments that the eccentricities under study bearing-related fault do not result in
any major visible unbalance of the stator phaseeats. It appears, then, that spectral analysis
becomes indispensable when attempting to detebtfawdts.

However, relying on both experiments and simulatjahis section concludes that the static
eccentricity being studied does not bring any majodification to the spectral content of the
branch current (in simulations, the same conclusoralid for the case of static eccentricity,
irrespective of the stator winding configurationgoreover, not even the circulating current
between the parallel stator winding branches is tdbbffer useful information about the fault
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(the magnitude of these currents during such asyneseis not very different from that
corresponding to healthy operation). A similar daemn may be drawn for the case of a
bearing fault.

Considering only the experimental data, it was &smd that the case of a bearing fault does
not produce any major distortion in the spectrahtent of the branch current but only
increases of around 6-8 dB in the amplitudes ofrdter-slot harmonics, irrespective of the
machine loading; similar modifications were founadr fthe case of static eccentricity.
However, these are not clear signs to be usedrfacaurate detection of the implemented
static eccentricity and bearing fault.

The difficulty to sense a bearing fault from thatst current was also mentioned by other
authors.

Kim et al. (2003) found it very difficult to sensay important distinction between the

spectrum of a healthy motor current and the spetiof the current corresponding to a

motor operating with a damaged bearing. The samelasion was valid for two cases of

an eccentric air-gap (1 - condition of moving tbeating centre 25% upward at the end of
the inboard shaft and 2 - condition of moving tbating centre at the end of the outboard
shaft 20 % downward and 10% right).

Lindh et al. (2003) have investigated the use efdtator current signal for detection of an
outer ring defect of the ball bearing with normadtial clearance of a 15 kW four pole
induction motor. It was found that the stator cotreneasurement as a bearing fault
indicator is not adequate for this motor type sitiee modification produced by the radial
movement of the rotor was found very small if tlaelial movement was restricted with
bearing with small radial clearance. The outer @&fect was clearly indicated only in the
case of a large internal radial clearance of tregibg.

Obaid et al. (2003) also showed that detectingctiracteristic frequencies of a bearing
fault in the motor current is difficult, even whéime corresponding fault frequencies are
prominent in the motor vibration. Only a very bigndow (a drilled hole) artificially
created in the inner race showed some modificaiiotise stator current.

The results obtained for the case of dynamic eco@gt both from experiments and
simulations are in accordance with the resultsinbthby most of the other research in this
field.

Tsoumas et al. (2005) also showed that motor cusignature analysis is able to detect an
air-gap eccentricity of 30% for a slip-ring asynmmous induction motor by monitoring the
characteristic sideband frequency components diyelgq. 3.7.

The investigations carried out by Nandi et al. (@9&onfirmed the presence of harmonics
as described by Eqg. 3.5 in the presence of airegagntricity. The dynamic eccentricity

(obtained by replacing the good bearings with baéscand running the machine at load)
was reflected in an increase in the magnitude (@Bdimes in comparison with healthy

operation) of the components provided by Eqg. 3.®wNcharacteristic frequency

components were also found during the dynamic d¢dcén.

Nandi et al. (2002) showed that a link exists betwthe low- (Eqg. 3.7) and high-frequency
(Eg. 3.5) elements of the harmonics in the lineentr spectrum in the presence of
eccentricity. For various levels of mixed eccerityién a four-pole, 3-hp cage-induction
motor, the air-gap flux density components arouhd fundamental and rotor-slot
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harmonics were found in the line current. Howevewas proven that not all machines
produce strong high-frequency components.

Studying the stator current spectra for both symigetand dynamically eccentric rotors,
Joksimovic et al. (2000) also observed that in siignmetrical condition only the base
frequency exists, while for the dynamic eccentictondition, sideband frequencies
around the base frequency appear at specific frexgee (Eq. 3.7).

Dorrell et al. (1997) studied the effects of congairdynamic and static rotor eccentricity
on air-gap fields without recourse to slotting effe Lower-frequency components in the
current and vibration spectra were identified amdpsuitable for monitoring to assess the
degree and type of rotor eccentricity present.

Another interesting conclusion drawn from the siatians is that the dynamic eccentricity is
not reflected in the indications of the branch ents in the cases of the “NB” and “SB” stator
winding configurations.
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5.2. Electromagnetic flux monitoring

5.2.1. Inter-turn short circuit in the stator windi ng

In the following sections, only the most represéwma figures for fault detection and
discrimination that correspond only to a specifiading of the test motor will be presented.
However, for some specific cases figures will bespnted that correspond to more than one
loading point. A summary of the main results ob¢difirom the studies carried out under all
the loading conditions under study will always bbegented.

The measurements for the case of the inter-turrt sivauit in the stator winding at full load
are not available, since the main concern was ép kiee test machine healthy for further tests
and not to expose it to extreme conditions.

For each of the search coils under study, the tiomain and frequency-domain
representation of the voltages induced during titeriturn short circuit in the stator winding
from both the measurements and simulations wiH@wvn.

In the simulations, the indications provided byth# search coils studied, with the exception
of the one wound around a stator tooth, are ideadlp for healthy operation because of the
perfect machine symmetry, which is not the case tf@ real machine tested in the
measurements. However, in most of the cases thergpresentation of the measured signals
for the case of healthy motor operation are nosgmeed here since the changes caused by the
fault are not easy to distinguish from such a regnéation.

SEARCH COIL AROUND STATOR TOOTH

Fig. 5.2.1 presents, both from the measurements simlations, the time-domain

representation of the voltages induced in the $eeod placed around a stator tooth for the
case of the inter-turn short circuit in the statwinding. The measured waveform
corresponding to the healthy operation was notuthedl in this figure since it looks almost
identical with the one corresponding to the studaadt.

In the beginning, two search coils wound arounfedsint stator teeth (situated abouf 4t
and right, respectively, of the fault locations)revaised, with the aim of verifying if the
position of the shorted turn with respect to tharsle coil produces different indications about
the fault. This may happen because this searchaibt purposely intended to make use of
the machine symmetry for capturing various fluxrhanic components (see the external
search coil around two pole pitches and internarde coils for monitoring the pt1”
harmonic components). However, the indications ke by both of these coils seemed to
be identical.

From the measurements it was found that the indicaprovided by the search coil around a
stator tooth are of no major relevance when aintmgletect a stator winding fault. The

paucity of the information provided by this seacdil refers mainly to the absence of the new
frequency sideband components characteristic ¢atarsfault (see Section 3.5.5). Choosing
the fundamental frequency as reference, the omgifstant changes in comparison with

healthy operation were observed at 500 Hz (10-digese at half load and 6-dB at no load)
and at 900 Hz (10-dB increase both at half-load rmmdbad). The changes corresponding to
the half load operation are presented in Fig. 5.22 the high-frequency range, no

modifications were found in the amplitudes of tha Barmonics.
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Fig. 5.2.1 Time-domain representation of the voltages induced in the search coil placed
around stator tooth — inter-turn short circuit in the stator winding — measurements (top) and
simulations (bottom) taken at half load.

Fig. 5.2.3 presents the frequency-domain representation of the voltages induced in the search
coil wound around a stator tooth for the case of the inter-turn short circuit based on data
gathered from simulations of the test motor equipped with various stator winding
configurations. It may be observed that this type of fault introduces new characteristic fault
sideband frequencies only for the winding configurations of the types “NB” and “SB”. The
new relevant frequencies for detecting this fault are according to Eq. 3.10 (Melero et al. 2003,
Penman et al. 1994) and are indicated by arrows. This is in agreement with the results
obtained from the measurements of the test motor equipped only with a stator winding
consisting of 2 parallel branches, where no new frequency sideband components characteristic
of a stator winding fault were found.

! ! ! H HE o il { HIHE il
Q 100 200 300 400 500 600 700 800 900 1000
frequency [Hz]

Fig. 5.2.2 Frequency-domain representation of the voltages induced in the search coil wound
around a stator tooth during the inter-turn short circuit — measurements at half load.
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Fig. 5.2.3 Frequency-domain representation of the voltages induced in the search coil wound
around a stator tooth during the inter-turn short circuit — simulations at half load.
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Relying on simulations at full load, Fig. 5.2.4 geats the magnitudes of the new frequency
sideband components found to be characteristic haf inter-turn short circuit. The
fundamental frequency of 100 Hz is the referencwl@th these components are reported.
This type of fault remains relatively easy to idgnat half load (the magnitudes of the new
frequency sideband components do not vary much frmrones presented in Fig. 5.2.3), but
at no-load operation there are no longer any diprs of such new components (most of the
magnitudes of the sidebands of interest fall bettoevievel of 40 dB).

frequency [Hz]
50 146 150 250 352 452 552 652 752 159016901790 1890 1990 2000 2190 2290 2390 2490 200 400 600

voltage [dB]

“|L_INB

N sB
-60 1 1

Fig. 5.2.4 Characteristic frequency sidebands pstuby the inter-turn short circuit in the
indications provided by a search coil wound aroanstator tooth — simulations at full load.

Table 5.2.1 presents the changes to the rotorhslohonics caused by the inter-turn short
circuit. This type of analysis will not be repeafedthe other search coils implemented in the
simulations, since this is the only case whereitldécations for healthy operation are non-
zero. First, this table presents the magnitudehefftequencies of interest with reference to
the fundamental for the case of both healthy amsbabal operation, respectively. After that,
the difference between these two modes of operdtianare supposed to give an indication
of the condition of the motor is presented. Froesthtables it can be seen that the inter-turn
short circuit is reflected more clearly for a moemjuipped with stator windings of the types
“4B” and “SB”, respectively.

Table 5.2.1 Changes produced by the inter-turntstiotuit to the rotor-slot harmonics
captured by a search coil wound around stator tqat).

1840 Hz 2040 Hz 2240 Hz
“4B","SB” “NB”, “2B” “4B","SB” ‘NB”, “2B” “4B","SB” “NB”, “2B”
fault no fault no fault | nofault | fault no fault no fault no
fault fault fault fault fault
4 -3 1 -3 7 1 3 1 -9 -23 -16 -23
7 4 6 2 14 7
Full load
1870 Hz 2070 Hz 2270 Hz
“4B","SB” “NB”, “2B” “4B","SB” ‘NB”, “2B” “4B”,"SB” “NB”, “2B”
fault no fault no fault no fault no fault no fault no
fault fault fault fault fault fault
4 -3 -1 -3 7 -1 2 -1 -12 -27 -20 -27
7 2 8 3 15 7
Half load
1900 Hz 2100 Hz 2300 Hz
“4B","SB” “NB, “2B” “4B","SB” “NB”, “2B” “4B","SB” “NB”, “2B”
fault no fault no fault | nofault | fault no fault no fault no
fault fault fault fault fault
3 -4 -1 -4 5 -3 1 -3 -12 -31 -20 -31
7 3 8 4 19 11
No load
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SEARCH COIL PLACED AROUND TWO POLE PITCHES

Fig. 5.2.5 presents, both from the measurements simllations, the time-domain

representation of the voltages induced in the $eaod placed around two pole pitches of the
test motor in the case of the inter-turn shortwirén the stator winding. The measured
waveform corresponding to the healthy operation ma@tsncluded in this figure since it looks
almost identical with the one corresponding to shalied fault. It is observed that the inter-
turn short circuit in the stator winding is refledtin a different manner for various stator
winding configurations.
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Fig. 5.2.5 Time-domain representation of the vaagnduced in the search coil placed
around two pole pitches of the test motor — intentshort circuit — measurements (topmost

figure) and simulations taken at half load.

Fig. 5.2.6 shows the frequency-domain represemaifothe voltages induced in the search
coil wound around two pole pitches following theteinturn short circuit. These

representations correspond to various stator wgndionfigurations implemented in the
simulations.
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Fig. 5.2.6 Frequency-domain representation of thkkages induced in the search coil wound
around two pole pitches inter-turn short circuit — simulations at full loatop) and no load
(bottom).
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The relevant frequencies for detecting this fardtaccording to Eq. 3.10 (Melero et al. 2003,
Penman et al. 1994). The frequency components @fH25and 500 Hz for operation at full
load and no load, respectively, were chosen aseamdes for the dB representation (these
frequencies were characterised by the highest aumpl).

For the winding configurations of the types “2B”datdB”, the inter-turn short circuit does
not produce any new characteristic frequency sideélt@mponents to be captured by a search
coil wound around two pole pitches. This is in ademce with the results extracted from the
measurements, where the only sign of a possibleas represented by an increment in the
fundamental frequency of about 9 dB and 14 dB iftload and no-load testing, respectively.

New characteristic fault sideband frequency comptare found in the cases of stator
winding configurations of the “NB” and “SB” type®f these two winding configurations, the
“SB” type is observed to be slightly more sensitteethe inter-turn short circuit than the
“NB”. At no load, the potential information aboutet fault is found to be considerably
diminished.

In the high-frequency range, the experimental torturn short circuit that was implemented
is reflected in a relatively slight increment inetmotor-slot harmonics of about 4 dB in
comparison with healthy operation. It was not palssio analyse such modifications from the
simulations, since in healthy operation, becausthefperfect machine symmetry, the signal
captured by this coll is ideally zero.

SEARCH COIL “p-1"

Fig. 5.2.7 presents, both from the measurements simulations, the time-domain
representation of the voltages induced in the $eaod “p-1” for the case of the inter-turn
short circuit in the stator winding.

Fig. 5.2.8 shows the frequency-domain represemtatfothe voltages induced in the-1”
search coil following the inter-turn short circulthese representations correspond to various
stator winding configurations implemented in theslations.

Similarly to the previous cases, new characteristidt sideband frequency components are
introduced by the fault to the stator winding ok thiNB” and “SB” types. The “SB”
configuration is also reflected by the indicatidrtlus search coil as being more sensitive to
the inter-turn short circuit than the “NB” one.

Fig. 5.2.9 presents the magnitudes of the new clematic fault sideband frequency

components for the cases of stator winding conétians of the “NB” and “SB” types. These

figures are with reference to the rotor-slot harioeri2040 and 2100 Hz for operation at full
load and no load, respectively). The relevant fesmies for detecting this fault are according
to Eq. 3.10.
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Using a p-1" search coil, for a motor equipped with windiognfigurations of the “NB” and
“SB” types, the inter-turn short circuit in the wtawinding is relatively easy to identify at
half load (the magnitudes of the new frequency comepts are of the same magnitude as the
ones presented in Fig. 5.2.9) but not in no loaeraipon, where there is a major reduction of
35 dB in the magnitude of these new components.

Relying on the measurements, Table 5.2.2 presbatmain changes produced by the inter-
turn short circuit to those frequency componens® dbund during healthy operation. The
only modification to be noticed is the increasethe magnitude of the'Bharmonic, and
therefore this is the only one shown in the table.

Table 5.2.2 Changes produced by the inter-turn tstiocuit — measurements [dB].

Half load No load
f (M2 o1 o1
fault - no fault fault no fault | fault-no fault | fault | no fault
300 Hz 19 -6 -25 19 -1 -20

SEARCH COILS “p+1”

Fig. 5.2.10 presents, both from the measurements simulations, the time-domain
representation of the voltages induced in the $eeod “p+1” for the case of the inter-turn
short circuit in the stator winding.

Fig. 5.2.11 presents the frequency-domain reprasient of the voltages induced in the
studied search coils from the measurements.

Relying on the measurements, the main changes geddoy the inter-turn short circuit in
comparison with healthy conditions may be found in:

- the magnitude of the fundamental frequency: im@ets of 12 dB and 16 dB for operation at
half load and no load, respectively.

- the magnitude of the'Bharmonic: increments of about 24 dB, irrespecti¥ghe motor
operation point.

Fig. 5.2.12 shows the frequency-domain represemtaif the voltages induced in thp+1”
search coil following the inter-turn short circulthese representations correspond to various
stator winding configurations implemented in thawslations at half load.
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Fig. 5.2.10 Time-domain representation of the \g@tainduced in search coil “p+1” during

the inter-turn short circuit — measurements (topirfigure) and simulations taken at half
load.
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Fig. 5.2.11 Frequency-domain representation of itb#ages induced in search coil “p+1”
during the inter-turn short circuit — measuremetatisen at half load.
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Fig. 5.2.12 Frequency-domain representation ofithkkages induced in the “p+1” search
coil during the inter-turn short circuit — simulatis at half load.

The new characteristic fault sideband frequencypmmments introduced by the stator winding
configurations of the “NB” and “SB” types are prated in Fig. 5.2.13. These representations
are with reference to the rotor-slot harmonics. fldlevant frequencies for detecting this fault
are according to Eqg. 3.10.
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Fig. 5.2.13 Characteristic frequency sidebands picetl by the inter-turn short circuit in the
indications provided by “p+1” search coil — simulahs at full load (topmost figure), half
load (middle figure), and no load (bottom figure).

Using a p+1” search coil for winding configurations of thsBIB” and “SB” types, the inter-
turn short circuit in the stator winding is relaly easy to identify, even at half load. In no
load operation, however, the potential fault infatran becomes very poor (major reduction
in the magnitude of some frequency side-band compisi).

SEARCH COILS AROUND THE SHAFT AND AT THE NON-DRIVE END (NEAR VENTILATOR)

Fig. 5.2.14 presents the time-domain representatidhe voltages induced in the search coils
placed around the motor shaft and at the non-dma of the motor for the case of the inter-
turn short circuit in the stator winding. Fig. 82.shows the frequency-domain representation
of the voltage induced during the inter-turn stertuit in the search coil positioned around
the motor shaft at a half load motor operation. [Bations are not available in these cases as
the 2D simulation tool is not able to take into@aat the 3D effects.

The inter-turn short circuit in the stator windingespective of the motor loading, does not
produce any new components in the spectral cowmtietite voltage induced in a search coil
placed at the non-drive end of the motor. In therent work, the only sign of a fault is
represented by a major increase in the magnitudethef fundamental frequency
(approximately 10 times, irrespective of load). Bwg case of a search coil wound around the
shaft this increase was found to be about 7 tinmesdatimes for the operations at half-load
and no load, respectively. Important informatiormatbthe fault may also be extracted from
the magnitude of theharmonic.

For the search coil placed at the non-drive entheftest motor, the rotor slotting harmonics
increased by only 4 dB in half-load operation, amparison with healthy operation, while in
no-load operations no change in the magnitudeisfitaquency component was found.

In the high-frequency range, a turn-to-turn shanduit in the stator winding is reflected only
in the indications provided by the search coil athe shaft by an increment of around 6-8
dB in the magnitude of the rotor-slot harmonichaf-load and no load, respectively.

78



N
o

=
(=]

NG

voltage [V]
[=]

=
[=]

‘ ‘h‘ 1| ' T T T

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
time [s]

S
o

=y

=

e
T

|

,voltage [V]
(=]

=

w
T

I

o 1 I 1 I I 1
[51.05 0.055 0.06 0.065 0.07 0.075 0.08 0.085 0.09 0.095 0.1
1

‘ —— inter-turn short circuit

=
3]

voltage [V]
=
T

=
3]
T

_1 | | | | | | | | |
0.05 0.055 0.06 0.065 0.07 0.075 0.08 0.085 0.09 0.095 0.1
time [s]

Fig. 5.2.14 Time-domain representation of the \g#tainduced during the inter-turn short
circuit in search coils positioned around the mosbaft and at the non-drive end of the motor
(topmost figure) — measurements at half load.

4 T
— no fault
o 3k — fault
=
8 2r 1
=
2 1) 1
5 A 7% : N
0 100 200 300 400 500 600
frequency [Hz]

Fig. 5.2.15 Frequency-domain representation of Wioétage induced during the inter-turn
short circuit in the search coil positioned arouttig motor shaft — measurements at half load.

Discussion

First of all, it is important to notice from thenuilations that for a machine equipped with
winding configurations of the types “2B” and “4Bthe inter-turn short circuit does not
produce any new characteristic frequency sidebantponents to be captured by the search
coils being studied. The measurements that wemedaout only for the case of the motor
equipped with a stator winding consisting of 2 Hatdranches (“2B”) pointed out that the
new relevant frequency signatures for detectingtsdoturns from electromagnetic flare

not observed in the search coils being studied.

Search coil around stator tooth From the measurements, the only significant charig
comparison with healthy operation were observesOatHz (10-dB increase at half load and
6-dB at no load) and at 900 Hz (10-dB increase ladthalf load and no load). In the high-
frequency range, no modifications were found in dangplitudes of the rotor-slot harmonics,
as opposed to the modifications of around 6 dB tate observed in the branch current
(Section 5.1.1). The simulations indicated theidifty of finding clear fault signatures in a
motor equipped with stator winding configuratiorigtee types “2B” and “4B”. However, the
changes caused by the inter-turn short circuibéorbtor-slot harmonics that are captured by a
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search coil wound around a stator tooth were fdonide more important (7-15 dB) than the
ones found in the branch current (2-3 dB, accortinipe results presented in Section 5.1.1).

Search coil wound around two pole pitchesFrom the measurements, the only sign of a
possible fault was represented by an incremenh@ffundamental frequency of about 9 dB
and 14 dB in half-load and no-load testing, redpelt This is in agreement with the
simulations where, for the winding configuratiorfstiee types “2B” and “4B”, the inter-turn
short circuit did not produce any new charactarigtequency sideband components. In the
high-frequency range, the experimental implemetieatto-turn short circuit is reflected in a
relatively slight increment in the rotor-slot hamics of about 4 dB in comparison with
healthy operation.

Search coil ‘p+1”. From the measurements, the major increments irathglitude of the
fundamental frequency (12-16 dB) and in the magieitof the 4 harmonic (24 dB) are
higher than the ones produced by this fault foeoflault indicators. It is also very probable
that other faults will not be reflected in a simiyamajor manner in the indications of this
coil. For the winding configuration of the “2B” arfdB” types, the simulations (supposed to
point out only those frequency components causeithdyault) also indicate the fundamental
and the % harmonic as being responsible for providing imaottinformation about the inter-
turn short circuit.

Search coil p-1". Relying on the measurements, the major changetupea by the inter-
turn short circuit to the "3 harmonic (19 dB both for half load and no load ragien) are
noteworthy. This fault signature may also be com®d important since it is expected that
other faults will not be reflected in a similarlyajor manner in the indications of this coil. For
the winding configurations of the “2B” and “4B” tgp, the simulations also indicate tH& 3
harmonic as a carrier of important information atibe inter-turn short circuit.

The search coils around the shaftand at thenon-drive end of the machineoffer useful
information about a winding fault, especially byptaring the major modification produced in
the magnitude of the fundamental frequency compbridre severity of these modifications
may be considered a unique signature for this tofgault.

Following the previous discussion, it becomes ckkat most of the search coils that were
studied are able to sense an inter-turn faultjmglynostly on the indications provided by the
behaviour of the fundamental and Barmonic frequency component. Major modificatiams
the magnitudes of the frequency components, asesterd by Eqg. 3.10, were identified in the
simulations only for those machines equipped witktaor winding configuration of the
“NB” and “SB” types.

It is important to mention that it is quite diffittlo compare the results presented in this
thesis with those presented by other authors, simugt of their contributions do not provide
additional information about the stator winding figarations of the motors being studied,
i.e. parallel/not parallel branches (Melero et28103, Villada et al. 2003, Yazidi et al. 2004,
Assaf et al. 2004, Thailly et al. 2005). Howeveenido et al. (2003, 2004) and Penman et al.
(1994) clearly specify the parallel winding configtions used in their works.

Melero et al. (2003) concluded that the harmonimgonent at the frequendyf, (according

to Eg. 3.10) may provide useful information abouiaimal stator winding turn-to-turn short
circuit and the greatest change (28 dB) may bedaarthe final state of the fault, when the
motor is close to catastrophic failure. This finahdition was found after 33 cycles (1 cycle =
starting-up — running a full load for ten minutestepping;T = 220°C). In comparison with
the investigations carried out on the behaviouthefair-gap torque harmonics and negative-
sequence impedance during such a fault, the ineseatthe axial leakage flux showed a
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more linear trend. Moreover, the total increasevben the healthy state and the final phase of
the failure was the largest, so this method cogldnwmre suitable for predicting how far the
motor was from the end of its useful life.

The advantage of using a detection technique rglgim flux monitoring was also suggested

by Henao et al. (2003). This detection techniques fund to be more reliable than the

MCSA, which provided no useful information aboue tfault being studied. The case of an
induction machine with six turns short-circuited phase tested at standstill and when the
machine was rotating without load torque and at#ted torque, both under sinusoidal power
supply and voltage source inverter was investigdted the induction machine at standstill,

the stray flux was affected by an increase in tlagmitude of harmonics 3 and 9, with more

than 20 dB for the third and 10 dB for the nintbr Ehe machine rotating without load torque,

the effect that made possible the detection offéludt was localised in harmonics 5 and 7,

which were excited, increasing their magnitudertuad 10 dB. When the induction machine

rotated at the rated speed with short-circuitedguthe only frequency component showing
sensitivity to the short circuit was at 450 HY t®armonic) with an increase of around 10 dB
in its magnitude.

Penman et al. (1994) detected changes in the harsaiith the loweshk product (Eq. 3.10)
for a motor in which two of the copper turns wehers-circuited. This motor was equipped
with a wound rotor and tests were carried out altaaal and at 48 kW, respectively. The
maximum ratio between the induced voltages in #ech coil for the unshorted and shorted
conditions, respectively, was around 1.2, irredgpectf the motor loading

For an 11-kW cage induction motor, as a consequehaeshort-circuited section of 12.5% of
one phase full winding, Thailly et al. (2005) fouoansiderable increments in the magnitudes
of the rotor-slot harmonics. It is claimed thatrgnitoring the amplitude of these harmonics
one may obtain useful information for the detectdran inter-turn short circuit in the stator
winding. The results of the simulations carried authis work for the search coil wound
around a stator tooth are in accordance with tkeselusions, but the results obtained from
the measurements are not.

Relying on the experimental results obtained fromn testing of an 11-kW induction motor,

Assaf et al. (2004) presented a sensitivity anslg$ithe recorded axial leakage flux in the
presence of 1% and 6% short circuits of the totah tnumber for various operating

conditions. In full-load operation, the harmonicanponents affected the most by the fault
(15-22 dB) were the ones corresponding to the Eaqies 8-3f;, f+3fs, S+, and B+3f,.

Villada et al. (2003) conducted a series of teat&tp and 3-hp induction motors in order to
verify the ability of the axial leakage flux to det shorted turns. Once more, Eq.3.10 was
found suitable to provide a good agreement betwleespectra of the flux leakage signal and
the portion of the winding under fault.
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5.2.2. Rotor cage-related faults

SEARCH COIL AROUND STATOR TOOTH

Relying on both the measurements and simulatiorgs, 3-2.16 presents the time-domain
representation of the voltages induced in a seanihplaced around the stator tooth for the
case of a major rotor cage fault, such as threkelorootor bars.
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Fig. 5.2.16 Time-domain representation of the voltages inducethe search coils placed
around stator tooth — 3 broken rotor bars — measweats (top) and simulations (bottom)

taken at half load.

Fig. 5.2.17 shows the frequency-domain represemtaif the voltages induced in the search
coil around stator tooth during a rotor cage-reldult. These representations are based on
measurements at half load and stand only for thginal stator-winding configuration
consisting of 2 parallel branches. From the measernts repeated with no load, the breakage
of three rotor bars remains easily visible (theultsscorresponding to this test are very similar
to those presented in Fig. 5.2.17), but the breakdgne rotor bar is harder to detect (based
on the presence of the fault-specific frequencelsahd components used, to be indicated by
arrows in the following figures).

Fig. 5.2.18 shows the frequency-domain represemtatf the voltages induced during a rotor
cage fault. These representations correspond tdougarstator-winding configurations

implemented in the simulations and are with refeeeto the rotor-slot harmonics. At half

load, it is possible to visualise signs charactierief a rotor cage fault (indicated by the
arrows). In average, these signals are around 10lodr in comparison with those

corresponding to the full load. However, at nodigiais more difficult to detect this type of

fault, on average, the signals are around 15 detdhan the ones corresponding to the full
load. The minimum rotor cage-related fault that wsasdied, 1 broken rotor bar, is almost
impossible to detect at no load.

A comparison based on Figs. 5.2.17 and 5.2.18 aiat a good agreement in terms of new
characteristic fault frequency sideband compongmtxluced by a rotor cage fault and
obtained from the measurements and simulationectisply (see the arrows indicating the
frequencies of interest for the detection of a rotage-related fault according to the
predictions given by Eq. 3.2: 47.7, 50.7, 146.3.34z, and so on for various valueskpf
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Fig. 5.2.17 Frequency-domain representation of ttodtages induced in the search coil
around stator tooth during rotor cage-related faut 3 broken rotor bars (top) and 1 broken
rotor bar (bottom) — measurements at half load.
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Fig. 5.2.18 Frequency-domain representation of ttodtages induced in the search coil
wound around a stator tooth — 1 broken rotor bapft and 3 broken rotor bars (bottom) —
simulations taken at half load.
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SEARCH COIL PLACED AROUND TWO POLE PITCHES

Relying on both the measurements and simulatiorgs, 3:2.19 presents the time-domain
representation of the voltages induced in a seapdhplaced around two pole pitches of the
test motor for the case of a motor operating witte¢ broken rotor bars. Fig. 5.2.20 shows
the frequency-domain representation of the voltagesced in the search coil wound around
two pole pitches from the simulations. The repréaon of the characteristic fault sidebands
is with reference to the rotor-slot harmonics. Theults from all the load operation points
that were studied are included in order to poirittbe capability of this search coil to sense
various degrees of a fault at various loads.
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Fig. 5.2.19 Time-domain representation of the voltages induced in the search coil placed
around two pole pitches — 3 broken rotor bars — measurements (topmost figure) and
simulations taken at half load.
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Fig. 5.2.20 Frequency-domain representation of the voltages induced in the search coil
wound around two pole pitches — 3 broken rotor bars — simulations at full load and half load
(topmost three figures) and no load (bottom figure).
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In terms of new frequency sideband components, the rotor cage-related fault is reflected in a
similar manner for a motor equipped with any of the stator winding configurations that were
studied. In terms of distortion magnitudes, for all the loading points under study, but
especially at lower loadings, a motor equipped with stator windings of the types “NB” and
“SB” is observed to exhibit more important changes.
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Figs. 5.2.21 and 5.2.22 show the frequency-domapresentation and the characteristic
frequency sidebands produced by rotor cage-refatgts of various levels of severity in the
indications provided by the search coil wound atbtwo pole pitches from measurements at
full load. The ability of this search coil to sertbe degree of severity of the rotor cage fault is
noteworthy.
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Fig. 5.2.21 Frequency-domain representation of #odtages induced in the search coil
wound around two pole pitches — 3 broken rotor bareseasurements at full load.
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Fig. 5.2.22 Characteristic frequency sidebands picetl by various rotor cage-related faults
in the indications provided by the search coil gld@around two pole pitches — measurements
at full load.

A rotor cage-related fault may also be detectethfroeasurements at half load; on average,
the magnitude of the previous exposed frequenceseduced by about 10-15 dB in
comparison with those corresponding to the fuldlageration point. However, the sideband
component situated in the immediate vicinity of fhbedamental is no longer detectable at
this operation point.

From a no load measurement, the rotor cage refatdts become relatively difficult to detect
since some of the previously mentioned sidebandpoments disappear and the remaining
ones are characterised by magnitudes 20-25 dB Itveer the ones corresponding to the full
load operation point.

In addition to the frequency components observedrigm 5.2.21 and summarised in Fig.
5.2.22, it is important to notice the very low-fusmcy component situated at around 3 and 2
Hz for the full-load and half-load operation pointsspectively. The origin of this sideband
may be one of those suggested by Kliman et al. §198 this contribution, a frequency
component given bgf, was associated with the signature produced byokeb end-ring
fault, but the same component was also found inddses of rotor and voltage source
asymmetry. The conclusion is that this frequenay lba used for condition monitoring, but
the possibility of other fault modes has to be taik#o account.
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SEARCH COIL “p-1"

Fig. 5.2.23 presents, both from the measurements simulations, the time-domain
representation of the voltages induced in the $&eaail “p-1” for the case of a motor
operating with 3 broken rotor bars.

Relying on the simulations, Fig. 5.2.24 shows trexjdiency-domain representation of the
voltages induced in thep“1” search coil. The magnitude of the new frequesieband
components characteristic of a rotor cage faulfawad to be higher for the motor equipped
with windings of the “NB” and “SB” types. At no ldaimportant signs of cage fault are lost
and the condition of the motor may become difficalassess, even in the case with 3 broken
rotor bars. The fault signatures found from a metpipped with the “SB” and “4B” winding
configurations were not included in this figurencd they look similar to the ones
corresponding to the “NB” case. The dB represemmatiare with reference to the 150-Hz
component, since this was found to have the highregtitude.
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Fig. 5.2.23 Time-domain representation of the \g#&induced in the search coil “p-3
broken rotor bars — measurements (top) and simuatiaken at half load.

Based on the measurements, Fig. 5.2.25 shows ¢lg@ency-domain representation of the
voltages induced in the search cog-1" for the case of a broken rotor bar. The clear
agreement between the measurements and simulaticblesms of characteristic frequency

sidebands components found responsible for thecti@teof such abnormalities is obvious.

This picture also points out the reduced abilityditect faults of measurements at lower
motor loadings; a broken bar is undetected. ThergBesentation is with reference to the
150-Hz component.

86



o
'Y

one ‘broken ro‘tor bar - fﬁll-load = NB

i
w
T

voltage [V]
[=] =
—
gé
'
o2}
1

=]

100 150 200 250 300 350 400 450 500

=
[Sah2
Q

frequency [Hz]
1 .5 T T T T T T T T -
three broken rotor bars - full-load — NB
o ---- SB
= 1r — PB
g — 4B
1]
505+ JM\ -
0 50 100 150 200 250 300 350 400 450 500
frequency [Hz]
0.03 T T T T T T
three braken rotor bars - no-load gg
=0.02 — 28
e — 4B
=
20.01+ B
>
o B
0 50 100 150 200 250 300 350 400 450 500
frequency [Hz]
— ‘ NB fullioad '
a 45
&, -30
S -
S 45 e
> -
60~ 1 | 1 1 | 1 L | 1
0 50 100 150 200 250 300 350 400 450 500

! 2B fullHoad

1 1 1 1 1 1 .r\ L
0 50 100 150 200 250 300 350 400 450 500
frequency [Hz]

Fig. 5.2.24 Frequency-domain representation ofubkages induced in the “p-1" search coill
during various cage-related faults — simulationsatious loads.
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Fig. 5.2.25.b Frequency-domain representation of the voltages induced in the “p-1" search
coil — measurements at no load.

SEARCH COIL “p+1”

Fig. 5.2.26 presents, both from the measurements and simulations, the time-domain
representation of the voltages induced in the search coil “p+1” for the case of a motor
operating with three broken rotor bars.
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Fig. 5.2.26 Time-domain representation of the voltages induced in the search coil “p+1~ —
three broken rotor bars — measurements (top) and simulations at half load.

Relying on the simulations, Fig. 5.2.27 shows the frequency-domain representation of the
voltages induced in the “p+1” search coil. The magnitude of the new frequency sideband
components characteristic of a rotor cage fault are found to be higher for the motor equipped
with a stator winding of the types “NB” or “SB”. Similarly to the case of the “p-1" search
coil, at no load, important signs of cage fault are lost and the condition of the motor may
become difficult to assess, even in the case of three broken rotor bars.

Based on the measurements, Fig. 5.2.28 shows the frequency-domain representation of the
voltages induced in the search coil “p+1” for various rotor cage faults. The agreement
between the measurements and simulations in terms of the characteristic frequency sideband
components found responsible for the detection of such abnormalities is very clear.
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Fig. 5.2.27 Frequency-domain representation of wb#ages induced in the “p+1” search
coil during various cage-related faults — simulaisoat various loads.
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89



0.02 T T

[ '
& 0.01+ E B
i
: L L
= 0 ‘ : P A . n : A
0 50 100 150 200 250 300 350 400 450 500
0.2 T T T T T T T T
S — BRB3
)
& 01 B
: N \
>
0 A A 1 A i AL I
0 50 100 150 200 250 300 350 400 450 500
0.04 T T T T T T T T
= — BRB2
[t}
o
S 0.02f =
=]
>
0 s l | - y - A A i A
0 50 100 150 200 250 300 350 400 450 500
0.04 T T T T 3 T T T SRE
=)
@
8 0.02 =
. I
>
0 A l L - A y. . .
0 50 100 150 200 250 300 350 400 450 500

frequency [Hz]
Fig. 5.2.28.b Frequency-domain representation ef\tbltages induced in search coil+f’

during various cage-related faults — measurementwdoad.

SEARCH COILS AT THE NON-DRIVE END AND AROUND THE MO TOR SHAFT

Fig. 5.2.29 presents the time-domain representatidhe voltages induced in the search coils
located at the non-drive end of the motor and adotlve motor shaft, respectively for an
operation of the test motor characterized by 3 &nototor bars. For these cases, simulations
are not available. The dB representations are rgfdfrence to the fundamental frequency.

Fig. 5.2.30 points out the characteristic frequesitieband components produced by rotor

cage-related faults in the indications providedabsearch coil placed at the non-drive end of
the test motor.
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Fig. 5.2.29 Time-domain representation of the \g#&induced during a cage-related fault in
the search coils located at the non-drive end efrttotor near the ventilator (top) and around
the motor shaft (bottom) — measurements at full.loa

90



frequency [Hz]

4 50 150 99 192 200 296 300
20 T T T T T T T T
— 1077( rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr .
g
P = .
=]
Faop] | ] ] | (] ] .
3
077 ISR || WO | S | - ——— 1 BRB3
‘ | | [ BRB2
-30 Bl BREA

Fig. 5.2.30 Characteristic frequency sidebands picetl by a rotor cage-related fault in the
indications provided by the search coil placed &t tnon-drive end of the moter
measurements at full load.

For lower loadings of the test motor, the usefultfandications decrease drastically. The only
frequency sidebands to provide potential informataout fault remain the ones at a very
low frequency and in the vicinity of the fundamertiiminished by approx. 5 dB for the case
of three broken rotor bars). At half load and nadponly the case with three broken rotor
bars is detectable.

Fig. 5.2.31 presents the frequency-domain repratientof the voltages induced in the search
coil placed around the motor shaft. For a healtlacinme operation, these components are
non-existent. In contrast to the search coil ineghtb sense the flux in the non-drive area of
the test motor, this search coil is able to prowdeful information about a fault with the
same accuracy at half load. However, at no loay @ case with three broken bars remains
relatively visible, but with a lower sensitivityrfaaverage the magnitudes of the characteristic
fault sidebands are about 10 dB lower).
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Fig. 5.2.31 Characteristic frequency sidebands picetl by various rotor cage-related faults
in the indications provided by the search coil gld@around the motor shaft — measurements
at full load.

Discussions

According to the initial expectations, a large dyppurrent was required to flow in order to
facilitate successful detection of rotor faultsidgrsteady-state operation. This large current
is obtained whilst the motor is running under fadd and half load conditions.

At least for a motor operating at full and half dsathe rotor cage-related faults that were
studied were reflected in well-defined associatatffrequency components (given by Eg.
3.11) in all of the search coils under study. Tikigh opposition to the results obtained from
the case of the branch current monitoring, whecage-related fault was reflected in this
manner (Eq. 3.2) only for those motors equippedhwaitstator winding configuration of the

types “2B” and “4B”.
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The distortions in the branch current resultingrfra cage fault given by Eq. 3.1 were found
in all of the cases that were studied, but suchatigres may not be confidently used for rotor
cage fault detection purposes since they may gipea as a consequence of some non-faulty
operating conditions, such as pulsating loadsfactens between the motor and the train
equipment, and particular rotor designs.

Following the discussion previously presented,idbrefits of using search coils for detecting
rotor cage-related faults become obvious.

5.3. Static eccentricity, dynamic eccentricity, bea  ring fault

SEARCH COIL AROUND STATOR TOOTH

Based on the measurements and simulations, resplgctiigs. 5.3.1 and 5.3.2 present the
time-domain representation of the voltages induoetthe search coil located around a stator
tooth of the test motor under various operatingditoons. For this search coil, the dB

representations shown in Figs. 5.3.3 and 5.3.4 vaitb reference to the fundamental

frequency.

From the measurements, it was found that a be#antyand static eccentricity could not be
detected from the indications provided by this skaroil. For the case of static eccentricity,
the same conclusion was drawn after analysing imelation data corresponding to the
motor equipped with the original winding configucet of type “2B” and “4B” (see Fig.
5.3.4).

The most important changes produced by the dynaasgentricity are shown in Figs. 5.3.3
and 5.3.4 and, for both the measurements and dionga the changes corresponding to
various motor loadings are summarised in Tablel5.B contrast to the case of static
eccentricity, the dynamic eccentricity is obsereafdr a motor equipped with all the stator
winding configurations. It is observed that the miagde of the new frequency component
indications provided by this search coil are higahtea lower loading for a motor equipped
with stator winding configurations of the “NB” ant6B” types. This conclusion is in
agreement with the one drawn by Dorrell (1993b)pwlaimed that the UMP resulting from
dynamic eccentricity decreases as the motor ilddéibm no-load.
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Fig. 5.3.1 Time-domain representation of the vatagnduced in the search coil placed
around a stator tooth — bearing failure, dynamiceatricity — measurements at half load.
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Table 5.3.1 Amplitudes of the sideband frequeratiasacteristic of dynamic eccentricity [dB].

Full load Half load No load

Simul. Meas. Simul. Meas. Simul. Meas
f [Hz] ‘NB’ Ao P P ‘NB’ Ao P . ‘NB’ Ao | oo I

‘SB’ 4B 2B 2B ‘SR’ 4B 2B 2B ‘SR’ 4B 2B 2B

51,5 -47 -57 -52 -43
50,7 -45 -65 -56 -50
50 -35 -65 -54 -47
148,5 -25 -38 -36 -24
149,2 -24 -39 -36 -23
150 -22 -37 -34 -23
1991.5 -26 -27 -28 -28
1918.5 -26 -24 -24 -28
19495 -21 -21 | -20 -39
2088.5 -19 -19 -18 -27
21185 -31 -31 -33 -28
2149.5 -31 -33 -31 -37

Fig. 5.3.5 presents the characteristic frequendgbgind components produced by the static
eccentricity in the indications provided by a séaooil placed around a stator tooth of a
motor equipped with stator windings of the typeB*Nand “SB”. At a lower loading of the
machine, some of the sidebands important for asgpsise condition of the motor are lost
and, on average, the level of magnitude for all rem@aining characteristic fault sidebands
diminishes by about 10-15 dB. This behaviour isgneement with the results presented by
other researchers (Dorrell 1993a), stating thatassult of static eccentricity the UMP
increases rapidly as the motor is loaded from ad.lo
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Fig. 5.3.5 Characteristic frequency sidebands pamth by static eccentricity in the
indications provided by the search coil placed arda stator tooth — simulations.

In the high-frequency range, the experimentally lenpented dynamic eccentricity was
reflected in the rotor-slot harmonics by increasithggir magnitudes by around 3 dB
irrespective of the machine loading in comparisati Wwealthy operation. Such modifications
are not found in the simulations in any of the@tatinding configurations.

94



Slightly higher changes (5-7 dB) are to be foundtfee experimentally implemented static
eccentricity, while no changes in the amplitudetr@d rotor-slot harmonics are to be found
from the simulations.

In the high-frequency range, the experimental inmaeted bearing fault was very poorly
reflected in the rotor-slot harmonics, increasihgit magnitudes only by around 1-2 dB,
irrespective of the machine loading in comparisatih Wwealthy operation.

SEARCH COIL PLACED AROUND TWO POLE PITCHES

Based on the measurements and simulations, resplgctiigs. 5.3.6 and 5.3.7 present the
time-domain representation of the voltages indundtie search coil located around two pole
pitches of the test motor under various operatomgdions.
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Fig. 5.3.6 Time-domain representation of the vaagnduced in the search coil placed
around two pole pitches — bearing fault, dynamicestdricity — measurements at half load.
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According to the measurements, only the dynamicemicicity may be detected via an
external search coil placed around two pole pitaiég. 5.3.8). The frequencies that offer
possible information about this fault are markedabypws and are according to Eqg. 3.7.

It is relatively clear that at a lower motor loaglithe dynamic eccentricity appears clearer in
the flux spectrum provided by this search coil.

From the simulations it was found that new freqyenomponents characteristic of static
eccentricity appear only in the cases of a motopgaed with stator winding configurations
of the “NB” and “SB” types (Figs. 5.3.9 and 5.3.10)

For dynamic eccentricity, it was found that newqgfrency sideband components appear,
irrespective of the stator winding configuratiomdathe asymmetry becomes clearer for a
motor operating at a lower loading (Fig. 5.3.9)isTiB in accordance with the results obtained
from the measurements and presented in Fig. 5.3.8.

The magnitudes of these new fault frequency sidgbemmponents are presented with

reference to the rotor slot frequencies (2040 Ht 2100 Hz for operation at full load and no

load, respectively). It is important to notice tleaen at a lower loading, the magnitudes of the
new frequency sidebands resulting from static ecwgty do not diminish.
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Fig. 5.3.8 Frequency-domain representation of tbages induced in a search coil placed
around two pole pitches — dynamic eccentricity -asaeements at various loads.

=
(3.)
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The simulation tool in which the dynamic eccentyiavas implemented is able to predict the
same new frequency sideband components as the foned in the measurements. The
signatures produced by the dynamic eccentricitthia search coil are identical to the ones
found in the current spectrum (Section 5.1) andreansed in Table 5.3.2.

96



Fig. 5.3.9 Frequency-domain representation of thikages induced in the search coil placed
around two pole pitches — static eccentricity, dyim@aeccentricity — simulations at various

loads.
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Fig. 5.3.10 Characteristic frequency sidebands picat by static eccentricity in the
indications provided by the search coil placed arduwo pole pitches of the test motor —

simulations at various loads.

Table5.3.2Amplitude®f thesideband frequencies characteristic of dynamic etasty [dB].

Full load Half load No load
Simul. Me- Simul. Me- Simul. Me-
f [Hz] as. as. as.
‘NB'_['SB'_[4B’ [2B" |2B' | 'NB’ | 'SB’ | 4B’ | 2B’ |2B’ |NB' [SB' [4B’ [2B’ PB’
515 | 21 | 21| -28| 21| -21
50,7 10 | -10 | -18 | -18 | -15
50 8 | 8 | -16 | -12 | -15
148,5 -8 -8 -16 -8 -18
149,2 -1 -1 -6 -3 -11
150 -5 -1 -3 2 -12
19915] -11 | -11 | -8 2| 20
1918.5 -18 -18 -14 -10 -16
1949.5 12 | 30 | 12 | -2 | -20
20885 -4 | 4 | -1 | -9 | 35
2118.5 -5 -5 -2 -20 -14
2149.5 -9 -5 -4 -12 -13
In the high-frequency range, the experimentally lempented dynamic eccentricity was

reflected in the rotor-slot harmonics by increastihgir magnitudes by around 2 dB in full-
load motor operation in comparison with healthyragien. No such signs were found for the
half-load and no-load motor operation points. Fitbma simulations, such modifications could
not be analysed, since in healthy operation theasigaptured by this coil is ideally zero.

Slightly higher modifications (3-5 dB) are to beufm for the experimental implemented
static eccentricity, irrespective of the motor lmag while from the simulations such
modifications could not be analysed, since in lngadiperation the signal captured by this coil
is ideally zero.

In the high-frequency range, the experimentally lemgented bearing fault was very poorly
reflected in the rotor-slot harmonics, increasingit magnitudes by around only 2 dB only at
half-load in comparison with healthy operation.
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SEARCH COIL “p+1”

Based on the measurements and simulations, regplgctrigs. 5.3.11 and 5.3.12 present the
time-domain representation of the voltages inducethe ‘p+1” search coil under various
operating conditions.
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Fig. 5.3.11 Time-domain representation of the \g#t induced in search coil “p+1” —
bearing fault, dynamic eccentricity — measuremantsalf load.
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Fig. 5.3.12 Time-domain representation of the \g#&induced in search coil “p+1” — static
eccentricity, dynamic eccentricity — simulationsatf load.
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Based on the measurements and simulations at half load, Figs. 5.3.13 and 5.3.14 show the
frequency-domain representation of the voltages induced in the search coil “p+1” for the case
of static eccentricity. A summary of the most important changes offering potential
information about the static eccentricity for all of the motor loadings that were studied may be
found in Tables 5.3.3 and 5.3.4. The dB representation is with reference to the 150-Hz
component in the case of the measurements and with reference to the rotor-slot harmonics for
the simulations (full load 1840 Hz, half load 1870 Hz, no load 1900 Hz).
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= no fault
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Fig. 5.3.13 Frequency-domain representation of the voltage induced in the “p+1” search
coil — static eccentricity — measurements at half load.

Table 5.3.3 Main changes produced by the static eccentricity in the
indications provided by the “p+1” search coil — measurements [dB].

Ustatic eccentricity” Uhealthy
f[Hz] 100 300 rotor-slot harmonics
full load 11 1 7-15
half load 13 10 5-9
no load 14 2-4 5-7
0 .
g-zo T
4]
8 1
= .40 | T
-
50 )_’,/A Vl\‘; f\ jl/\_

| |
100 150 200 250 300 350 400 450 500
frequency [Hz]

Fig. 5.3.14 Frequency-domain representation of the voltage induced in the “p+1” search coil
— static eccentricity — simulations at half load.

[=)
n
=

Table 5.3.4 Main changes produced by the static eccentricity in the indications provided
by the “p+1" search coil — simulations at various loads [dB].

f[Hz] 100 150 50 300
winding config. ‘NB’ ‘SB’ 2B’ ‘4B’ ‘NB’ ‘SB’ ‘2B’ ‘4B’ 2B’ 2B’
full load -5 -5 -8 -11 -10 -10 -30 -45 -42 -30
half load -5 -5 -7 -11 -7 -7 -26 -45 -40 -30

no load -8 -8 -8 -12 -12 -12 21 -46 -38 -30

It is important to notice that the magnitude of the frequency components of interest for the
detection of static eccentricity is inversely proportional to the number of parallel branches to
be found in the stator winding of the test motor.

Based on the measurements and simulations at half load, Figs. 5.3.15 and 5.3.16 show the
frequency-domain representation of the voltages induced in the search coil “p+1” for the case
of dynamic eccentricity. A summary of the most important modifications offering potential
information about the dynamic eccentricity for all of the motor loadings that were studied
may be found in Tables 5.3.5 and 5.3.6. The dB representation is with reference to the rotor-
slot harmonics for both the simulations and measurements.
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coil — dynamic eccentricity — simulations at fualat.
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Fig. 5.3.15 Frequency-domain representation ofubikage induced in the “p+1” search coll
— dynamic eccentricity — measurements at full load.
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Table 5.3.5 Main changes produced by the dynamic
eccentricity- measurements at various loads [dB].

f [Hz] 50 150 250
full load 6 8 8
half load 2 4 11
no load 12 16 21

Table 5.3.6 Main changes produced by the dynantergdcity in the indications provided
by the “p+1” search coil — simulations at variousdds [dB].

148.5 51.5 1991.5 2088.5
JS[Hz] 149.2 30.7 252 1918.5 2118.5
150 50 1949.5 2149.5
WIndlng ‘NB’ ESB’ ‘2B7 E4B’ EZB’ ‘2B7 ‘2B’ ‘NB’ E4B’ ESB’ ‘2B7 ENBH ‘4B’ ‘SB’
config.
full load 10 10 -2 -7 -32 -32 -18 -9
half load 12 12 -1 -7 -32 -31 -16 - - - -7 - - -
no load 9 9 -2 -8 -34 -30 -2 -12 -12 | -30 -12 -8 -4 -6

It is observed that at lower levels of motor loadirthe magnitude of the frequency
component that exhibits the most important charidd® (Hz) is higher. This behaviour was
also observed from the simulations (Table 5.3.6)

Concerning the behaviour of the sideband componessigonsible for the detection of the
dynamic eccentricity in the case of a motor equibpsith various stator winding
configurations, a similar effect to the one obsdmwéth static eccentricity is found.

A comparative analysis between the measurementssiamalations points out a very good
agreement and the ability of the simulation tooptedict the same new frequency sideband

components.

101



A bearing fault may not be detected from the indications provided by this search coil. In the
high-frequency range, the maximum modifications of the rotor-slot harmonic magnitudes do
not exceed the level of 2-3 dB, irrespective of the motor loading.

In comparison with the previous search coils, both static and dynamic eccentricity may be
detected more easily with the use of a search coil purposely intended to capture the harmonics
of the order “p+1” (Table 5.3.7).

Table 5.3.7 Changes to be found in the magnitude of the rotor-slot
harmonics — measurements at various loads [dB].

Static eccentricity Dynamic eccentricity
Ustatic eccentricity — Uhealthv Udvnamic eccentricity — Uhealthv
Full load Half-load | Noload | Fullload | Half load No load
6-13 4-11 6-12 12-24 8-22 8-17

SEARCH COIL “p-1”

Based on the measurements and simulations, respectively, Figs. 5.3.17 and 5.3.18 present the
time-domain representation of the voltages induced in the “p-1" search coil under various
operating conditions.
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Fig. 5.3.17 Time-domain representation of the voltages induced in search coil “p-1" —
bearing fault, dynamic eccentricity — measurements at half load.
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Fig. 5.3.18.a Time-domain representation of the voltages induced in search coil “p-1"— static
eccentricity — simulations at half load.
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Fig. 5.3.18.b Time-domain representation of thetag#s induced in search coil “p-1" —
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Based on the measurements and simulations, regplgctrFigs. 5.3.19 and 5.3.20 show the
frequency-domain representations of the voltagesidad in the search coip“l” for the
cases of static and dynamic eccentricity. The dBasentations are presented with reference
to the rotor slot frequencies for the simulations avith reference to the 150-Hz component
for the measurements. Tables 5.3.8-5.3.12 presestumamary of the most important
modifications offering potential information abdhe static eccentricity for all of the loadings
under study.
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Fig. 5.3.19 Frequency-domain representation ofwbkages induced in the “p-1” search coll
— healthy and static eccentricity — measurementpnfost figure) and simulations with
various loads.
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Table 5.3.8 Main changes produced by the statiemticity in the
indications provided by the “p-1” search coil — neaements [dB].

U'static eccentricity — Uhealthy

f [Hz] 100 300
full load 15 10
half load 14 10
no load 15 20

Table 5.3.9 Main changes produced by the statiemeicity in the
indications provided by the “p-1” search coil — siations [dB].

f [Hz] 50 150
winding | e | s | 2B |[4B' |'NB' SB ©2B'  [4B'
config.
fullload | -27 | -27 | -49 | -60| -22| -24| -41 -60
halfload | -22 | -22 | -44 | -61| -21| -21| -38  -54
noload | -10 | -10 | -36 | -60| -22| -22| -2 -52

104



Table 5.3.10 Behaviour of thé?Zharmonic for the case of

dynamic eccentricity in the indications providedtbg “p-1"

search coil — measurements.

Ustatic eccentricity / Uhealthy

full load 2
half load 1.4
no load 0.25

Table 5.3.11 Main changes produced by the dynangicerdricity in the
indications provided by the “p-1" search coil — sihations [dB].

f [Hz] 50 150
winding config. ‘NB' | ‘SB’ ‘2B’ ‘4B" |'NB’ |'SB’ [|2B’ ‘4B’
full load -16 -16 -28 -31 -1 -1 -9 -14
half load -10 -10 -26 -29 2 2 -7 -12
no load 0 0 -23 -28 3 3 -4 -10

Table 5.3.12 Changes in the magnitude of the rstot-harmonics observed in the
indications provided by the “p-1” search coil — neaements [dB].

Static eccentricity

Dynamic eccentricity

Ustatic eccentricity — Uhealthv Ud namic eccentricity — Uhealthv
Search coil | Full load| Half load No load Full load Hlf load No load
“p-1” 4-6 5-6 4-6 14-26 12-20 8-20

A comparative analysis between the measurementsiandations in terms of measured and
predicted specific frequency components pointsauwery good agreement for the case of

static eccentricity.

In the high-frequency range, it is almost impossitd detect bearing fault with this search
coil. The maximum modifications of the rotor-sladrmonic magnitudes do not exceed the
level of 3-4 dB, irrespective of the motor loading.

In comparison with the previous search coils, bsttitic and dynamic eccentricity may be
detected more easily via the use of a search coidgsely intended to capture the harmonics
of the order p-1”" (Table 5.3.12).
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SEARCH COILS LOCATED AROUND THE SHAFT AND AT THE NO N-DRIVE END OF THE
MOTOR

Figs. 5.3.21 and 5.3.22 present the time-domairesgmtation of the voltages induced in the
search coil located around the motor shaft anteahbn-drive end of the motor, respectively.
For this search coils, simulations are not avadlabhd the dB representations are with
reference to the fundamental frequency.

From the frequency-domain representation of théagels induced in these search coils (Figs.
5.3.23 and 5.3.24) it was found that:

- a search coil wound around the shaft and puipastended to sense the axial flux is able
to indicate a fault in the bearing. The measuremeatried out for this work show that this
was the clearest means to observe new frequencyaments resulting from this fault.
However, this signature is almost similar to the obtained from the static eccentricity;

- a dynamic eccentricity is easily detected by arc® coil positioned around the motor shaft
at any motor loading

- the search coil placed externally at the nonedewd of the motor is able to indicate the
dynamic eccentricity even from measurements abad but is not able to sense the cases of
static eccentricity and bearing fault.
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Fig. 5.3.21 Time-domain representation of the \gatinduced in the search coil located
around the shaft — bearing fault, dynamic ecceityric measurements at half-load.
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Figs. 5.3.25-5.3.28 summarise the characterisiguency sideband components produced by

the faults presented in Figs. 5.3.23 and 5.3.24asal present similar results obtained from
other motor loadings.
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Fig. 5.3.25 Characteristic frequency sideband congrs produced by the static eccentricity
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Fig. 5.3.28 Characteristic frequency sideband congmts produced by the dynamic
eccentricity in the indications provided by the redacoil placed at the non-drive end of the
motor — measurements at various loads.

In the high-frequency range, the bearing fault etatively more clearly reflected in the

indications provided by the search coil aroundsheft. An increment of around 10 dB in the
magnitude of the rotor-slot harmonics at full lcsems to be more important than the similar
modifications produced by the same fault and byiouwsr faults in other search coll

indications. For a half-load and no load, the samaifications are about 7 and 4 dB,

respectively.

For the search coil around the shaft, in the higloiency range, the experimental
implemented static eccentricity was reflected ia thtor-slot harmonics by increasing their
magnitudes with around 8-10 dB in full load motguecation in comparison with healthy
operation. For the half-load and no-load motor apeg points, these indications decrease to
levels of 4 and 3 dB, respectively.

The dynamic eccentricity is not reflected in anydifications of the rotor-slot harmonics,
irrespective of the motor loading for both of thesarch caoils.
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Discussion

Since it has been shown that the dynamic eccetytncay be easily observed in all of the
fault indicators that were studied, in this sectioa focus will be mainly on a critical analysis
of the means to detect the static eccentricityabédaring fault.

Search coil around stator tooth.From the measurements, it was found that it was not
possible to detect a bearing fault or the statmestricity from the indications provided by
this search coil. For the case of static eccenhgrithe same conclusion was drawn after
analysing the simulation data corresponding tontiodor equipped with the original winding
configuration (type “2B”). Since not even the retbot harmonics offer an important hint
about the static eccentricity, it becomes cleatt thther means of detecting this type of
eccentricity are needed.

Search coil around two pole pitchesOn the basis of the measurements and simulations,
only the dynamic eccentricity may be detected viaesgternal search coil placed around two
pole pitches. In the high-frequency range, the grpental implemented dynamic eccentricity
was not reflected very clearly in the magnitudeéhef rotor-slot harmonics (the increase in the
magnitude of the rotor-slot harmonics was only 2 wBfull-load motor operation, in
comparison with healthy operation, and smallerléarer loadings). From the simulations, it
was not possible to analyse such modificationgesin healthy operation the signal captured
by this coil is ideally zero. Slightly higher moiti&tions (3-5 dB) are to be found for the
experimental implemented static eccentricity, pexgive of the motor loading, while from
the simulations such modifications could not belys®l, since in healthy operation the signal
captured by this coil is ideally zero. However, omay not confidently rely on such
modifications to claim the ability to detect a Bta#ccentricity, since such modifications are
common to other faults/asymmetries (i.e. turn-tertshort circuit in the stator winding). In
the high-frequency range, the experimental implaerbearing fault was very poorly
reflected in the rotor-slot harmonics, increasingit magnitudes by around only 2 dB only at
half-load in comparison with healthy operation.

Search coil ‘p+1”. From the measurements, the static eccentricityeigrly revealed in the
information provided by the changes in the magmtafithe following frequency components
in comparison with healthy operation:
- fundamental: increments between 11-14 dB,
3 harmonic: increments between 2-10 dB,
- rotor-slot harmonics: increments between 5-15id8spective of the loading)

Search coil ‘p-1". Relying on the measurements, the static eccentikitlearly revealed in
the information provided by the changes in the ntage of the following frequency
components in comparison with the healthy operation
- fundamental: increments of around 15 dB (irrespeatif the loading),
3 harmonic: increments between 10-20 dB (gettindpériat lower loads),
- rotor-slot harmonics: increments between 4-6 diggjpective of the loading).

It was not possible to detect a bearing fault fribva “p£1” search coils, since only a small
change in the magnitude of the rotor-slot harmofilmsrement of 2-3 dB) in comparison with
healthy operation was found. Moreover, such mit@nges in the magnitude of the rotor-slot
harmonics were also found for other types of fawdtsd therefore, such an indication is not
even suitable for achieving discrimination betwésm.
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Search coil wound around the shaftA search coil purposely intended to sense thal #ixix
was found to be able to indicate a fault in theringa this being the clearest means to observe
a signature produced by this fault. However, tigaature was found to be almost similar to
the one obtained from the static eccentricity, Wwhim terms of the appearance of new
frequency components, was also invisible in thacatibns of the search coils previously
mentioned. In the high-frequency range, the bedanll was relatively more clearly reflected
in the indications provided by this search coil;imerement of around 10 dB in the magnitude
of the rotor-slot harmonics at full load seems t® mmore important than the similar
modifications produced by the same fault and byiowsr faults in other search coil
indications. For the half-load and no load, the sambdifications were about 7 and 4 dB,
respectively.

The static eccentricity was also reflected in tlwor-slot harmonics, increasing their
magnitudes by 8-10 dB in full-load motor operationcomparison with healthy operation.
For the half-load and no-load motor operating ittiese indications decrease to levels of 4
and 3 dB, respectively.

Search coil placed externally at the non-drive endf the motor. This search coil was not
able to sense the cases of static eccentricitypbaadng fault. Potential indicators about these
faults, if there were any, were very small and wprebably covered by the noise floor.
However, even with this poor performance in detecstatic eccentricity and a bearing fault,
such an external search coil is able to indicate ttynamic eccentricity even from
measurements at no load.
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5.4, Core fault

The study of the stator winding currents and bracuaents does not provide any useful sign
of the core faults under study in any of the statdnding configurations that were
investigated.

Electromagnetic flux monitoring

Since, in the simulations, the test motor is com®d to be perfect symmetrical, in healthy
operation the only non-zero indications are proditdg the search coil around a stator tooth.
The indications provided by this coil for the hgltondition remain unchanged, irrespective
of both the various stator winding configuratiohatt were studied and the core faults that
were implemented. The same findings were also faarfae valid for the search coil placed

around two pole pitches of the test motor.

The only signs found to be suitable for the detecibf such types of fault were the ones
provided by the search coilp-1" and ‘p+1”. However, the indications provided by these
search coils do not show important changes forvirégous degrees of the faults that were
studied (core fault “cf” 1-9; see Figs. 4.2-4.3).

Fig. 5.4.1 presents the time-domain representaifaime voltages induced in thg-1" and
“p+1” search coils in motor operation with the masteze core fault that was studied.
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Fig. 5.4.1 Time-domain representation of the va®gduced in the “p-1” (top) and “p+1”
(bottom) search coils in motor operation with aedault — simulations.

Next, the possibility of sensing core fault in eaxfhthe winding configurations that were
studied is presented.

Stator winding configuration of type “4B”

This fault is not characterised by any new charatie fault frequency sidebands. The
magnitude of the fundamental frequency, which deses with the progress of the fault
degree, is the only sign of a core fault problem.

Table 5.4.1 Modifications in the magnitudes of flumdamental
frequencycaptured by search cdip-1” (left) and “p+1” (right).

cfl/cf9 cfl/cf6 cfl/cf3 cfl/cfo cfl/cf6 cfl/cf3
1.85 1.4 1.1 0.3 S 5




Stator winding configuration of type “2B”

No considerable change in the magnitude of the darehtal component was found for the
motor equipped with a stator winding consistingvad parallel branches.

Table 5.4.2 Modifications in the magnitudes of thendamental
frequency captured by the search c¢isl” (left) and “p+1” (right).

cfl/cf9 cfl/cf6 cfl/cf3 cfl/cf9
1.1 - - 0.3

cfl/cf6 cfl/cf3

Stator winding configuration of types “SB” and “NB”

Table 5.4.3 Modifications in the magnitudes of tinedamental frequency
captured by the search coilp-1" (left) and “p+1” (right) — winding
configuration of “SB” type.

cfl/cf9 cfl/cf6
0.28 0.8

cfl/cf9 cfl/cf6
2 1.4

cfl/cf3 cfl/cf3

Table 5.4.4 Modifications in the magnitudes of thendamental
frequency captured by the search cépsl” (left) and “p+1” (right) —
winding configuration of “NB” type.

cfl/cf9
0.31

cfl/cf6 cfl/cf3
0.75 -

cf1/cf9 cfl/cf6

2 13
Some new frequency sideband components are fouthe &tequencies of 50 Hz and 150 Hz,
respectively. Their magnitudes with reference te time at the fundamental frequency are
represented in Table 5.4.5. New sideband compomreiteese frequencies were also found as
a result of the simulated inter-turn short cirgéaithe stator winding.

cfl/cf3

Table 5.4.5 Magnitudes of the frequency componewssidered potential fault
indicators for the detection of core fault [dB].

“1'_1Y7 t‘NB’Y “P+1” b‘NB7’
f[Hz] 50 150 f[Hz] 150
cf 6 -20 -23 cf 6 -16
cf 9 -14 -15 cf9 -18
“1)_1” LLSB’? “1)+1” t&SB,?
f[Hz] 50 150 f[Hz] 150
cf 6 -24 -19 cf 6 -14
cf 9 -13 -13 cf 9 -17
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6. FINAL DISCUSSION

This section is intended to gather and concenathtthe important conclusions presented at
the end of each subsection dealing with the armlysthe experimental and simulated data.
In this respect, the reader should expect fromgaidion a more qualitative critical analysis
rather than a quantitative one.

First of all, the ability of the phase current tetect specific faults was tested, since
monitoring this parameter is the most conveniedt@reapest way to sense a fault.

In principle, any rotor cage-related fault is clgaeen from stator currents when checking the
specific sideband frequency components extractaa the well-known equations presented
in the literature.

As observed from both the measurements and simoktia turn-to-turn short circuit in the
stator winding was best reflected in the unbalasfaie stator winding phase currents and in
the rise in magnitude of some frequency componehish already exist in the line current
spectra of a healthy motor.

Relying on both experiments and simulations, thislkinconcludes that the static eccentricity
does not bring about any major distortion in thecs@l content of the branch current. A
similar conclusion was found for the experimentdlyplemented bearing and core fault,
respectively.

Since the stator winding phase of the test indactiwotor consists of two half-phases
(branches) connected in parallel and these phaseacaessible from outside the motor, the
analysis of the differential circulating currentween the half-phases was performed with the
purpose of fault detection. The measured and sietilvaveforms of the circulating currents
between stator winding parallel branches for hgatttachine operation and for the faults
under study were presented. It was observed thaajar rotor fault (such as 3 broken rotor
bars), a stator-related fault (such as a turn4to-iort circuit), and the dynamic eccentricity
can clearly be seen by monitoring the circulatingrents. However, by relying only on the
indications provided by the circulating currentappears difficult to discriminate between
various fault conditions. Moreover, the cases afisteccentricity and bearing fault are not
possible to detect as abnormal conditions on thelsasis of monitoring only the magnitudes
of the circulating currents. Taking into accourg tirawbacks characteristic of a monitoring
method relying on the stator current, it was furtbeoceeded to study the ability of the
electromagnetic fluxes captured in various motoatmns to sense the same faults.

From the measurements, it was found that the itidicsx provided by the search caoil
purposely intended to sense the electromagneticailaund a stator tooth are not of much use
when aiming to detect a stator winding fault. Thahiility of the information provided by this
search colil refers both to the absence of new &eqgy sideband components characteristic of
a stator fault and to major changes in the magaitfdthe frequency components produced
by the slotting.

However, an external coil over two pole pitches rpayvide more useful information about
the inter-turn short circuit, giving an incrementthe fundamental frequency of about 3 and 5
times in half load and no load testing.

When aiming to detect a stator winding fault, tearsh coils purposely intended to sense the
air-gap harmonics of the ordempzl” provided richer information about this fault, in
comparison with the other search coils implemeimettie simulations. Ag-1" search coil is
useful in that it is able to detect important ches\in the magnitudes of th& 3" and rotor-
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slot harmonics, while thep*1” search coil is able to sense important chanigeshe
magnitude evolution of the fundamental frequenSuch important changes in the magnitude
of the fundamental frequency were also found irs¢hsearch coils implemented only in the
measurements: around the shaft and at the non-einde

From the simulations it was important to noticettimew characteristic fault sideband
frequency components are introduced by the statoding configurations “NB” and “SB”
during the inter-turn short circuit. Unfortunatelypne of these winding configurations was
studied experimentally in order to validate thifeef. Usually, a motor equipped with an
“SB” type stator winding configuration is observiedbe more sensitive to the inter-turn short
circuit than one equipped with an “NB” configuratio

A rotor cage-related fault is the most easily det@@bnormality in an induction motor and it
was no surprise to find out that all of the searoits that were studied were found to be able
to provide useful information about such faultsgdod agreement between the data obtained
from the measurements and simulations was founts dfreement is in terms of the new
characteristic fault frequency sideband componpraduced by a rotor cage fault.

For a rotor-cage related fault, the richness ofitfi@mation provided by the search coils that
were studied is proportional to the loading levelvaich the test motor is operated. At a no-
load operation, for instance, important signs ef ¢tage fault are lost and the motor condition
may become difficult to assess.

A search coil wound around the shaft and purposggnded to sense the axial flux was able
to indicate a fault in the bearing and it appedhed this was the clearest means to observe a
modification introduced by this fault. However, ghsignature is almost similar to the one
obtained from the static eccentricity.

In terms of new frequency sideband components prediby a static eccentricity, the search
coil around the shaft is the only one to sense snoHifications. The static eccentricity is
reflected in the indications of theg+1” and ‘p-1" search coil only by increments in the
magnitudes of specific frequency sideband companéertie search coils around the stator
tooth and over two pole pitches are of no greatwlsen trying to sense a static eccentricity.

A search coil placed externally at the non-drivel eri the motor is able to indicate the
dynamic eccentricity even from measurements atoad,| but is not able to sense cases of
static eccentricity and bearing fault.

The case of dynamic eccentricity is detected wittamy difficulty, irrespective of the motor
loading, by all of the search coils that were sddilt is important to notice that for lower
levels of motor loading, the magnitude of thesguency components is higher.

A comparative analysis between the measurementsiangations for the case of dynamic

eccentricity points out a good agreement in teringredicted and measured new frequency
sideband components responsible for the detecfichi® asymmetry (excepting the case of
the “p+1” search coil).

The study of the stator winding currents and bracwients does not provide any useful sign
for the case of a core fault in any of the statordwvg configurations that were investigated.
The only signs found suitable for the detectiors@th types of fault were the ones provided
by the search coilsp*1” and ‘p+1”. However, the indications provided by thesersleaoils

do not show important changes for the various deggref the faults under study.
Unfortunately, no measurements with an artificiathyplemented core fault are available in
order to validate these claims.
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An interesting conclusion drawn from the simulasias that for a motor equipped with a
stator winding of the “NB” or “SB” type, all of théaults under study were reflected in a
similar way in the indications provided by variofaailt indicators. It is important to notice
this, since these configurations are different ("N#Bator winding consisting of no parallel
branches, “SB” stator winding consisting of two gkl branches, but with a special
configuration - see Appendix IlI). Therefore, it gencluded that not only the number of
parallel branches but also the internal connectidribe winding affects the fault indications.

Table 6.1 presents a summary of the results coimzethe suitability of each of the fault
detection methods that were studied for the detedf specific faults. This table is purposely
intended, mainly, to offer a general view of thémelts that are difficult to detect and/or need
special attention because of this.

The criteria used for ranking a method are not gdrfer all of the cases and the reader is
recommended to carefully address each of the puswdbapters for a clearer understanding of
those given here. For example, in the case ofriteg-turn short circuit in the stator winding,
the phase branch current was ranked as a good ifalittator considering the unbalance
introduced by such a fault to the branch currefitee increase in the amplitudes of the
specific frequency sideband component of the braoghrent was also considered an
important symptom for ranking this parameter aadgfault indicator. On the other hand,
when ranking the phase current as a good faulcatdr for a rotor cage fault, the presence of
new frequency components in its spectrum was relied

When claiming that a parameter offers poor/ambiguaformation about a fault, the

possibility of finding similar indications for othdaults is considered. However, this type of
classification was also used for the case of thre €ault in order to distinguish between the
richness of the information provided by thpt1l” search coils for various stator winding
configurations.

In addition, Table 6.1 is intended to offer a staytpoint and some suggestions for further
work on various issues such as:

- investigations to be carried out using 3D simalattools, thus making it possible to take
advantage of the important fault signatures (agmesl from the measurements), provided by
the electromagnetic fluxes circulating along th@bdirection of the machine,

- experimental implementation of the core faultsl ahe subsequent measurements for
verifying the findings obtained from the simulatson

Important advances to this thesis may also be fannthe investigations of other cage
induction machines and, finally, different machigpes. Such an investigation would allow
some general conclusions to be drawn that wouldflggreat help for the industry, which is
always interested in having a generalised strafegythe condition monitoring and fault
diagnosis of various types of electrical machines.

A challenging task for future research would be, dgample, the study of rotor faults in
permanent magnet machines, since it was found dhelt research is very rare and such
studies are essential nowadays because of theadiogeinterest in the use of permanent
magnet machines.



Table 6.1. Faults versus recommended methods for detecting faults — summary.

Fault detection
methods
Studied
faults

phase circullating
current current

Search coil locations for sensing the
electromagnetic fluxes

stator
tooth

2 pole shaft
pitches

non-drive "p+1” "p"
end
| | —

L]
I
||

. |NB -
Inter-turn short |5 [SB
circuit in stator | E [48
winding = 2B
Meas. [
Rotor-cage E SB
related faults o [4B
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Meas.
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Dynamic £
eccentricity o |4B
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Static E E
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7 CONCLUSIONS

This research work was mainly concerned with thalysmms of the electromagnetic flux
patterns supposed to contain potential useful mmédion about a fault in a cage induction
machine. Other electrical parameters used for fdetiéction such as stator phase current and
circulating currents between the parallel brancbéshe stator winding, were used as
comparative means to asses the usefulness ofdtasngter in fault detection.

The relevant fault signatures of the electricalapasters that were studied were mostly
derived both from the measurements and from numlegiectromagnetic field simulations in
a steady state.

When and where possible, the accuracy of diffefault signatures derived from numerical
electromagnetic field simulations was verified byperiments. For fault detection purposes,
the interest was focused more on qualitative thattequantitative results, i.e. more focused
on finding how the monitored parameter behaves ametion of time and not so much in
magnitude. In this respect, despite various diffees in the magnitudes of some simulated
and measured parameters, the agreement betweemehsurements and simulations was
considered as “good” in terms of the ability to etgt fault characteristic frequency
components introduced by specific faults.

A rotor cage-related fault is the most easily diet@@bnormality in an induction motor and it

was no surprise to find out that by monitoring btiité stator current and electromagnetic flux
at all the search coil locations one may obtairfulseformation about such faults. For a

rotor-cage related fault, the richness of the imfation provided by the search coils that were
studied is proportional to the loading level at efhthe test motor is operated.

A turn-to-turn short circuit in the stator windivgas best reflected in the unbalance of the
stator winding phase currents. In terms of charetie fault frequency components, observed
from the experiments, a turn-to-turn short cirénithe stator winding was reflected only in a
rise in magnitude of a few frequency componentsaaly present in the line current spectra of
a healthy motor. The search coils purposely intdnidecapture the harmonics of the order
“pxl” provide more useful information about a statanding fault. No useful information
about static eccentricity and bearing faults wastbin the stator current.

It was observed that a major rotor fault (such astar bar breakage), a stator-related fault
(such as a turn-to-turn short circuit), and the aigit eccentricity are clearly seen by
monitoring the circulating currents but such infatron is not good enough to discriminate
between various fault conditions. Moreover, it @ possible to detect the cases of static
eccentricity and bearing fault as abnormal condgi@n the sole basis of monitoring the
magnitudes of the circulating currents.

The usefulness of the search coils purposely irgeértd capture the harmonics of the order
“px1l” may be found especially when trying to detetdtis and dynamic eccentricities.
However, the information provided by these coil®iso great significance when trying to
detect a bearing fault. A search coil intendeddnse the axial flux and wound around the
shaft was found to be the only means to providdatively clear modification because of this
fault. However, the fault signatures provided big @il are found to be almost similar to the
ones produced by the static eccentricity.

The case of dynamic eccentricity was also detewitftbut any difficulty, irrespective of the
motor loading, by all the fault indicators that westudied. Moreover, for lower levels of
motor loading, the magnitude of the frequency congmts responsible for the detection of
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such asymmetries is higher. This is in contrashwite case of the other faults studied,
excepting the inter-turn short circuit, where wtiba motor was operated at lower loadings
the sensitivity of the fault detection procedummidiished.

The study of the stator winding currents and braswhents does not provide any useful signs
in the case of a core fault in any of the statandiig configurations investigated. The only
signs found suitable for the detection of such $ypé fault were the ones provided by the
search coils p-1" and ‘p+1”. However, the indications provided by theserskaoils do not
show important changes in the various degreesedfahlts being studied.

The experimental and computational research cagdaim this thesis was carried out only for

a cage induction machine of 35 kW but, for somdt$acommon to other types of electrical

machines, such as inter-turn short circuits in dtaor winding, bearing faults, and various
types of eccentricity, it is possible to generaltbese results. However, this thesis also
contains a few references concerning the use dathlieindicators under study for other types
of motor and their specific faults.

Finite element analysis was found, according toitliteal expectations, to be a flexible tool
when studying faulty machines, as practically ladl €lectromagnetic faults could be analysed
using the same basic tool.

Other advances that could be made on the basisiofmork lie mainly in the area of the

experimental validation of those findings concegnihe various effects that a stator winding
may have on the ability of various indicators toted¢ faults. The experimental

implementation of the core fault and verificationtloe claims obtained from the simulations
may provide the industrial environment with a nemd &fficient means of monitoring core
conditions.

ASSESMENT ON THE MATTER OF ACHIEVING THE INITIAL OB JECTIVES OF
THE THESIS

At the very end, it may be claimed that most of tbgearch objectives set in the beginning of
the research were achieved. Especially, the elaeipoetic flux was found able to provide

precious information about possible means to detikcif the faults under study; this was not
always the case with the stator current.

When and where possible, the accuracy of diffefaualt signatures issuing from numerical
electromagnetic field simulations was validated é&yperiments. However, due to the
constraints imposed by the software (lack of a 8DBufation tool) and by the lack of test
motors equipped with various stator winding confajions, the validation procedure could
not be fully completed. This procedure represemtisadlenging task for a further work.

| believe that:

- the wide variety of the electrical parameterd thare studied purposely intended to detect
various faults;

- the study on the ability of the electromagnelix feccentricity harmonics of ordep£1” for
detecting faults other than various types of eaastyt, and,

- the comparative analysis of the multitude of hssprovided by measurements and by a
specific time-stepping finite element approach #lliws an unlimited access to the physical
guantities from the test machine,

will give the reader the impression of something/ e the broad field of fault diagnosis and
condition monitoring for electrical machines.
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Appendix | — Information about the measurement devi  ces

Transient recorder W+W700

Mainframe : Includes measuring computer, 9-inch monochrorsplay screen, control unit,
3% inch micro floppy drive for software load and asmass storage medium for
measurement data. Space for 4 single or dual clartpport for external colour monitor
for menu and signal presentation.

Retrofit to AT processor with external keyboard a4l or 100-MB internal hard disk
available.

Expansion Frame:for further 8 single or dual channels. Up to thaelelitional frames can
be connected for a total of 32 channels.

Single channels They include pre-amplifiers with different inpus bits trigger, for level,
window, slew rate, and reference band.

Timeout with linkage possibilities.

Storage up to 256 Kwords, 1Mwords as option.

Dual time base.

Anti-aliasing filter.

Channel types:
50-MHz 8-bit
50-MHz 10-bit
100-MHz 12-bit

Dual channels

They include two pre-amplifiers with differentialgut,

8 bit trigger, level, window, slew rate.

Timeout with linkage possibilities.

Storage per channel 256 kWords, 1 Mword as option.
Dual time base.

Anti aliasing filter.

Channel types:
20-MHz 8-bit dual
1-MHz 12-bit dual
200-kHz 12-bit dual

-- In the main frame and expansion frame any coatimn of channels is possible.

Markers

As an option some channels can be equipped witkenamputs. Markers are signals which
can only assume the logical states 0 or 1. The eurobmarkers available depends on the
bit count of the respective signal inputs:

8-bit 50-MHz 8 Markers
8-bit 20-MHz dual no Markers
12-bit 10-MHz 4 Markers
12-bit 1-MHz dual 2x4 Markers

12-bit 200-kHz dual 2x4 Markers

The pre-amplifiers are adapted to the maximum s@gplate and the resolution of the
channel. The differential outputs are switchableasgymmetric inputs. AC or DC signal
coupling can be selected.
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The pre-amplifiers are equipped with an anti-atigdiilter of the four-pole vessel type
with five selectable frequencies.

Time base

Each channel is equipped with a dual time base witjyer delay selectable from -
100% to 400%.

The time elapsed since arming the channel assueesotrect time relationship between
channels with different trigger timing.

Trigger

The trigger source of a channel can be definedhasntain trigger for the whole
instrument or as a local trigger for the respectivennel. In addition, the trigger
method listed below can be combined with the maggeér for the whole instrument:
OR/AND/OFF. Triggering from an external source andnual triggering (TRIGGER
KEY) are also possible.

For each channel an individual trigger with thddaling possibilities is available:
---level trigger for rising and falling edge.
---window trigger, in, out.
---Slew rate.
---time-out trigger for the forgoing trigger method

Trigger is activated if a trigger event does oxcur within a specified time frame.
---reference band trigger for the comparison of sigmals.

Channel memories
The channels are equipped with a memory of 25 kWeath. A 1-MWord option and,
for the 1-MHz and 200-kHz channels, a 64-kW menapion is available.

Signal presentation

On the screen up to 8 channels can be displayadtaimeously in correct relation to the
time axis. You can select, move, and zoom the gwih the help of the cursor and
control wheel.

The following forms of representation are available

---Yt: up to 8 signals, amplitude in relation tmg.

---DUAL.: up to 4 signals with different presentati;n two windows.

---Two separately: up to 8 signals in two independeindows with independent
manipulation.

---X-Y.

---X-Y-t: in preparation.

Operating
The combination of a pop-up menu and control wimeakes possible the simple and

fast handling of the W+W700.

User programming
The inherent versatility of the W+W700 can be farttenhanced by user-originated
programs written in any desired program language.

Interactive control of the W+W700 by the user peogrenables the measurements
sequences to be automated and the processing sunrgadata to be specific to the

application involved. For Turbo Pascal, version &@ up, complete program units are
available, which makes programming easier.
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Norma Wide Band Power analyser

Device configuration Three configurations are preset by the manufacturer
One configtion is stored on power-down.
5 configuoats can be stored by the customer.

Zero suppression RMS and Rectified Mean value <1% of range aspldiyed as O.
Power values (PQ$<0,01% are displayed as zero.
Integration valuedow these limits are ignored.

Anqgular error: between voltage and current:
Angular error influenlog current range in Mode AC+DC without LP filter.

Valid for
Frequency range 0...100Hz 100...1kHz Add. Error
Range
50 mV 00.015° 0.020° 0.005 °/kHz
158 mV 0.005° 0.010Q° 0.005 °/kHz
500 mV 0.005° 0.005° 0.005 °/kHz
1580 mV 0.005° 0.005° 0.005 °/kHz

Channel separation >5 dB at 100 kHz

Trigger input: TTL signal, overload max. 250,

Trigger distance> avertige B+ 1 s,
Trigger delay: EXT.TRG30us

IEEEBUS *TRG<600us

Synchronization: _Internal: 10 Hz....10 kHz of CH1.....CH®6 resp. CH12
External: 10 Hz...10kRBV.....50V,,s;overload max. 250/

Common-mode voltaggV,
Real Time Clock 1 min. per month

RMS? RMS?

Integrator: time error : £ 0.0025%+1@s

The integration tiagvays corresponds to integer multiples of averggi
Period A

Voltage channel

Nominal voltage: max. 1000V,
Measuring voltage: max. 1008, or 2500V, DC .....1MHz sinusoidal

Bandwidth: DC...2MHz
Sampling rate: 35...70 kHZ

Voltage frequency product: mak0’VHz
Rise time: slew rate max. 10kNg
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Measuring accuracy: apply to a sinusoidal signat 4% distortion factor and a level of
>"10% of range ¥,) in the nominal temperature range for 1 year adtdibration at

23+ 1K.

Limits of errors+ (% of m.v.+% of range)

Frequency range AC+DC AC
45Hz...65Hz + (0.05+0.02) + (0.05+0.005)
65Hz....1kHz + (0.12+0.03) % (0.12+0.005)

Current channel

Shunt factor: Is read automatically from EEPROMlhunt.
Measuring voltage: max. 1\, or 1,58V,. DC.....1MHz sinusoidal.

Bandwidth: DC.....>1.2 Mhz
Sampling rate: 35...70 kHz
Overload Protection up to: 25@,,,5,350 V,in all range

Voltage frequency product: makQ’
Rise time: slew rate: 3&/us

Measuring accuracy: apply to a sinusoidal signai 4% distortion factor and a level of
>"10% of range ¥,) in the nominal temperature range for 1 year adtdibration at

23+ 1K.

Limits of errors+ (% of m.v.+% of range)

Frequency range AC+DC AC
45Hz...65Hz + (0.05+0.02) + (0.05+0.005)
65Hz....1kHz + (0.12+0.05) + (0.12+0.005)
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Appendix Il Stator winding configurations

“NB” no parallel branches

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 {7 |18 |19 |28 | 22| 23| 24

A+ | A+ | A+ | A+ |C- | C-| C-| C-| B+| B+| B+| B+ A-| A-| A| A-| C+ C+| C+| B-| B-| B-| B-

2]

25| 26| 27| 28] 29 30 31 32 33 34 35 386 [B7 38 |39 |40 |42 | 43| 44| 45| 46| 47 48

A+ | A+ | A+ | A+ C- C- C- C- B+ B+ B+ B+ A- A- A- A- C+| C+ C+ C+ B- B- B- B-

“2B” Two parallel branches

1 2 3 4 5 6 7 8 9 10 11 12 18 14 15 16 A7 18 |19 |2 | 22| 23| 24

Al+ | A1+ | A1+ | Al+| C1-| C1-| C14 Ci1y Bi1+ Bilt+ Bly Bl Al-Al-| Al-| Al-| Ci+| Cl+| Ci+ Ci+# Bl Bl Bil- B1-

25| 26| 27| 28] 29| 30 31 32 38 34 35 36 37 38 |39 |40 |42 | 43 | 44| 45| 46| 47

A2+ | A2+ | A2+ | A2+ | C2-| C2-| C2-| C2{ B2+ B2ty B2y B2+ A2-A2- | A2- | A2- | C2+| C2+| C2+ C2# B2{ B2 B2t

“SB” Two branches; special

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 (A7 18 |19 |2P1 | 22 | 23

Al+ | Al+ | A2+ | A2+| Ci1-| C1-| C2-| C24 Bil+ Bl+ B2+ B2+ Al-Al-| A2- | A2-| Cl1+| Cl1l+| C2+ C24 Bl{ B1 B2t

25| 26| 27| 28] 29| 30 31 32 38 34 35 36 37 38 |39 |40 |42 | 43 | 44| 45| 46| 47

Al+ | Al+ | A2+ | A2+| Ci1-| C1-| C2-| C24 Bil+ Bl+ B2+ B2+ Al-Al-| A2- | A2-| Cl1+| Cl1+| C2+ C24 Bl{ B1 B2+

“4B” Four parallel branches

1 2 3 4 5 6 7 8 9 10 11 13 13 14 15 16 (17 |18 |19 |2P1 | 22| 23

Al+ | A1+ | Al+| Al1+| C1-| Ci1-| Ci1-| C14 Bi1+ Bi1+ Bir B1 AZ- A2- | A2- | A2- | C2+| C2+| C2+ C24 B2{ B2 B2t

FrFe

Ad+ | Ad+ | Ad+ | Ad+| C4-| C4-| C4-| C44 B4+ B4+ B4+ B4 Al- Al- | Al- | Al- | C1+| Cl1+| Cl1+ Cil14 B1{ B1 Blt

25 | 26| 27| 28| 29| 30 31 32 383 34 35 36 B7 38 39 |40 |42 | 43| 44| 45| 46| 47

A3+ | A3+ | A3+ | A3+| C3-| C3-| C3-| C3{ B3+ B3+ B3t B3+ A4-A4- | A4- | Ad- | C4+| C4+| C4+ C4+ B4{ B4 B4t

A2+ | A2+ | A2+ | A2+| C2-| C2-| C2-| C24{ B2+ B2+ B2+ B2 A3-A3- | A3- | A3- | C3+| C3+| C3+{ C3+4 B3y B3 B3t
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