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ABSTRACT

CONDITION MONITORING AND FAULT DIAGNOSIS OF ELECTRICAL
MOTOR DRIVE SYSTEMS

Demirel Aykut
Master of ScienceElectrical and Electronics Engineering
SupervisorAssist. Prof. DrOzan Keysan

September 201908pages

Increasing utilization of electrical machines results in an increasing demand of high
reliability and safety. Especially in mission critical applications, unexpected failures
of these machines may bring irrecoverable damages to the syBtethermore, such
failures may be hazardous to human life in military or aerospace applications. One
method to meet the reliability and safety requirement is introducing redundant
modules to be used in case of an emergency. However, adding extra modules as
substitutes increases overall cost, volume and complexity of the system. A better
solution can be monitoring the machine condition continuously or running a test on
the machine periodically to predict the failure before it causes a fatal damage to the
sydem or human health. In this thesis, characteristics of possible machine faults are
described. Methods for condition monitoring and fault detection are proposed.
Different signal processing techniques are analyzed. Theoretical propositions are
validated onan experimental testg. The results are examined to evaluate the
accuracy of the proposed methods and possible further improvements are declared as

future wok.



Keywords: Permanent Magnet Synchronous Motor, PMSM, Condition Monitoring,
Fault Diagnosis, Safety, Reliability, Motor Drive Systems
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CHAPTER 1

INTRODUCTION

Electrical machines have been used for decades in power plant systems and industrial

applications. Recently they have started to be widely used in medical, military and

aerospace applications because of their easy and precise speed and position control.

Increasing in use of electrical machines results in an increasing demand of high

reliability and safety.

T

Industrial plants cannot tolerasmy failure occurred in one of the electrical
machines installed. In such plants, the entire systertuding electrical
machines should be periodically checked. These periodic controls bring extra
costs and yet some failures might never be anticipated before they happen.
Another sector in which electrical machines play an important role is
renewable rergysector The generators are placed outside of the cities or off
shores. Any possible failure of the modules in those systems is impossible to
know without continuously or periodically checking for it. Periodic
maintenance and repair can be supplietebkinicians however this could cost
much because the plants are hard to reach generally. Therefore, a more
intelligent, automatic and detailed condition monitoring is needed.

Medical, military and aerospace applications are other important areas that use
electric motors as actuators making use of their capability of sensitive speed
and position control. In such areas, operating conditions are much more
coercive therefore demand of high reliability and safety increases further.
Especially in mission critel applications, unexpected failures of the electrical
machines may bring irrecoverable damages to the systems. Furthermore, such

failures may even be hazardous to human life. Systems may not always be



available for periodic maintenance and repair to prewseich unexpected

failures.

One method taneet the reliability and safety requirement is introducing redundant
modules to be used in case of an emergency. The system can be constructed in a
modular way such that it includes one or more redundant modules for each critical
part. Although adding esd modules as substitutes can be a proper solution for small
systems with low cost components, for more sophisticated systems this method
increases overall cost, volume and complexity. Especially for electrical machines,
adding redundant machines to thestsyns almost impossible because not only
electrical but also mechanical changes are needed in the systems to replace the faulty
machine. To do this replacement automatically, even a more complex mechanism than
the actual machine might be needed. This lsrimgintenance and repair requirement

to the substitution mechanism and the reliability level of the whole systems may
become even worse. From this point of view, a better solution to increase reliability
and safety of an electrical machine can be watchh®y machine's condition
continuously or running a test on the machine periodically to predict the failure before

it causes a fatal damage to the system or human health.

Condition monitoring and fault diagnosis of electrical machines, as its name implies,
is to check the health status of the machine and diagnose any abnormalities in the
operation of the madhme. Together with the fact that condition monitoring is
applicable to almost any electronic and mechanic device, it has been used for electrical
machines for more than 30 ye§t$. As different types omachines are constructed

and the computational power of the microprocessors grows significantly, condition
monitoring and fault diagnosis concepts have remained popular among researchers
who wants to apply new techniques on new machines in order to acmere
accurate and reliable diagnosis and classification of faults that may occur in electrical

machines.



1.1. The Motivation

The demand for high reliability and safe operation of electrical motors is higher for
military applications. Militarysystemsare supposed to operate in missaitical
applications under more coercive conditions. Motor drivers in such systems should
have fault detection capabilities to track the health of the motors and warn the users

before the system encounters witheanergency.

Figure 1.1. HERKUL-04D Servo Controller

HERKUL-04D, which is shown in Figure 1.1 is a motor driver used in military
systems of ASELSANIt is used in remote controlled weapon and eleoptic
tracking systems shown in Figure 1.Zhere are total of 3000 systems that uses
HERKUL-04D as the servo controller driving 6000 PMSNRbustness of these

widely-used systems is a necessity and peeted failures are intolerable.



Figure 1.2. Remote Controlled Weapon System and Eleoptic TrackingSystem of ASELSAN

The motivationof this thesis is to construct @M and FDalgorithm for PMSMs to

increase reliability othe military systems.

The algorithm will be implemented in the motor control software.

Thefocusof the thesiss to build a softwarthat can evaluate the motor signals
and decide whether the motor is healthy or fadltgining data for the healthy
motors can be collected in a further study to determine the motor behavior and
fault thresholds.

The users will be informed about the lleatatus of the PMSMs periodically.

In case of an abnormality, the algorithm will warn the users before the fault

create a catastrophic consequence.

By this way, waste afesources and economical cost caused by unplanned shut downs
can be avoidedrurthermore, kneing the fault type and severity, root cause of the
fault can be determined and necessary precautions can be taken to prevent repetition

of the same fault and increase the reliability of the system.
1.2.The Objectivesand the Scopeof the Thess

Although there are various faults that can be seen on PMi®Mbe scope of this
thesis, stator inteturn dhort circuit faults, noruniform demagnetization of permanent

magnets and static rotor eccentricities will be covered as they are the most common



failure types on PMSMg2]. The applicabn will be ona low powerPMSM drive
systemwith field-oriented control fed by a voltage source inverfdnre general

specifications of the drive systesmegiven in Table 1.1.

Tablel.1. General Specifications of the Drive System

Property Value
Servo Controller HERKUL-04D
Voltage 2832V
Power 400W
Motor Surface Mounted PMSM
Control Voltage Source Inverter
Software Embedded Code Compos

The objectives of the thesis are:

To mathematically model the faults that are in the scope of this thesis
1 To verify mathematical models by simulations and experiments
1 To detect the fault typesnd severities accurately to give a correct estimation
of the health status of the motor
1 To build a CM and FD algorithm that achieves the objectives above and
o Runs reatime and gives online information to the users
o Uses only buikin sensors of the senaontroller and does not need any
external source of information
0 and stays in the memory and speed limits of the digital signal processor

used in the servo controller.

The thesis is organized and the work is conducted to achieve these objdtteres.

aresix chapters in the thesis

1 Thefirst chapterfocuses on the motivation for conducting this researahthe

scope of the thesi®bjectives and methodology of the thesisdescribed



The secondchapterfocuses on researdatarried outso far onCM and FD of
PMSMs Fault typesre listed and thED methodsare expressed

In the third chapter PMSM faults are described in detail. Mathematical models
of the faulty machineare given. Effects of these faults @ machine variables
are explained. Simulatiomesults for each fauéireshared

Thefourth chapteistarts with the description of the experimental setup. Technical
specifications ofest equipmendre givenCreation of the artificial faults on the
test motors is explaine@&xperimental results are compared with analytical and
simulation results

In the fifth chapter,an online CM and FD algorithm is builio detect and
categorizeahe faults The servo controlledetectPMSM faults by using budin
sensors and software without using any external source

The workconductedn the thesis is summarized iretbixthchapterRemarks on
the topics are shared. The ideas #medesearch that are beyond the scope of this

thesis are declared agtire work



CHAPTER 2

CONDITION MONITORING AND FAULT DIAGNOSIS OF PMSMS IN THE
LITERATURE

Permanent magnet synchronous motors have been increasingly used in industrial,
automotive, medical, military and aerospace areas because of their small volume, high
power densitypreciseposition and speed control performance and high efficiency
[3]7[5]. They are irreplaceable components of robotic and automation systems.
Because of their wide usage, researchers have made a significant effort for years to
increag reliability of PMSMs and the systems they are used in. Applying condition
monitoring and fault diagnosis is the latest and current challenge in PMSM drive
systemg2], [3], [6]. In this chapter, faults that may occur in a PMSMiavestigaed.

Condition monitoring techniques foaeh of these faults are introduced.
2.1.Types of Faults in PMSMs

Faults in PMSMs can bategorizednto two main groups as stator related faults and
rotor related faults. Stator related faulaittare studied by the researchers are stator
phase unbalances, interrn short circuits, intephase short circuits, open circuits and
breaking of insulation from the chassis. Rotor related faults are rotor mass unbalances,
rotor misalignments, also knowas static or dynamic eccentricities, local or uniform
demagnetizations of the permanent magnets and bearing failures. Although there are
many types of faults, stator short circuit faults, permanent magnet demagnetizations
and rotoreccentricity faults athe main interests of this thesiscause they are seen

more often.

Stator related faults arene of the most common failures in electrical machiB@s
40% of motor faults are stator related fayR]. The most common typef stator

related faults is inteturn short circuit faults. PMSMs have high power density and



they are high performance motors which are usually driven by inverters. Because of
the high switching frequency, high voltage stresses are present on the winding
Especially when the motor is connected to the driver with a long cable, high rate of
change of voltages may have negative impacts on the insulation between adjacent
conductors. This i®ne of the reasonwhy interturn short circuits are the most
commonfaults in PMSMs[7]. If such faults are not detected edrly stages, the
insulation between winding conductors may be damaged further because of high
circulating currents and thermal hotspots. Therefore -tatarshort circuit faults may
evolve to phas¢o-phase or phasm-chassis short circuit faults if necessa

precautions are not taken.

Another common failure type of PMSMs is local or uniform permanent magnet
demagnetizations. A local permanent magnet demagnetization is a failure where one
or more permanent magnets placed on the rotor surface are partidiiylyor
demagnetized. Demagnetization can be caused by local heating due to excessive stator
current, strong magnetic field opposing the magnet flux due to extremely high
negative eaxis current or mechanical stresg&s [9].

Figure 2.1. B-H Curve of a Permanent Magnet and Recoil Lii€%



Figure 2.1. shows {1 curve of a permanent magretd demagnetization lines due to
strong external magnetic excitatidhthe operating point goes below the knee point
K, after the external effect is removeatle permanent magnet cannot reach to its
original magnetic flux density. Instead it follows the recoil linelt.the external field

is strong enough, permanent magmay be demagnetized irreversibly. This strong

external field may be caused by an uncontrolled current or a short fi@uit
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Figure 2.2. Temperature Dependence ofHBCurve of a Permanent Magri&0]

B-H curve of a permanent magnet changes with the temperature as shown in Figure
2.2.As the temperature rises, the area enclosed by-thelve gets smaller. Further

increase in the temperature magult in irreversible demagnetizatifi0].

If demagnetization occurs in a PMSM, the torque output decreases for the same
amount of current. In a closed loop system, either machine performance becomes
inadequate for theperation or the applied current magnitudes increase to get the same

torque performance with the healthy motor. Higher currents mean higher losses and
temperature of the motor increases eventually. Increase of the temperature in the motor

can cause furthetemagnetization of the magnets. Sequence of events that starts with



a slight magnet fault and ends up with total failing of PMSM is called as
demagnetization catastroplid], [12]. Therefore, condition monitoring of permanent
magnets to detect any abnormalities is crucial to improve reliability of the PMSM and

drive system.

One of the most common mechanical failures in electric motors is eccentricity faults.
Once an eccentricity fault occurs in a motorsgap flux distribution is disturbed and
hence radial forces between rotor and stator grows up causiragisirnoise and
possible damage to bearings]. Therefore, early detection of eccentricity faults is
important to support reliability of the drive system. There dmeettypes of
eccentricity faults which are statidynamicand mixedeccentricity faults. In static
eccentricity case, center of rotor is displaced from center of stator but center of rotation
is still is the same with center of rotor. Agyap uniformity is disturbed but it does not
change as the rotor rotatddowever in dynamic eccentricity, center of rotor is
displaced and it rotates around the center of statorgayruniformity is disturbed
again and it also changes as the rotor rothtenixed eccentricity, static and dynamic
eccentricities are ceobined in the same motoBecause of their nature, two
eccentricity faults create different signatures orpii@securrentsand they should be

handled separately.
2.2.Condition Monitoring and Fault Diagnosis Techniques

There are number ofmethods for condition monitoring and fault diagnosis of
permanent magnet synchronous motors. Each technique can be considered as a
combination of two components.

1 The first component is variable to be used for fault diagnosis. This variable is
physical measurement that gives the information on the health of the machine.
In a survey on condition monitoring and fault diagnagis/ind turbines, it is
stated that temperature, vibration, acoustic emission, torque, strain, oil
parameters and electrical signals such as phase voltages and currgats, air

flux density and speed feedbacks are the most commonly used variables for
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cordition monitoring and fault diagnosis of PMSM drive systems. Each
variable has its advantages and disadvaniag@eng these variables, those

do not need extra sensors on the system are favétaléhase currents and
speed feedbacks are such variables. In a motor drive system, currems sens
and position & speed feedback hardware like resolvers and encoders are
already installed for commutation. By using those sensors, a valid condition
monitoring algorithm can be implemented with no hardware cost on the
system. Therefore, motor currengmsature analysis is the most common
technique for condition monitoring and fault diagnosis in literature.

1 The second component fgature extraction method. Feature extraction
method is the technique that is used to extract necessary information from the
first component, i.e., physical measurements. This technique can be in time
domain or in frequency domain. Frequency domain sigoraicessing
techniques are particularly useful for condition monitoring and fault diagnosis
purposes because in rotating machines, mechanical or electrical faults affect
the power spectrum of many physical variables the most obvious one of which
is phase auents. A brief comparison of signal processing techniques is given
[14].

Depending on the fault type, the method which gives the best result to distinguish
between healthy and faulty motors can change. For stator and rotor related faults
different modeling and simulation techniques may result in different accuracy and
computational load. For stator related faults, electrical equivalent circuit approach is
gererally sufficient to simulate effects of the faults whereas for rotor related faults,
which are directly connected with the permanent magnet arghpiflux density,
magnetic equivalent circuit approach gives more accurate results however it brings
more @mputational load than electrical equivalent circuit appr¢éctAs in the case

that different methods can detect different faults more easily, for one fault different
methods can be applied depending on the severity of the fault to get more accurate

fault detection. For instance, stator iatern short circuit &ults can be accurately
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detected in early stages using voltage and current residual compdiagritewever,
the verysame method cannot give correct results when a severe short circuit is present

in the stator.

Condition nonitoring and fault diagnosis techniques applied by the researchers to

distinct types of faults are listed and explained in the following sections.
2.2.1.Stator Short Circuit Faults

Small interturn short circuit faults may lead to weakening of insulation atgoomt

on the motor. This fault creates damping effect on the rotor and shows itself on
currents, torque and speed measurements. A model of internally shorted stator
winding can be used to predict behavior of faulty motor by mathematical equations.
Fault signatures are searched through power spectrum of phase currents based on

mathematical predictior{6].

In [17], stator windings considereds series of inductances, mutual inductances and
resistances in a simplified and efficient model (FiguB.ZShorted stator windings

are connected to each other in the model and matrix equations are rewritten to show
the effect of the fault on eleatal parameters of the motor. Torque ripple is taken as

a fault indicator and simulation results are verified by experimental measurements
[17].
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Figure 2.3. Simplified Faulty Model of a Permanent Magnet Synchroridashine[17]
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Motor current signature analysis is the most used technique in stator short circuit fault
diagnosisln [18], authorspresented a simple approach for iftignn fault modellt

focuses on stator current harmonics. Harmonic spectrum of the stator currents changes
beginning from the '8 harmonic content in an open loop control system. Thempap
showsthe differences between two models one of which takes the spatial harmonics
into consideration while the other does not. The experimental results show that even
for a healthy motor, there are even and fractional harmonics in the current spectrum

due to inherent rotor misalignments and eccentricffi8§

2D FEM modeling is an especially wuseful
behavior under fault conditions. Theoretical claims can be proven by 2D FEM
simulations. In two different researohir-gap magnetic field and stator currents are
inspected as tweseparate methodStator current method is favorable because it does
not need additional sensqis8], [19]. PMSM is fedby sinusoidal voltage supply and
current frequency pattern for interrn short circuit fault is given as in equation (2.1).
Frequency pattern of magnetic flux density is given in equation (2.&)isKa
coefficient introduced by the voltage source and gqual tounity for sinusoidal
voltage supplyKsais a coefficient whiclthanges witlthewinding configuration.
n~ Sy p
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In [20], it is claimedthat3 harmonic content of the phase currents increases in case

of interturn short arcuit fault but this is valid only if motor is supplied by 3 phase
balanced voltage source. When a short circuit occurs, phases are not balancee anymo
and as they are supplied by balanced voltage soufdeargnonic current flows. The

effects of SC appear dg, l¢ and torque output as'@harmonic contentThey also

explain the phenomena behind the fact that ITSC fault behavior ches\gamber of

shorted turns and speed changes. This is because resistance of the shorted turns is

dominant in reactance at low speeds while inductance of the shorted turns become
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more effective at high speedult characteristics of a machine highly deghen the
machine variables. Interactions between phases are affected by mutual inductances
which are determined by winding configuration. Distributed winding machines are
more vulnerable tshort circuitfaults as their mutual inductances are higher bexau

this increases thealis current which may cause permanent magnet demagnetizations
in case of ahort circuitfault. Rotor topology is another important design parameter.
Whensurface mounteBMSMs andnterior PMSMs are compared, SMPMSMs have
higher fhase and short circuit peak currents and higher torque ripple than IPMSMs
fault case$20].

Depending on the severity of the short circuit fault, it may not be possible to extract
correct information from harmonic analydis.such situations, wavelet transform can

be effective. A wavelet is a short period of signal that is used as a basigigiina o

signal is decomposed into shifted and scaled versions of this basis wavelet. In faulty
mode, the total energy of the decompositions changes and this can be used as the
indicator[21].

Although MCSA is the mostly used technique in stator short circuit fault analysis,
there are other methods which brings less computational load. Analysis of positive,
negative and zero sequence current and voltage components is one of these methods.
In [22], a novelfault indicatoris definedby using negative sequence voltage and
current component§l5] and[23] gives a general faulty winding modérlhis generic
modelis changed in a way that the new model considerki-pole structure of the
stator windingsFaulty winding model estimates the faulty phase and fault severity by
calculating voltage residual component for severe faultsesidual componerdf Iq

for early stage fault§15], [23]. Residual component is the difference between the
healhy motor data and the measurements takefafdty cases. Residual component
method is generally good for early stages and slightly severe faults. For more severe
faults, they cannot provide a good accurd2yterent methods can be combined to

obtain a fullrange fault detection.
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[24] presents a simple model of PMSM with stator ktten short circuit faultA fault

indicator whose value is not affected by the rotor speed in slight short circuiti$aults
defined Fault indicator is calculated by negative sequence componephase
voltages. Zero sequence and negative sequence component methods are compared and
it is proven both analytically and experimentally that the negative sequence method is
moreaccurate when the fault is not severe. Zero sequence component method may not
distinguish the fault signal from the measurement noise when leakage inductance is

low and the short circuit is not sevé¢gd].

Another method for detecting short circuit faults is to estimate phase resistances.
When a short ciratioccurs, depending on the severity of the fault, phase resistances
decrease. An accurate estimate of the 3 phase resistances is a simple and good fault
indicator[25].

Linear and noflinear magnetic equivalent circuit models reflect the behavior of faulty
PMSMs best; however, such models bring heavy computational loads. Therefore,
these methods are used for offline evaluations rather than online égaedtidn[7],

[26].

Being the most common fault type electrical machines, stator interrn short circuit
fault has been investigated by researchers. A small portion of studies on the topic is
presented in this section in order to give an insight about the problem and the solutions

applied so far.
2.2.2.PermanentMagnet Demagnetization Faults

[27] is an overview on demagnetization fault detection. They summarize 17 indexes

and compare them from 19 distinspacts in their studysome of these indexes are:

1 Harmonic spectrum of stator phase currents
1 Instantaneous back EMF

1 Estimated or measured torque constant

1 D-axis flux of PM
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1 Injected daxis current at standstill

Each of the indexes have their owdvantages and disadvantages. For example,
harmonic analysis of phase currentsesloot need additional sensoamd is not
affectedmuchby the load change; however, it cannot distinguish between dynamic
eccentricity fault and demagnetization fault. Umiflodemagnetization faults cannot

be detected by this method also. To detect uniform demagnetization, measuring the
torque constant is a good method; however, it needs additional torque sensor to
measure produced torque. One should know about pros andfcaifguit detection

index and choose the most suitable for the applicd&oh

As in the case of stator short circuit faults, motor current signature analysis is a
commontechnique to detect demagnetization faults in PMSMs. A-uroform
demagnetization is a rotor related fault and creates disturbances on motor associated
with mechanical rotating frequend8] states thabcal magnet demagnetization and
dynamic eccentricity fats createharmonics inPABC frame stator current waveforms.
These two faults can be separated from each other by estimating the permanent magnet
flux although they create the same harmonic effect in current specfumtor
magnet is drilled partially toreate an artificial fault and verify the theory (Figur 2.
Measurements through this studye taken when motor is controlled in speed
reference mode by vector control algorithnthé motoris driven intorque or current
controlmode those harmoniasiay not be seen in current signialgin speed or actual
torque signals measured by a tortpagsducerln a motor drive system that does not
include a torque sensor, it is necessary to drive in speed control mode to extract

information from current signa[28].
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Magnet drilled

Figure 2.4. A Rotor Magnet Fault Created for Experimental Purpf2&s

Application of wavelet transform on phase currents is another fault diagnosis method.
In [3], the authorstudied on detection diroken rotormagnet and eccentricity faults
using adapve filtering and wavelet transformAdaptive filtering removes
fundamental componérof the phase current from measurgidnal to eliminate
shadow of it on the harmonics by using an estimation and optimization algorithm.
Then, wavelet transform does theafure extraction which gives 97% accuracy
detection and classification of fau[&.

Change in the motor inductances is another indicatdemiagnetization faulln [27],

direct axis inductance and direct axdgferential inductance of the machirae
measuredby applying d axis current at standstill. Demagnetization index is how much
current needed to saturate the core and decrease the direct axis inductance. If
demagnetization is present, more d axis curienheeded d saturate the core.
Proposed method has the disadvantageahagxtra inverter iseeded. One is for
applying direct axis current wite other is for measurintpe inductanceOn the other

hand, nethod can distinguish magnet demagnetizatioliddtom rotor eccentricity
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faults. Moreover, & the measurements are taken at standstill, there are no problems

related tachange in rotor speed and load tor{Rig.

Harmonic content of stator current at frequencies specified by equation 2.3 are also
indicators of demagnetization faukhe amplitude of certain harmonics change
demagnetization level changes. Frequency analysis should bemtersteadystate
conditions therefore this method is sensitive to load and speed changes. Uniform
demagnetizations cannot be detected by this method because it detects the harmonics
induced by the asymmetric structure of thegap flux[27].

M Qp —Q h Q pklv8 ®
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In [11], a zeresequence currenbasedmethod for delta connected PMSMis
introduced Magnet flux is estimated frosynchronous frame equationdliaing the
fact that sum of three phase voltages is Zera delta connected winding. Phase
currents are defined as branch currents therefore extra current sensors inside the motor
are needetb implement this method. Reselamcludes only mathematical egfions
and simulations. When ormnsides applying this method to a Y connedteotor,
zero sequence current cannot fllb@cause the neutral point is not connected to
ground. Whenhere isanunbalance in the phases, pdiaihvoltage of theneutal point
changes. In this casthe methodnay be changed valuating zero sequence voltage

components insteanf current[11].

V4, Vg and their inverse transforms also have the same harmonics with the measured
phase currents inaide bandwidth controllgil3]. The highest frequency content that

can be observed in commanded voltages due to the current harmonics isdinthied
bandwidth of the controller. BadkMF voltages are not available in an inverter fed
PMSM however current feedbacks are always ab#8l Therefore, obtaining the
voltage feedbacks froq and \4 is a convenientway. In [13], sample and compare
methodis used Sample data set is formed by FEA and experimental results are

compared with those obtained from FEA atwdo linear discriminant analysis
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classifiers are used to detect the type and severity of the fBeKides

demagnetization,ceentricityandstatorshort circuitfaults are analyzed 3].

[1] useda modelbased approacto detect magnet faults. Threbgsevoltagesare
generally not available for invertéed PMSMs. However, for PMSMs contradlédy

FOC, commanded Mand 4 voltages are available for col purposes. @anges in
commanded voltagescan be trackedto detect several faults including
demagnetizabn, rotor eccentricity and stator shontcuit faults. Researchers create
databasef machine parameters froREA simulationsof faulty models and estimate
Vqand V4 voltagesrom the machine parameters. Comparisons between the estimated

and measuredgpameters give information about health status of the maftjine

Flux density of a magnet is a direct measure of demagauietiz[29] analyzedspeed
harmonicsand extractedmagnetic flux densityoy using particle filte estimation.

Speed harmonics are created by harmonic current injection. Harmonic current creates
torque oscillations causing disturbances in motor sp€bese disturbancdsave a
relation with air-gap magnetic fluxdensity[29]. The method needs system inertia

information as an input.

[30] used theipple on produced torquees a fault indicatofTorque measurements are
finite, nonperiodic and nosstationary signals and continuous wavetansform is a
good signal processing method for such sigidis. reference waveforia chosen as
a space vectowhose real and imaginary parts are origifmalisy) torque signahnd
Hilbert transform ofit, respectively Afterwards, energies stored in eaclawelet
component are calculated to estimate the rotor demagnetizatiof3@jel

Different methods used for detection of permanent magnet demagnetization fault in
PMSMs are mentioned in this section. Methods differ from each other in terms of
observed motor varialdend feature extraction meth®d he nost common variable

that is observed for fault detection is phase currents while the most common feature

extraction method is frequency domain analysis.
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2.2.3.Rotor Eccentricity Faults

As in the case of stator short ciftcand demagnetization faults, motor current
signature analysis is the most common technique for diagnosis of rotor eccentricity
faults. [31] presented reference frame approach to detect static and dynamic
eccentricity faults on an induction motor. Reference frame theory transforms
sinusoidal current components into DC for a given frequency (Figije Rault
frequencies are calculated and compared with predetermined threshold values.
Threshold values are assigned as a function of speed and torque. Dynamic and static
eccentricityfaults are created artificially on the test motor (Figu® and proposed

method is confirmed experimenta[y1].
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Figure 2.5. Rotating Reference Frame Approach for Eccentricity Fault Detef@idn
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Figure 2.6. Creation of Dynamic and Static Eccentricity Fa(#i$]

[28] performedclassical FFT analysis on motor current sigrialshow that rotor
related faults like eccentricity faults increase the amplitude of frequency component
at mechanical rotation frequency and integer multiples. &uthors usean offline
evaluation to see effects of faults on motor current signals instead of building an online
fault detection algorithn28].

[3] used Wavelet transform to extract information on health stdtostor. Before
application of Wavelet transform, fundamental components of motor current signals
are found and extracted from the original signal by using adaptive filtering. Residual
signals are transformed and compared with each other. Measurementsgrosmike
healthy and faulty motors are used as training data. After training and learning
sessions, algorithm successfully detects and classifies 3 distinct types atSayivsn

in Figure 27. The drawbacks dhis method are theequirementor training data for

each separate motor and lack of information about fault sey@}ity
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Figure 2.7. Scatter Plot of Training Data for 3 Fault Ty

[32] states that although rotor related faults are associated with mechanical rotation
frequency, brokemagnetand static eccentricity faults differ from each other as they
create harmonics at different multiples of mechanical frequency. Brokgmetfault

shows itself at once and twice the mechanical frequency while static eccentricity

increases amplitude of three times the mechanical frequBaLy

[33] studied onseparation of rotor eccentricity faults from partial demagnetization
faults. The key feature that creates difference is fluctuation of high frequesnag d
inductance and rotor flux. Mathematical equations are given and simulation results

that confirm proposed behavior are shdB3].

Researchers have bestudying rotor eccentricity faults since the beginning of
application of condition monitoring and fault diagnosis approach to electrical motors
and generators. Some of those studies that foimasis to understand eccentricity
faults and some that are estly published are presented in this section to give an idea

about current situation of research focused on rotor eccentricity faults.
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2.3.Feature Extraction Methods

Feature extraction from a real time signal carelaéizedin different ways each having

its advantages and disadvantages.

Bilal et al. uses synchronous frame transformation to get information on the amplitude
of a certain frequency in phase currents of an induction ma¢Bifjelt has the
advantage that there is no need to a buffer stage and results are updated cycle by cycle.
Algorithm does noheedextra memoryherefore it isuitable folow-cost motor drive
systems. However, synchronous frame transformation searches only one frequency at
a time. Different faults may yield different harmonics so a proper polling should be
done to search everfault frequency in the spectrunMoreover, if fundamental
component of the observed signal is very high, it creates very high oscillations in the
resulting waveform that do not attenuate rapidly. The tigexledo get exact average

value of the selected frequency component may increase and the algorithm may even

trigger a false alarm.

[34] explained and compared classical methodsHik& STFTandWT for feature

extraction

1 FFT can be the best choifer stationary signaldecause of its simplicity.
However for nonstationary signals, STFT and WT are more suitable than
FFT because FFT does not have a time resolution, i.e., happening times of
everts cannot be knowj84].

1 While using WT, a propereference functiorshould be chosen to adjust the
tradeoff between time and frequency resolutif8t] applied WT to stationary
frame phase current signals to detect demagnetization faults in PMSMs
running under nosstationary conditions. Accuracy in calculation of frequency
components in nestationary signals being the main advantage of it, selecting
thereference functiondetermining appropriate coefficients for the transform
and extracting information from raw signals (current, voltage, speed etc.) are

challenging parts of WT35]. Besides, computational load of WT is high
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which makes it difficult to implement on a motor driver having a limited
memory.

1 STFT is also applicable to netationary signals while it is easier to
implement than WT. STFT can be considered as an optimized version of FFT
which has time and frequenagsolution at the same time. The signal is
windowed before applying Fourier transform. Window lengthd the
sampling frequencydetermine time and frequency resolutions and
computational load. By selecting a proper window length, computtioad
can be decreased compared to WT while a sufficient frequency resolution is
maintained to calculate desired amplitudes of power spectApplying
windowing enhance the performance of the STy Tcutting high frequency
noise and sidebands causeddWT [35].

Although the actual signal of interest can be windowed with any type of function,
there are certain types of windowing functions that supply advantatesspectrum
analysis Hamming, Hanning, KaisdBessel, Blackmaiarris and Re@angular
windows are examined and compared. Among these, Hanning windontablefor
smoothing noisy signals including high frequency components. It has high peak and
low sidelobes touching zero at both ends of the window eliminating abdimuity.
Windowing helps to discriminate the amplitudes of frequenciesateaclose each
other. It is important especially when frequency resolution is low and the frequencies

of interests are close to each other.

Depending on the application and the capabilities of the platform which performs the
transformation, a suitabledtire extraction method should be chosen to achieve the

best solution.

In Chapter 2, most common fault types that are seen on PMSMs are declared and each
fault type is described. Reasons behind stator and rotor related faults are given.
Condition monitorig and fault diagnosis techniques applied on PMSM drives are

introduced. Most informative and most recent research on stator short circuit faults,
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permanent magnet demagnetization faults and rotor eccentricity faults are shared.
Comparisons betweenreseaachs 6 approach to the topic
disadvantages of different methods are listed. In the following chapter, analytical basis

of condition monitoring and fault diagnosis of stator short circuit, demagnetization

and static eccentricity fasliwill be presented.
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CHAPTER 3

ANALYTICAL MODELING AND SIMULATIONS OF PMSM FAULTS

In this studythefaultsthatareinvestigated can be listed:as

i Stator intetturn short circuit faults
1 Nonuniform permanent magnet demagnetization faults

1 Rotor static eccentricity faults

The effect of failure modis modeledanalyticallyand simulation results are presented

in this chapter. Simulation environment is ANSYS MaX (Release 19.2).

Figure 3.1. The Test Motor (400W PMSM)
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Table3.1. Electrical and Mechanical Parameters of Th&itor

Property Value
Winding 3-Phase Yconnected
Rated input voltage 1832V
Rated phase current 18.67 Arms
Rated torque 1.68 Nm
Rated speed 2300rpm
Rated power 400W
Number of pole pair 4
Number of stator slots 27
Torque constant 0.09 Nm/Arms
Back EMF constant 0.073Vpead(rad/s)
Moment of inertia 0.374kg.cm2
Stator and rotor length 40 mm
Stator outer diameter 68 mm
Rotor outer diameter 33mm
Air-gap length 1.8 mm

The test motor is shown in Figure3Hlectrical and mechanical parameters of the
motor are given in Table 3.Experiments will be carried out on the same molbe

test motor will run undedifferent speed and load conditions. HERKO&D servo
controller will be used. The CM and FD algorithm will be implemented on the servo

controller.

The motor is first modeled in ANSYS RMxprt using these parametéerefore;
stator, rotor, slots and peament magnet geometries are exported from three
dimensional model of the motor to create an exact replica in simulations. Real winding

scheme of the motor is also used in RMxprt design.

RMxprt model of the motor is verified by running steadgte analysisThen, 2D
model of the motor is created for healthy case. 2D healthy motor model is modified
and simulated for each fault type separately.
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3.1. Stator Inter-Turn Short Circuit Faults
3.1.1.Analysis of Stator Inter-turn Short Circuit Faults

Up

Figure 3.2. Electrical Equivalent Representation of Stator Windings of a PN

A simple electrical equivalent representation of statordings for a ¥connected
PMSM with short circuit fault is given in Figure23.In this figure, it is assumed that
fault occurred in phasA without loss of generalizatiorStator voltage equation in

stationary ABC reference frame can be written in mdtim as:
0 YQ 0=—2Q n oP

where;
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Phase voltage equations can be written separately to see the effect of the fault on each

phase.

b Y0 260 56 29 0 2 Aie ova o 2o ®
v U ast Y Qo o)es ° oY 9 o
bovo o 2o 0 2o o 2 ke L e 2o

v oast Y Qo 0 s %Y 05 o
bovo b 2o 2o 0 2 Aie S en 2o

v oast Y Qo okes s % Qs o

According to phase voltage equations above, faulty motor equations differ from those
for a healthy motor by the terms includinglt is consistent in a way that when fault
is not presenk is equal to zero and the equations holdhimaltly motors. Considering

RMS values of phase voltages, equations can be rearranged as:

Wh W oY ocw G oq)
Wk W f o G o
Wk W § 0N G oP T
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® [ Iisthe common term for all phases. The difference between RMS voltages

of faulty and healthy phases is giventhe equation (3.11).
O ®F g Y & o p
When an inteturn short circuit occurs in phase A, change in the RMS voltage of

phase A is greater thanhetr two phases. According to equation (3.11), this voltage

difference depends on motor speed and fault characteristics.

1 As u increases, voltage difference increases directly and indirectly because
increase in u leads to increase in induced voltage on faulty turns, which causes
more@, to flow.

1 Voltage difference increases with the severity of the faul¥. lis small, i.e.,
fault is severe, increases which is positively related with voltage
deviation.

1 Increase in motor speed alkads to increase in induced voltage on faulty

turns, which causes moig, to flow.

The difference between RMS values of phase voltages is an indicator of stator inter
turn short circuit faults. Faulty phase is the phase for which the deviationtfre

base value is bigger than others. Moreover, fault severity can be estimated from the
amplitude of the deviation given by equation (3.11). However, the effect of motor

speed on fault signal should be eliminated for a proper fault diagnosis.

3.1.2.Electromagnetic Simulations

PMSM is modeled in RMxprt using 3D motor model of the motor and the parameters
given in Table 3.1. Then, this model is imported to Maxwell 2D design tool. An overall

look of the resulting design is given in Figur8.3.
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Time =0.08s
Speed =1500.000000rpm
Position =4.166670deg

0 15 30 (mm)

Figure 3.3. PMSM Model in Maxwell 2D Design

Thehealthy motor isimulated in MaxwellWinding diagram of the healthy motor is

given intheleft sideof Figure 34.a To create a short circuit, winding between 11T
and 14Bis removedand it isdirectly connected to 11B. Faulty winding can be
inspected in the right side of Figuret.®.
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Figure 3.4. Healthy @) and Faulty §) Windings in 2D Model

Transientanalysis is performed on both healthy and faulotorswhich arerunning
at 1500 rpm and loaded abminal torque The first observation is that the balance
between flux linkages of the phases is disturbed because of the ideal short circuit fault

created on phase A. Flux linkages of healthy and faulty motors are shown in Figure

35.

aHeal t hy Motor b)Faul ty Mot ol
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Figure 3.5. Flux Linkages of Stator Windings of PMSi\a) Healthy Motor, b) Faulty Motor
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Short circuit fault creates disturbances on electromechanical variables such as
produced torque and motor speed in a-i@al environment. Since the motor speed
is set to1500 rpm in simulations, the effect of short circuit can only be seen on the

produced torque. Torque output of healthy and faulty motors are given in Fi§ure 3.

Figure 3.6. Electromagnetic Torque ProducedtgalthyandFaulty PMSMs

Figure 3.7. Induced Phase Voltages of PMSM) Healthy Motor, b) Faulty Motor

According to equations 3.8, 3.9 and 3.10, induced phase voltages should show the

same characteristics with the flux linkages. Peak or RMS value of induced voltage on
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