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Abstract

This thesis aims to study different analytical methods to model a squirrel cage induction motor,
which should have minimal simulation time than the corresponding finite element method (FEM)
based models. The purpose of doing so is to develop a model suitable to simulate all major faults
and be used for advanced model-dependent fault diagnostic algorithms, such as parameters
estimation and inverse problem theory. This thesis’s second key objective is to study various
signal-processing techniques for their pros and cons to detect fault at the embryonic stage and
investigate the entire current harmonic spectrum of induction motors both in transient and
steady-state regions. Thus, the motor under healthy and broken rotor bar (BRB) conditions are
simulated, and experimental measurements are investigated for validation.

The dynamic d-q model with the inclusion of non-linear magnetization inductance was
considered as a starting point. This model helps understand the machine’s basic concepts because
of its comprehensiveness and ability to produce compact equations, which can be used for drives
as general and in observers and state estimators as particular. However, this model was found to
be less suitable to simulate machine faults because of the considered approximations.

To address the d-g model limitations, the winding function analysis (WFA) based model was
prepared. In this model, the analytical equations to calculate various inductances, resistances,
currents, fluxes, torque, and speed are derived for the motor under investigation. These equations
were simulated in MATLAB, giving results near to the practical measurements. The model is
suitable for implementing some faults, such as BRB and broken end rings. Still, the consideration
of constant air gap makes it less ideal for the implementation of eccentricity and saturation-related
faults. Moreover, the spatial harmonics, which are very important for fault diagnostics and
sensor-less speed estimation, cannot be simulated. Those approximations can be reduced with
Fourier summation of higher-order harmonics (winding) and Taylor series to include inverse air gap
functions but at the cost of the self-defined number and amplitude of harmonics.

To get more realistic results, the modified winding function analysis (MWFA) based model was
prepared to ensure that all winding functions and air gap were defined as a function of stator and
rotor individual and respective angles. The geometry of stator and rotor slots is considered to
calculate the leakage inductances and various resistances. The self and mutual inductances



between rotor and stator are computed with a stepping rotor. The results at each rotor position
are saved in offline 3D lookup tables. During the online simulation, all pre-saved matrices are used
as a rotor position function using their index value, and the performance parameters, such as
currents, fluxes, torque, and speed, are calculated. The FEM and hybrid FEM-analytical models of
the machine under investigation are prepared using commercial software to validate the results.
The comparison of results shows an excellent agreement with a minimal simulation time and least
ill-posedness for the proposed model compared to the corresponding FEM model.

Both analytical and hybrid FEM-analytical models are divided into online, offline portions and
compatible for the solution on cluster computation. Their division in the online and offline portions
reduces the complexity and gives the model the freedom to simulate faults in the online portion
without doing unnecessary offline calculations again. Moreover, the compatibility with cluster
computation is excellent for exploiting distributed computational resources such as cloud
computation, an integral part of industry 4.0 standards.

Towards the signal processing side, the fast Fourier transform (FFT) and wavelet transform (WT)
are used extensively to study the steady-state and transient regime signals. The infinite impulse
response (IIR) based digital filters are used to improve the motor’s current spectrum’s legibility.
In this way, the total harmonics are segregated according to their cause of production. Moreover,
the spectrum of current simulated from the proposed model is compared with that simulated using
the FEM model and the test rig measurements. The comparison is made until a wide bandwidth of
frequencies for further validation of the proposed model.

Moreover, the WFA based model is also investigated during the transient regime by doing the
time-frequency analysis of the stator current. The recovered non-stationary signal’s pattern is in
good agreement with the one obtained from the practical measurements. The specific fault-related
pattern during the transient interval can further enhance the model's effectiveness.

Keywords Analytical models, electrical machines, induction motors, fault diagnostics,
condition monitoring, numerical modelling, finite element method, signal
processing, cluster computation
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Symbols

a Number of parallel paths, Phase a
Magnetic vector potential

Ac Conductor cross-sectional area

bd Bearing ball’s diameter

Br Friction coefficient

B Magnetic flux density

D Displacement current

Ds Stator’s inner diameter

Dr Rotor’s outer diameter

dLy Inductance matrix derivative

E Electric field strength

fs Supply frequency

for Broken bar frequencies

Sob Bearing fault frequencies

fr Rotor frequency

fobo Bearing outer race fault frequencies

Sobi Bearing inner race fault frequencies

g Air gap

H Magnetic field strength

invLs The inverse of the inductance matrix

ids® Stator’s direct axis current in the stationary frame of reference

igs® Stator’s quadrature axis current in the stationary frame of
reference

Is Stator current vector (ias, ibs, ics)

Ir Rotor currents matrix (ir1, ir2....irn)

J Current density

k Harmonic order

Ko Pitch factor

€] Distribution factor

Ks Skewing factor

/ The effective length of stator or rotor core

lav Average turn length

Ibar Rotor bar length

Lg Air gap leakage inductance

L Leakage inductance

Ly Slot leakage inductance

Lt Tooth tip leakage inductance

Lew End winding leakage inductance

Lsq Skew leakage inductance
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Lring End ring leakage inductance

Lm The magnetization inductance

Lr Rotor’s per phase inductance referred to the primary side
Is Stator slot length

Ls Stator’s phase inductance

Lsi Stator leakage inductance

Le End ring leakage inductance

Lp Rotor bar inductance

Lss Stator-stator inductances

Lrr Rotor-rotor inductances

Lr Rotor leakage inductance

Lsr Stator-rotor inductances

Lrs Rotor-stator inductances

Ly Overall inductance matrix

lew End winding length

m A positive integer, number of stator phases

N Number of rotor bars

Nbb Number of bearing balls

Nd Dynamic eccentricity

Ns The effective number of stator’s turns per phase

Nt Total number of turns per phase

p Number of poles

P Number of pole pairs

pd Bearing pitch

Qs Number of stator slots

q, Qop Number of slots per pole and phase

Rr Rotor’s per phase resistance referred to the primary side
R: Rotor resistance matrix (Rrz, Rr2, ...., Rm)

Rs Stator’s phase resistance

R;s Stator resistance matrix (Ras, Rbs, Rcs)

re The resistance of the end ring sector between two consecutive bars
let Rotor end ring resistance

rrg Average air gap radius

p Resistivity

s Slip, arc length between two consecutive rotor bars
Os Leakage factor

o Electric conductivity

T Pole pitch

Te Generated torque

T Loading torque
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g (¢,9)
Li(9)

Au, Aew, Azew
Uo
ni(e,8)
Ni(,5)
g

o/

Je

Or
P(¢,9)
Pds®

©qs®

Pr

Supply fed harmonics

Magnetic reluctivity of the material

Stator’s d-axis supply voltage in the stationary frame of reference
Stator’s g-axis supply voltage in the stationary frame of reference
Stator voltage vector (Vas, Vbs, Ves)

End winding span

The average coil span

Mechanical speed

Synchronous speed

Number of conductors per slot

Arc angle between two consecutive rotor bars

Positive constant

Inverse air gap function with respect to rotor and stator position
Phase i and j mutual inductance concerning rotor angle 6
Permeance factors

Permeability of free space

The turn function wrt rotor and stator position

The winding function wrt rotor and stator position

Angle

The angle between bearing ball and race

Electrical angle

Rotor position

Inverse air gap permeance function

Stator’s direct axis flux in the stationary frame of reference
Stator’s quadratic axis flux in the stationary frame of reference
Stator flux vector (¢sa, @sb, (sc)

Rotor flux vector (@1, @12, ..., @rn)
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1 Introduction

1.1 Importance of electrical machines

1.1.1 Types and importance

In almost every domain of industrial and domestic life, electrical machines are playing a
vital role. They act as the working horse in several applications, such as fans, pumps,
washing machines, traction, textile mills, process industries, ship thrust systems, robots,
conveyor belts, electricity generators, etc. [IX]. The wide range of their applications
increases the importance of their better performance towards torque, power density,
speed range, efficiency, broad constant power operating capability, reliability,
robustness for changing load, less impact on power quality, better controllability, low
cost, etc. The main classification of electrical machines is presented in Table 1.1.

Table 1.1. The most common types of electrical machines.

Machine Types Attributes
Wound field e High starting torque
e Series e Simple control
e Shunt e Good speed
Q e Compound ' regulation
e Separately excited e Commutator
PM field problems
e Complex structure
Induction e Simple
e (Cage rotor e Rugged
e Wound rotor e Robust
e Reliable
The mentioned attributes are well suited .
for cage-type induction machines, * FEasymaintenance
however in case of wound rotor | ® Comparative difficult
machines the slip ring related issues modeling and control
increase the complexities. For example, due to a variety of slip
o the wound-rotor induction machines are dependent variables.
< comparatively less robust, simple and
reliable etc.
Synchronous Easy speed control
e  Reluctance rotor " Power factor
* PMrotor 3 regulator
> Surface-mounted PM S More complex than
» Interior PM é induction
* Viour;cilli'zrt]ir a Wider air gap
» Non-salient Low losses
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e  Permanent magnet
brushless AC (PM-BLAC)
SynRM

e Permanent magnet
brushless DC (PM-BLDC)

Doubly salient
e Switched reluctance (SR)
e Stator PM (Stepper)
» Doubly salient PM

Mandatory starter
Low starting torque

(DSPM)
»  Flux reversal PM
(FRPM)
»  Flux switched PM
(FSPM)
»  Flux controllable PM
(FCPM)
Special e Avariety of
Axial flux applications
Hysteresis e Different shapes and
Variable reluctance PM .
sizes
e Vernier PM

® |ow power

e Transversal flux PM (TF PM) T
applications

The wide acceptance of induction motors is due to various benefits such as, low cost,
simple and rugged structure, easy maintenance, and good torque per weight ratio.

1.1.2 Contribution to energy consumption

Electrical motors are the biggest consumer of electricity worldwide. A detailed energy
consumption analysis and the importance of preventive maintenance can be studied in
[1][VI]. In this paper, the author claimed that motor systems consume about 59% of all
electricity generated in the United States, with its distribution in various sectors is
presented. This proportion can differ slightly depending upon the industries in different
countries. Moreover, the utilization of electrical machines in modern society is increasing
day by day in electric vehicles to reduce carbon footprint and lessen the dependency on
fossil fuels.

1.2 Fault diagnostics and its importance at the embryonic stage

1.2.1 Importance of early detection

Since the machines are associated with mechanically moving parts, they are always
subject to failures. The induction motors’ faults are usually degenerative; hence, their
detection at the developing stage is crucial to avoid catastrophic situations. No doubt,
the motor’s failure will affect the reliability of operation, economy, and motor’s life itself
[IX]. The author in [1] analyzed a paperboard plant with 485 motors having two operating
production lines with an average downtime cost of $6375 per hour and concluded that
preventive maintenance program costs $73 900 per year and gives a total saving of $569
360 per year having a payback period of as short as 1.6 months. The average downtime
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cost and a comparison of rewind versus recondition are described in detail in [VII]. It can
be concluded that early fault diagnostic and preventive maintenance increase the
machine’s life and make the system more reliable, giving better financial results.
The predictive maintenance techniques can detect the fault at the developing
stage without instigating unnecessary preventive techniques on all machines. Hence,
the scheduled overhauling of all machines does not remain necessary anymore.

1.2.2 Faults and contribution

A variety of faults found in literature can be broadly classified into four significant
categories, i.e., supply related, machine-related electrical and mechanical, thermal, and
external or environmental, as presented in Table 1.2. Almost all faults are intertwined
with each other. For example, cooling failure can cause insulation degradation, which can
lead to inter-turn short circuit faults. The short circuits will increase the non-uniformity of
the air gap flux distribution, increasing the unnecessary magnetic stresses on the rotor side.

Table 1.2. Categories of most common faults, types, and diagnostic methods for cage induction

machines.

Common
Location of . . .
Category Types the faults diagnostic/preventive
/predictive methods
Unbalanced supply e Sensors with relays
voltage & switches
Supply (grid, Over or under voltage | Mainly e Signal processing of
inverter) Phase reversal stator various observables
Earth fault e Model dependent
Inverter related techniques
Inter-turn short circuit
fault and insulation
degradation . .
Broken rotor bar e Signal processing of
. a variety of
Electrical Broken end rings Both stator observa\:)les
Mechanical Eccentricity fault and rotor
Bearing fault e Model dependent
techniques
Rotor winding failure g
Shaft and load
misalignment
Inadequate cooling due
to several reasons such e Local or global
as blockage of cooling &
Both stator temperature
Thermal channels or spray
and rotor measurements
nozzles and faulty . )
external fans, etc. * Thermal imaging
Ambient temperature
External moisture ¢ Sen:ors anccj .
Environmental Vibrations due to the Both p_ro ective gwces
bad foundation, etc * Signal processing of a
T variety of parameters
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In cage induction machines, supply-related faults are mainly associated with the stator
side. They can be easily detected and controlled using simple protective devices by
monitoring supply voltage and current quality if the faults are mature (above threshold).
However, detecting faults at the developing stage needs careful monitoring of the global
or local parameters.

The machine-specific electrical and mechanical faults make a significant proportion
of general faults, and they are degenerative, i.e., they tend to increase with time.
The mechanical faults, particularly bearing associated faults, make the most significant
proportion of overall faults. According to IEEE-IAS and electrical power research institute
(EPRI) standards, the detailed distribution of faults in medium voltage induction motors
is shown in Figure 1.1 [2]. In very large machines, the percentage fault distribution may
vary. Mainly the bearing-fault percentage decreases significantly as mostly sleeve
bearings are used in those machines.

Though these kinds of fault divisions are not easy to make because of the varying types
of machines and their working environment, they give a glimpse of the most significant
failures in induction motors. The bearing and stator-associated faults make more than
50% contribution to the general faults in both standards. A more detailed division of the
faults contribution in various voltage machines can be found in [3][4].

IEEE-IAS EPRI

Others
22%

Figure 1.1. The percentage faults contribution in medium voltage induction machines according to
IEEE and EPRI standards.

1.3 The modeling of electrical machines

For a reliable design of an electrical machine, its mathematical model's importance
cannot be ignored. The same is true for advanced model-dependent fault diagnostic
techniques. These techniques may include estimating design parameters in various ways,
hardware in the loop, inverse problem theory, and other iteration-based algorithms.
The importance of the mathematical models becomes manifold for reliable drive systems
and state observers. The wide variety of modeling techniques available in literature can
be broadly classified into analytical and numerical.

1.3.1 The analytical models

In the analytical models, the machines are represented with differential equations.
The most common analytical technique is two-axis theory-based models (d-q), where the
three phases are transformed into two equivalent orthogonal phases. Moreover, the air
gap is removed by referring, rotor parameters on the stator side or stator parameters on

22



the rotor side. This approach reduces the complexity and number of equations. The drives
and state observers depend upon these models because they are more straightforward
and comprehensive. The biggest drawback of these models is that they are based on
approximations. It is hard to include some practicalities, such as the non-sinusoidal
distribution of windings, the practical air gap with slotting effects, material nonlinearities,
non-symmetry, etc. Although these models have proved their importance in the field of
motor drives, they are less suitable for design and fault diagnostic algorithms. However,
some authors used those models to simulate faults but at the cost of complicated
changes in the motor’s equivalent circuit.

The multiple coupled circuit (MCC) based models are gaining heightened popularity in
fault diagnostics these days. The prevalent types include winding function analysis (WFA)
and modified winding function analysis (MWFA) based models. Using these techniques,
the more practical aspects, such as non-uniform air gap, actual stator, and rotor winding
functions, and almost all kinds of faults, including saturation effect, can be simulated.

The magnetic reluctance-based models can also be seen in literature, giving similar
results as MCC but at the cost of increased complexity. This is because the entire
geometry needs to be represented with reluctances, which end up with the matrices of
immense dimensions. This complexity cannot be avoided using symmetry because the
machine is no longer symmetrical for fault diagnostics.

The other analytical models, such as generalized harmonic, Concordia transformation-
based, voltage behind reluctance, and convolution theorem-based models, are also
available in the literature [IV].

1.3.2 The finite element method (FEM) based models

The finite element method is a numerical method used to solve partial differential
equations or boundary value problems. This technique is used extensively to solve
significant engineering problems related to heat flow, fluid dynamics, structural analysis,
electromagnetic analysis, mass transport, etc. In this method, any system’s geometry is
divided into small elements represented by nodes making mesh. The partial differential
equations are solved for each node to get the final answer. Although these techniques
are much more accurate than analytical methods and can handle almost all kinds of
practical aspects of the machine, but at the cost of increased complexity. This complexity
is in the sense of an increased number of equations requiring more processing power
and memory to save intermediate results. This is the biggest drawback of these techniques,
making them less suitable for online, drive and fault diagnostic algorithms. Moreover,
the resultant massive matrices having many singularities make the solution of inverse
mapping non-unique and unstable. However, researchers are trying to reduce the
simulation time using several approximate methods such as model order reduction,
symmetry exploitation, and hybrid analytical-FEM models. Still, they are much more
complex and less suitable for condition monitoring algorithms. A detailed comparison of
these techniques with the help of an appropriate number of references is discussed in
the subsequent chapter [IV].

1.4 Objectives and scope of the thesis

This thesis aims to study different analytical methods to model a squirrel cage induction
motor, which should have minimal simulation time than the corresponding finite
element method (FEM) based models. The purpose of doing so is to develop a model
suitable to simulate all major faults and well-suited for advanced model-dependent fault
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diagnostic algorithms, such as parameter estimation and inverse problem theory.
This thesis’s second prime objective is to study various signal-processing techniques for
their pros and cons to detect fault at the nascent stage and investigate the entire current
harmonic spectrum of induction motors in transient and steady-state regions. Thus,
the motor under healthy and broken rotor bar (BRB) conditions are simulated, and
experimental measurements are investigated for validation.

The dynamic d-q model with the inclusion of non-linear magnetization inductance was
considered as a starting point. This model helps understand the machine’s basic concepts
because of its comprehensiveness and ability to produce compact equations, which can
be used for drives as general and in observers and state estimators as particular.
However, this model was less suitable to simulate machine faults because of the
considered approximations.

To address the d-q model limitations, the winding function analysis (WFA) based
model was prepared. In this model, the analytical equations to calculate various
inductances, resistances, currents, fluxes, torque, and speed are derived for the motor
under investigation. These equations were simulated in MATLAB, giving results near to
the practical measurements. The model is suitable for implementing some faults, such
as BRB and broken end rings. Still, the consideration of constant air gap makes it less
ideal for the implementation of eccentricity and saturation-related faults.

Moreover, the spatial harmonics, which are very important for fault diagnostics and
sensor-less speed estimation, cannot be simulated. However, those approximations can
be removed by using Fourier summations for handling non-sinusoidal winding distribution
and Taylor series to implement inverse air gap function. It will lead to the approximations
such as; the self-defined number and the amplitude of the harmonics and the number of
Taylor series terms.

To get more realistic results, the modified winding function analysis (MWFA) based
model was prepared to ensure that all winding functions and air gap were defined as a
function of stator and rotor individual and respective angles. The geometry of stator and
rotor slots is considered to calculate the leakage inductances and various resistances.
The self and mutual inductances between rotor and stator are computed with a stepping
rotor. The results at each rotor position are saved in offline 3D lookup tables. During the
online simulation, all pre-saved matrices are used as a rotor position function using their
index value, and the performance parameters, such as currents, fluxes, torque, and
speed, are calculated. To validate the results, the FEM model of the machine under
investigation is prepared using commercial software. The comparison of results shows
an excellent agreement with a minimal simulation time for the proposed model
compared to the corresponding FEM model [IV]. The matrix dimensions of the proposed
model are minimal compared to the corresponding FEM models. It can be considered as
least ill-posed, making it an excellent candidate to implement inverse problem theory.
The inverse problem theory is the mapping of observables to the unknown, and
ill-posedness is the measure of the uniqueness and the stability of inverse map solutions.

Towards the signal processing side, the fast Fourier transform (FFT) and wavelet
transform (WT) are used extensively to study the steady-state and transient regime
signals. The infinite impulse response (IIR) based digital filters are used to improve the
motor’s current spectrum’s legibility. Moreover, the frequency spectrums with the
decent resolution are achieved by eliminating the starting and ending fractional cycles,
data interpolation, counting the integral number of cycles by zero-order detection, etc.
In this way, the total harmonics are segregated according to their cause of production.
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Moreover, the spectrum of current simulated from the proposed model is compared
with that simulated using the FEM model and the test rig measurements. The comparison
is made until a wide bandwidth of frequencies for further validation of the proposed
model.

Moreover, the proposed model is also investigated during the transient regime by
doing the time-frequency analysis. The recovered non-stationary signal is in good
agreement with the one obtained from the practical measurement. During the transient
interval, the specific fault-related pattern can further enhance the model's effectiveness,
as presented in [I]. It is proposed that the contour plots with specific confidence intervals
can give better differentiation among fault and inherent eccentricity-based patterns.

1.5 Scientific contributions

Scientific Novelty

e Inthe modified winding function-based model, all parameters, such as winding
and air gap functions, are defined as conditional analytical expressions to
calculate inductances offline. In most of the literature, these functions are
defined as a summation of various harmonics using the Fourier series
technique. This limits the number of harmonics, while in the proposed model,
all harmonics are automatically considered while calculating the performance
parameters.

e The division of the model into offline and online sections makes it more
suitable for fault diagnostic techniques. This gives the freedom to simulate
the faults (such as BRB) in the online section without doing unnecessary
offline calculations again, which reduces the simulation time considerably.
However, in FEM-based models, the entire model needs to be simulated for
every new faulty scenario.

e The conversion of the integral-based winding function formula into the mean
value equation reduces the computational complexity and the integration’s
constant related problems.

e The proposed model is made compatible with the cluster computation. It can
further reduce the simulation time if necessary.

e A hybrid FEM-analytical model compatible with a cluster of parallel processors
is prepared, and simulation time reduction is discussed. Although it takes
considerable simulation time even on multiple processors compared to the
proposed MWFA mode, it is suitable for validation of results.

e The compatibility of both models with cluster computation makes them
feasible to exploit distributed computational resources such as cloud
computation, which is vital to industry 4.0 standards.

e An algorithm to improve spectral resolution by decreasing spectral leakage is
proposed on the signal processing side. It can improve the spectrum’s
legibility even at the low sampling frequency by data interpolation and
counting integer number of cycles. This has a good impact on reducing the
complexity and cost of data acquisition devices and makes a pavement for
remote sensors.

e [t is shown that in direct torque control (DTC) mode, the drive’s controller
directly impacts stator current. It attenuates the fault-based harmonics in the
current to reduce torque and speed ripples. As a result, it reduces the current
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distortion due to rotor asymmetries. The controller changes current by
changing voltage, making it a potential candidate for fault diagnostics rather
than current.

The transient time is extended to improve the resolution of the time-frequency
response of current under non-stationary conditions. This time can be
extended using some high inertia load or variable transformer, as in most
literature. This technique needs the machine to be removed from the
workplace, interrupting the process for a long time. However, the rotor’s
self-inertia is exploited here for this purpose. To do so, the motor’s power is
reduced by dropping the voltage below its nominal value. In this way, no
external load is needed for doing the condition monitoring test. An industrial
inverter is programmed to get variable voltage with a constant frequency
while driving the motor in scalar control mode with zero acceleration and
deceleration time.

Despite having various approximations, the WFA model is used effectively to
get similar time-frequency pattern during the transient regime as it was in
the experimental measurement. It makes the model suitable for the
diagnostic algorithms depending upon the transient interval, mainly for
broken bars and end rings. The model is also suitable for defining theoretical
fault-based patterns and studying the impact of fault on various observables.
Non-linear magnetization inductance is considered in the d-q model of the
induction motor, which can be similarly used in other analytical models.
Moreover, the proposed model gives the freedom to include material
magnetic behavior in the form of a B-H curve lookup table or modulation of
the air gap permeance function.

Practical novelty

The following is the laboratory-based practical setup-related information.

The development of a test rig where two similar machines are connected
back to back, on the same mechanical foundation. One machine is used for
testing the rotors with faults, while the other machine is used as a loading
motor. This mechanism gives better slip controllability. Two similar test rigs
with different machines are tested for better understandings.

Industrial inverters are used for testing healthy and faulty machines. This fact
makes the proposed signal processing-based diagnostic algorithms feasible
for industries.

The industrial inverters under different control mechanisms such as scalar
and direct torque control (DTC) are used to investigate the presence of
inverter-fed harmonics and the drive controller’s influence.

The segregation of various harmonics is achieved by considering the grid-fed
motor's current spectrum as a benchmark signal. These measurements are
taken by supplying the motor with grid voltage using a variable transformer.
For current analysis in the transient regime, the rotor’s inertia is used to
extend the non-stationary signal rather than external high inertia load or
variable transformer. This is achieved by reducing the voltage using an
industrial inverter while maintaining constant frequency.
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Moreover, the research work can help implement advanced novel diagnostic algorithms
in the industry in the following ways that can be considered as futuristic in this field.

e The proposed model can be used as a part of advanced model-dependent
fault diagnostic algorithms because of reduced computational complexity
and minimal simulation time.

e Because the model is least ill-posed, it can be used for inverse problem
theory-based diagnostic algorithms.

e Asthe model has offline and online portions, once the offline calculations are
done using cluster computation (optional), the online portion can be easily
handled by the onboard processors. Moreover, the online portion gives the
freedom to simulate various faults without doing all the calculations again.

e The compatibility of the model for cluster computation makes it feasible for
utilizing distributed computational resources, e.g., cloud computation as in
industry 4.0 standards.

e The model can train artificial intelligence-based diagnostic algorithms with a
variety of single and composite faults.

e The selection of appropriate signals for fault diagnosis is of crucial importance.
It is proved that the current, speed, and torque can give wrong results if the
machine is under DTC control mode.

e The use of the rotor’s inertia to extend the transient time by reducing the
applied voltage while maintaining constant frequency in scalar control mode
is proposed. It minimizes the need for high inertia external load, and the
industrial inverters can perform the test quite easily.
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2 State of the art

2.1 The modeling techniques

Since the advanced fault diagnostic techniques depend on the motor’s model, it should
be a good replica of the actual system and should be able to simulate various faults
in the motor. The more accurate the model of the motor is, the better the diagnostic
would be. Mostly the faults are degenerative, giving a limited time window for
maintenance. Hence the model-dependent algorithm should be fast and sensitive
enough to detect the faults at a very early stage. Also, the model should have as
few approximations as possible. Various kinds of motor modeling techniques available
in the literature can be divided into two main streams: analytical and numerical.
The most common methods, along with their attributes, are summarized in Table 2.1
[Iv].

The two-axis theory (d-q) based models are prevalent in literature. The detailed
dynamic analysis of wound-rotor induction motor under balanced and unbalanced
conditions in various reference frames can be found in [5], while a similar kind of
research without the unbalances is available in [6]. In [5], the authors used the d-q
model in conjunction with coupled magnetic circuit theory to consider the rotor
winding’s actual non-sinusoidal distribution. The d-q modeling-based analysis of broken
rotor bars is presented in [7]-[8], where the authors transformed the rotor d-q currents
into n-loop currents in each iteration. In [8], the authors used d-qg modeling to
represent an unbalanced three-phase motor having a stator open circuit with the
equivalent unbalanced two-phase motor to present a new fault-tolerant vector
control method. The transient model for the analysis of stator turn faults is presented in
[9].

These models are simple to understand, comprehensive, suitable for dynamic
analysis, and better for drive systems, but they have various simplifications, making them
less attractive for the field of fault diagnostics. These simplifications include sinusoidal
distribution of stator and rotor windings, although they can be converted to the actual
windings but at the cost of increased complexity [IV]. Since the rotor side parameters are
referred to as the stator side or vice versa, the changing air gap cannot be considered,
eliminating spatial harmonics, which are very important for fault diagnostics. All
inductances are regarded as constant, eliminating their dependence on the rotor
position and the non-linearities of magnetic material. Moreover, the proximity and skin
effects are neglected.

The multiple coupled circuit (MCC) theory can solve the previously mentioned
problems as it allows modeling the unbalanced machine. The authors of [10] used
winding function analysis (WFA) for modeling a three-phase squirrel cage induction
motor (SQIM) with stator inter-turn short circuit fault. In [11], the authors used it to
simulate SQIM with broken rotor bars. The analysis of various faults, such as stator phase
disconnection, broken bars, and broken end rings, is presented in [12], while the
approach was used for the analysis of adjustable speed drive applications in [13]-[14].
The authors of [15] used this technique to model a permanent magnet machine with a
fractional slot concentrated winding.

In majority of WFA based papers, the air gap is considered as constant, which do not
allow to simulate eccentricity faults, and the principal slot harmonics are potentially
ignored. Moreover, the uniform air gap makes it challenging to deal with nonlinearities
such as magnetic saturation using the WFA approach. The solution to those problems is
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possible by using Fourier and Taylor series but at the cost of associated limitations.
However, they can be effectively solved using the modified winding function analysis
(MWFA) method. The slot openings of the stator and rotor can be considered by making
the air gap a function of the stator and rotor position.

The authors in [16] extended the WFA based method to simulate electrical machines
with a non-uniform air gap. The use of the MWFA to model the stator and rotor slot
effects for speed sensor-less drive systems is presented in [17]. The static and dynamic
eccentricities are shown in [18] and [19], respectively. Unlike [17], where the air gap
permeance is approximated by cosine series functions, [20] used the actual stator and
rotor slot opening functions and a medium magnetic equipotential surface to simulate
the machine. By doing so, the authors obtained results very close to the ones obtained
from FEM. The simulation time was further reduced by exploiting the rotor cage’s
symmetry, which is valid for the simulation of healthy symmetrical machines and is not
true for faulty machines. The analytical models show their limitations while dealing
with complex geometries, material properties, non-linearities, etc. However, these
approximations have a negligible impact on diagnostic algorithms. But they are essential
for designing problems.

The FEM has been extensively used in literature to tackle the mentioned problems.
The authors in [21] used FEM to model an induction machine with the inclusion
of eddy current and hysteresis in steel laminations. The magnetic field analysis of
induction motors with cooling ducts is presented in [22]. The authors of [23] used
this technique to study the vibrations in an induction motor with a 2D magnetic
solution, coupled with a 3D mechanical model of the stator, to reduce the complexity.
For the same purpose, the authors of [24] used a quasi-3D FEM to compute the magnetic
forces acting on an induction machine’s stator end windings. Although the FEM-based
models are very close approximations of the actual systems, they present a high
complexity level and unaffordable computation time, especially in real-time applications.
Moreover, FEM-based models produce huge-sized matrices with a greater possibility of
singularities. It hinders them from using inverse mappings because of non-unique and
inconsistent results.

Since the motor becomes unsymmetrical under faulty conditions, the solution of
complete geometry is necessary, causing an extensive increase in the number of
mesh elements. Although modern-day computers are powerful, still the FEM-based
models require considerable time for simulation, making them unsuitable for use in
online diagnostic methods, such as inverse problem theory, hardware-in-the-loop
environment, and online parameters estimation. The authors in [20] simulated
the same machine with FEM and analytical method and concluded that the analytical
approach could give approximately the same results but with considerably less
computation time. The detailed comparative analysis is presented in [IV].
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Table 2.1. The common modeling techniques with corresponding attributes.

Technique

Faults and applications

Attributes

Two-axis theory
e d-q
e Modified d-q

e Drives

e Dynamic analysis
[25][26]

e Broken rotor bars
(718]

e Broken end rings [7][8]

e Stator open circuit [27]

e Stator short circuit [9]

Pros:

e Simple

e Comprehensive

e Provides useful equations
for parameters estimation

e An excellent choice to learn
making forward problems

e Suitable for control and
drives

Cons:

e No saturation

e Absence of air gap

e Sinusoidal stator winding

e No inter-bar currents

No spatial harmonics

o No eccentricity faults

No skin effects

Challenging to deal with

asymmetries, which are

inevitable with the fault

Multiple coupled

circuits (MCC)

e Winding function
analysis (WFA)

e Modified winding
function analysis
(MWEFA)

e Extended Modified
winding function
analysis (MWFA)

e Broken rotor bars [11]

e Broken end rings

e Stator open circuit [12]

e Stator short circuit
(10]

e Dynamic eccentricity
(19]

e Static eccentricity [18]

e Corroded rotor bars

Pros:

e Non-uniform air gap

e Practical winding functions

e Saturation can be defined
analytically

e Various kind of faults can
be simulated

e Low computation time as
compared to FEM

e An excellent tradeoff
between complexity and
accuracy

Cons:

e Some geometrical
constraints are difficult to
handle, such as cooling
ducts in the stator or rotor.
However, their definition
frequencies can be
included analytically or by
doing appropriate changes
in the air-gap function.
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Magnetic coupling
e Magnetic reluctance
method

e Broken rotor bars [28]

e Broken end rings [29]

e Stator open circuit

e Stator short circuit
(28]

e Dynamic eccentricity
[30]

e Static eccentricity [30]

Pros:

e Can include spatial
dependencies

e Computationally less
intense than FEM but more
than MCC

e |t can include geometry,
material parameters to
some extent, and winding
distribution

Cons:

e Since all slots need to be
modeled and the faulty
machine is no longer
symmetrical, the model
becomes very complex for
model-dependent
diagnostic algorithms, i.e.,
inverse problem theory

Others analytical

e Generalized
harmonic analysis
[31][32][33]

e Concordia
transformation [34]

e Voltage behind
reactance [35]

e Convolution based
(36]

e Winding faults [19]
(18]

e Losses and torque
pulsation [33]

e Stator short circuit and
broken rotor bars
[34][35]

e Broken rotor bars [36]

Pros:

e Concordia transformation
reduces the number of
state variables.

e The convolution-based
method is fast and allows
to handle various non-ideal
parameters

Cons:

e The generalized harmonic
analysis limits the number
of harmonics taken into
consideration

e The inclusion of non-
uniform air gap is not
straightforward in two-axis
theory-based models

e Nonlinearities will increase
the complexity of analytical
equations in two-axis
theory-based models

e Concordia transform
inherits the problems of d-q
modeling

e The convolution theorem
inherits the drawbacks of FFT

e The air gap in the
convolution-based model is
taken as constant
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e Broken rotor bars

[371[38]
Finite element analysis | e Broken end rings [38]
e Static e Stator open circuit [39]
e Time-stepping e Stator short circuit
e Quasi-static [40]
e 2D e Dynamic eccentricity
e 3D [41]

e Static eccentricity [42]

Pros:
e Complex geometries can be

e All kind of faults can be

e The combination of FEM

Cons:
e The computational

considered
Non-linearities, such as
saturation, skinning effect,
and non-idealities, can be
considered

simulated

and analytical modeling can
be the right choice for
complexity reduction

complexity is the biggest
problem and becomes
worst in case of fault
diagnostics where
symmetry is no longer
present. The problem
becomes worst for 3D
analysis.

Unsuitable for the
hardware-in-the-loop
environment and inverse
problem theory

The 2D models do not allow
to include the skew and
cross-currents effect.

2.2 The SQIM fault representing frequencies

Itis observed that each kind of fault modulates the motor’s global signals such as current,
torque, speed, and voltage in a specific manner leaving certain harmonics in them.
The detection of those frequency components can lead to the fault even at the
developing stage. The most common faults in induction machines and their current
modulating frequencies are summarized in Table 2.2, with detailed descriptions available

in [43]-[45].
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Table 2.2. The fault signature frequencies for cage induction machines.

Fault Modulating Frequencies
Rotor
winding fasym = f5 + 2ksfs, k
. =1,273,..
asymmetries
=[a-9
Broken rotor for1 = p( s)xs|fs
k
bars ~=1,35,..
p
foo = |fs £mfi,
Npp by
3 fi,o = Tfr [1 i ECOSQ]
E For nu» between 6-9, the above
‘o equation can be simplified as:
c
§ fovo = fs £ 0.4kny,f, k
fwa] =1,23,..
fovi = fs £ 0.6knyyfr, k
=123,..

Eccentricity &
PSH

fucee = Geny £00) () £ v 15

And for mixed eccentricity:

fecce = fs + kfr, k=1,23,..

Inter-turn
short
circuit

m
fe=fi[5 -9 k],
=0,1,3,5,..

Where

k: Harmonic order

v: Supply fed harmonics

fs: Supply frequency

fer1:Broken bar frequencies

fob: Bearing fault
frequencies

fio: Characteristic vibration
frequencies

m: Positive integer

ne: Number of rotor bars

npp: Number of bearing balls

n4: Dynamic eccentricity (O
for staticand 1,2,3....
for dynamic)

fr: Rotor frequency

bd: Bearing ball’s diameter

pa: Bearing pitch

fovo: Bearing outer race
fault frequencies

fobi: Bearing inner race fault
frequencies

¥: The angle between
bearing ball and race

s: Slip

p: Number of poles

P:  Number of pole pairs

There is a certain discrepancy among the authors that the frequencies shown by
inter-turn short circuit in table 2.2 really depict the stator winding short circuits as they
also appear in case of rotor asymmetries such as broken rotor bars, eccentricities and
rotor misalignment etc. However, the authors in [44] claimed that, the formula clearly
depicts the frequencies produced by the short circuits as well. Besides, the stator current
analysis can also be used for the detection of bad coupling systems between machine

and load [46].
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2.3 The fault diagnostics techniques

The fault diagnostics of electrical machines at the embryonic stage are indispensable to
avoid catastrophic situations, resulting in complete process failure and substantial
economic loss. A variety of fault diagnostic techniques available in literature can be broadly
classified into the following categories:

e Current analysis e.g., motor current signature analysis (MCSA)

e Vibration analysis

e  Thermal analysis

e Acoustics analysis

e Electromagnetic field inference

e Infrared detection

e  Stray flux detection

Almost all advanced condition-monitoring techniques directly or indirectly depend
upon those methods.

Since electrical machines are complex systems, several parameters are associated
with another; detecting the fault’s exact cause is challenging. Much work has already
been done in fault diagnostics, such as MCSA, vibration analysis, thermal analysis,
electromagnetic field inference, etc., while MCSA is the most cited in the literature.
MCSA’s popularity is caused by its non-invasive nature, simplicity, and compatibility with
several signal processing tools. Almost every condition monitoring algorithm depends
upon signal processing techniques. The conventional signal processing methods, along
with their attributes, are given in Table 2.3. The presented attributes give a more generic
comparison in the sense of computational complexity. However, it may vary to some
extent from case to case. A detailed application of those techniques during transient and
steady-state intervals using various signals can be studied in [47]-[50].

Table 2.3. The primary signal processing techniques for fault diagnostics with their corresponding
attributes.

Technique | Complexity Attributes

e |t can be used on a variety of signals

e Works under the steady-state regime

e Fails when the signal is non-stationary

e An excellent choice if the fault is modulating the
signal in a consistent way

e |t does not depend upon any modeling of the system

DTFT Low e Aliasing and spectral leakage are common problems

e |t can be used for fault segregation

e Challenging to implement under varying load
conditions

e Cannot give time-frequency analysis

e Discontinuities in the signal can be erroneous

e The choice of truncating window is crucial
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e Can work under both steady-state and transient
regime

e Time-frequency representation is a key feature

e The selection of the proper window is important

e Heisenberg uncertainty is the problem for time and
frequency resolution as compared to the wavelet
transform

e Increased complexity as compared to DTFT due to
moving window

e Inherits the problems of FFT

e Can work under both steady-state and transient
regime

e Better time-frequency resolution than STFT

e The selection of the mother wavelet is important

e Possess excellent filtering properties as compared to
the corresponding DTFT

Wavelet High e Heisenberg uncertainty is still the problem but less
than that in STFT

e More complicated than STFT in the sense of required
computational power due to constantly moving
mother wavelet with different scaling factors

e CWT is much more computationally intense than
corresponding DWT

STFT Medium

Due to the inevitable inclusion of complex control algorithms and inverters,
the diagnostic techniques do not remain straightforward [51]-[53]. The drawbacks become
worst when there are multiple machine faults, making them almost impossible to be
segregated. For example in [48], the authors presented that the rotor’s air ducts can
imitate broken bars and cause a false alarm.

The effective utilization of the machine’s model for parameter estimation and
fault diagnostic can give promising results that can diminish the earlier mentioned
problems. The drawbacks of the model’'s complexity and required computational
power are not a big issue, as the world is moving towards Industry 4.0 and cloud
computation, which provides unlimited resources. In the field of inverse problem theory,
hardware-in-the-loop, or parameters estimation, the motor’s global parameters, such as
speed, torque, or currents, can be used inversely to estimate the design parameters, such
as inductances and resistances, etc. [54][IV]. With an increase in the complexity of
motor structure and control mechanisms, more than one fault diagnostic techniques can
be used all together to get maximum benefits.

The Park’s vector-based methods can also be considered as a field of interest for fault
diagnostics. The common variants of Park’s vector method with their attributes are
presented in Table 2.4 [VII].
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Table 2.4. The Park’s vector variants and attributes.

Technique Mathematicall Memory Attributes
Calculations | Required

e Noninvasive

e Suitable to study various fault
conditions

e Easily implementable under
stationary load conditions,
however can be applied for
varying loads but at the cost of
increased complexity

Park’s vector (MCSA)
e Extended Park’s

vector ’ e The supply harmonics can
* Double park’s vector|  pedium Medium reduce the legibility of results
e Reduced modulus of e The sampling rate can be
extended Park’s reduced
vector e |t can be implemented on FPGA
e Multiplier Park’s and DSP kits
vector

e Segregation of different faults is
possible but challenging

e Becomes more complex in case
of inverter fed machines
particularly DTC controlled
machines

With the evolution of powerful computers and cloud computation, advanced
diagnostic algorithms are becoming increasingly popular. Most of these techniques
depend upon the system’s mathematical model, which increases the complexity on
the one hand, but reduces the limitations of conventional methods considerably. Some
advanced techniques are presented in Table 2.5. The detailed description of most
traditional and cutting-edge techniques is discussed in [VII]-[VIl]]. Moreover, a very
well-written state-of-the-art for conditioning monitoring of electrical machines and the
future challenges can be found in [55].
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Table 2.5. Some advanced emerging techniques.

Kalman Filter
Inverse
problem
theory
Digital Twin

Technique Mathematical | Memory Attributes
Calculations Required
Invasive and non-invasive
It can be used for faults
segregation
« Sliding mode No need for exact o
measurement of slip, high
observers
e Datamining accuracy
. Mostly model dependent
e Fuzzy Logic,
Model accuracy matters a lot
Neuro-Fuzzy T
Sophisticated hardware
e Neural red
Network High High required )
Some techniques remain
e Pattern d with | i
recognition good with less sampling

frequency

Long measurement time
required for techniques like
pattern recognition and
machine learning

Extensive data under
different faulty scenarios is
required to train the Al-based
techniques.
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3 The modeling of induction motors

3.1 The dynamic d-q models

Induction machines work like a transformer with a rotating secondary winding.
This rotating nature makes the machine parameters time and space-dependent.
This dependency leads to the varying inductances as a function of the rotor’s position,
making the model complicated (for two-axis theory). To solve this complexity, R. H. Park
(1920s), H.C. Stanley (1930s), and G. Krone proposed the solution by transforming stator
variables to a winding, rotating with the rotor, rotor parameters to the stator side, and
both rotor and stator variables to synchronously rotating frame of reference respectively
[56]. In this way, the air gap can be eliminated, and both stator and rotor sides can be
considered stationary to each other. Moreover, transforming the number of phases from
one coordinate system to another coordinate system with a lower number of the axis
can reduce the number of equations. In the following section, a simple d-q model is
summarized, and its suitability for fault diagnostics is discussed at the end.

qr
bs g

| d-q q

0 i Transformation

I ¢ :—\
& o

dr
ds

3.1.1 Two-axis theory

SIXE 10J8)§

Cs

Figure 3.1. Three phases to two-phase transformation.

The three-phases (as-bs-cs) in a stationary frame of reference can be transformed into
equivalent two phases both in stationary (d-g°) or rotating (d®-g¢) frames of references,
as shown in Figure 3.1 where superscripts “r” and “s” represent rotor and stator
associated phases respectively. This transformation reduces the number and complexity
of motor representing equations. The frame of reference is stationary when the rotor
parameters are transformed to the stator side. In this case, the model does not remain
dependent upon the synchronous speed (we=0). While when both rotor and stator
parameters are shifted to an arbitrary winding rotating at synchronous speed, the model
is known to be in a synchronously rotating frame of reference, where we is no longer
zero. Similarly, both windings can be shifted to the rotor side, and the model is in the
rotor frame of reference. For a better understanding, the motor’s model in the static
frame of reference is presented in the subsequent section.
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3.1.2 Equivalent model of motor
R L,

S S

l

—P

Yy
|

Figure 3.2. The equivalent circuit diagram of SQIM [56].

The per-phase equivalent circuit diagram of an induction motor is shown in Figure 3.2.
Where Rs represents the per phase copper resistance, Lis is the leakage inductance, Lm is
the magnetization inductance, Ic and I are the working and magnetization components
of no-load current, respectively, and I: is the rotor reflected current. This model can be
transformed into an equivalent d-q transformation-based T-model with the nonlinear
magnetization inductance shown in Figure 3.3.

dr
Rh + S Lls Llr - Rr
A
JOW s J(wc-mr)\l"qdr

\qudr

<«

Figure 3.3. The equivalent circuit diagram with rotor parameters transformed towards the stator
side and the inclusion of non-linear magnetization inductance [56].

3.1.3 The state-space model

The equivalent circuit’s state-space model can be constructed easily to study and analyze
the motor, using tools such as Eigenvalues, Root Locus, Bode Plot and output responses,
etc. The basic state-space model can be defined as follows:

I o

Let the states “x” and the outputs “y” of the system under observation be:
x =[lgs" lgs° Par’ Par’l, (3.2)
= [ids® igs® 0 0], (3.3)
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The state-space model of a three-phase induction motor in a static frame of reference
can be constructed as:

T2 2
Ly R+ LR 0 LR, Ly,
) oLL,’ oLl oL, g
d@i )/ dt P P i
. .dss . 0 Ly R+ LRy Lyo,  LyR, dss
(igs )/t | oLgL, oLsl, oL.L,? || '
S S
d(gy° )/ dt LR, R, Par
s 0 - —Op s | (3.4)
(¢ )/ dt L, L, bgr :
L R R
0 m-r a)r 7}”
L LV L}’ i
0
oLy
S
N 1| Yy 0 00
S
oLg || 0 Vu' 00
0
L 0
K _i s
i ds
ds
; S 10 0 0] igs
i :[0 10 o} Tl (3:5)
0 by
r
0 Ky
Pqr |
. Lm?
whileo =1 -2,
LyLg

where Lm is the magnetization induction, which can be a constant or a nonlinear function
of flux and current. The values of different design parameters for an 18-kW squirrel-cage
induction motor are given in Table 3.1. These values are analytically calculated as
discussed in the subsequent chapters. The saturation effect can be simulated by making
the Lm a nonlinear flux and current function, as shown below [57]. The detailed
implementation of the model and the non-linear magnetization inductance in

Matlab/Simulink is presented in [XII].

_ —7> o | (3.6)

where s and B are positive constants defining the saturation level.
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3.1.4 Results
The dynamic d-q model allows studying the motor in both steady-state and transient
regimes. The transformation of stator and rotor parameters to a common reference
frame reduces the complexity of equations. The conversion of three phases to equivalent
orthogonal two phases minimizes the number of equations resulting in a comprehensive
model.

Figure 3.4 shows the results starting from an input three-phase voltage, which is first
converted into two phases in the static frame of reference as in Figure 3.4 (a)-(b).

Figures 3.4 (c) and (d) show the simulated d-q currents of the stator and rotor in a
synchronously rotating frame of reference, where the effect of load can be easily studied.
The calculated stator d-g currents are transformed back to the three-phase system using
inverse d-g transformation. The stator current and generated torque are presented in
Figure 3.4 (e) and (f), respectively. The speed-torque curve is shown in Figure 3.5, where
the motor’s behavior in a steady-state and transient regime can be studied. These
models are based on approximations, such as constant inductances, no slotting effects,
no saturation, and sinusoidal distribution of stator and rotor windings. This makes them
suitable for drive systems because of lower computation time but makes them
unsuitable for fault diagnostics because the faults cannot be simulated using these
symmetrical models.

Table 3.1. Parametric Values of the motor under investigation.

No. | Parameter Symbol Value

1 Stator per phase resistance Rs 0.1500 Q
2 Rotor resistance referred to the primary side Rr 0.0546 Q
3 Stator inductance Ls 0.1229H
4 Magnetization Inductance Lm 0.1215H
5 Rotor Inductance referred to the stator side Lr 0.1215H
6 Rotor moment of inertia J 0.4 kg:m?
7 Number of poles p 4

8 Terminal voltage Vi 333V

9 Supply frequency fs 50 Hz

10 | Friction coefficient Bt geigz ke-m/

3.1.5 Attributes of two-axis theory-based models
Advantages
e Comprehensive
e Suitable for steady-state and transient analysis
e  Useful for control and drives
e The fewer number of equations reduce the complexity
e Significantly short simulation time
e It shows an easy way for making forward models, mapping unknown to the
observables
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Limitations

e Incompatible for faults implementation without complex changes in the

equivalent circuit diagram

The removal of the air gap reduces its fault-related applications

The spatial harmonics cannot be considered

Mostly the wound rotor is considered, having three phases on it.

Do not consider the position-varying nature of inductances

It considers the motor as symmetrical, which is not in the case of a faulty machine.

Recommendations

e The winding function approach or finite element method (FEM) based

modeling is necessary to study the system's actual behavior and simulate faults.
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Figure 3.4. (a) The three-phase input voltage, (b) The equivalent two phases in the stationary frame
of reference, (c) The simulated stator current in a synchronously rotating frame of reference,

(d) The rotor's current in a synchronously rotating frame of reference, (e) The stator current,
(f) The generated torque.
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Figure 3.5. The speed-torque curve with a zoomed window representing the effect of load.

3.2 The winding function-based model

3.2.1 Introduction

The d-q modeling-related problems can be eradicated by considering the winding
function-based models. In this approach, neither the stator nor the rotor parameters
need to be transferred on either side to avoid an air gap. Instead, the stator windings,
the rotor windings, and the air gap can be defined analytically and used to calculate
various inductances and other motor performance parameters.

a) Block diagram for implementation
The induction motor is an intricate system where several parameters are interrelated
with each other. It is recommended to follow a systematic way while making its
mathematical model. The entire motor parameters can be divided into the rotor, stator,
and mutual parameters to avoid complexity, as shown in Figure 3.6.

On the stator side, the electrical parameters, such as the number of phases, voltage,
connection scheme, frequency, and the mechanical parameters, such as the number of
slots, dimensions of the slot, and winding configuration, are taken as input and stator per
phase resistances, and leakage inductances are calculated. The stator self and mutual
inductances are computed using the winding function approach, as discussed in the
subsequent section.

Similarly, the bar and end ring resistances and the leakage inductances are calculated
on the rotor side based on the rotor slot’'s geometry. The self and mutual inductance
among various rotor loops are computed using the winding function approach. For
simplicity, the air gap is considered constant by neglecting the stator and rotor slot
openings. They will be discussed in the modified winding function-based model section.

All inductances and resistances are calculated and saved in the form of matrices for
ease of implementation. In the end, the performance parameters like torque, currents,
speed, and rotor position are calculated. The rotor position is used in a feedback manner
for the calculation of stator-rotor mutual inductances [X].
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A 4

Stator input parameters
*  Electrical
(V. £ phases etc.)
* Mechanical
Geometry
Windmng configuration

\

Calculate
Geometrical parameters
Slot Areas
Slots per pole and phase
Conductor cross sectional areas
Per phase resistances (R, Ry, R)
Leakage inductances (Lj,)

In MATLAB/Simulink, the model can be implemented with the help of two functions,
responsible for calculating basic parameters, inductances, and their derivatives. One
function calculates the constant values depending on the motor’s geometry, such as an
effective number of turns per slot and phase, leakage inductances, and resistances.
The second function is used online to calculate different magnetizing inductances,
currents, fluxes, torque, etc. using simple arithmetic operators, as shown in Figure 3.7.

Calculate
® Make per phase winding
functions
e Calculate stator inductances;
La, Lap, L ete

* Inductance and resistance

matrices (L, R.)

~

-

h 4

Rotor input parameters
* Mechanical
Geometry
(Slot dimensions,
number of bars, inner
and outer diameters and
end ring dimensions etc)

7 Calculate
Air gap g(a. B)
* Calculate mutual inductances
L!I;
¢ Make matrix for ease of
implementation

\ 4

Calculate
Torque (Te, Tw)
Stator and rotor currents (I, I,)
Speed and angular displacement

'

Calculate
Geometrical parameters
Slot Areas
Bar cross sectional areas
Bar and end ring resistances ( Ry, R.)
Leakage inductances (L)

v

Calculate
* Make rotor winding
functions
* Calculate rotor inductances
Lo
* Inductance and resistance

matrices (L. R;)

A

D

Fy

Figure 3.6. The block diagram describing the WFM implementation.

b) Block diagram for simulation

The description of the block diagram is as follows;

1. Function 1 is responsible for calculating constant parameters, as given in

Table 3.2.

3.3.

3. Simulink arithmetic operators to calculate

I Stator currents
Il. Rotor currents

II.
V.
V.

Generated torque
Rotor speed
Rotor position
Feedback rotor position back to step 2 to calculate inductances at the

corresponding rotor position.
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Function 2 is responsible for calculating the parameters, as shown in Table
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1
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i Parameters | : :
\ Table 3.3 o m s !
Rotor position (6,)
Figure 3.7. The implementation strategy in MATLAB/Simulink.
Table 3.2. The input and output parameters of function 1, shown in Figure 3.7.
No. Input Parameters Symbol Output Parameters symbol
1. Stator slot dimensions - The effective number of Ns
turns per phase
2. Rotor slot dimensions - Magnetization inductance Lm
3. Number of phases m Stator per phase resistance Rs
4, Number of stator slots Qs Rotor bar resistance Rr
5. Number of rotor bars np Rotor end ring resistance Re
6. rotor end ring dimensions - Stator leakage inductance Lis
7. Stator inner diameter Ds Bar leakage inductance Lp
8. Rotor outer diameter Dr End ring leakage inductance Le
9. Winding configuration -
10. | Machine’s effective length /
Table 3.3. The input and output parameters of function 2, shown in Figure 3.7.
No | Input Parameters Symbol | Output Parameters symbol
1. Per phase turns (effective) N Stator to stator inductances Lss
2. Magnetization inductance Lm Stator to rotor inductances Lsr
3. Stator per phase resistance Rs Rotor to stator inductances Lrs
4. Rotor bar resistance Rr Rotor to rotor inductances Lrr
5. Rotor end ring resistance re Inductance matrix (overall) Ly
6. Stator leakage inductance Lis Resistance matrix Ry
7. Rotor bar leakage inductance Ly inductance matrix Derivative dLy
3 End ring leakage inductance Le The inverse of  the invLs
' inductance matrix
9. Rotor position Or

3.2.2 Mathematical modeling

a) The analytical equations
According to the common reference frame definition, an ideal three-phase induction
motor with a sinusoidal distributed stator winding and n» rotor bars can be represented
as shown in Figure 3.8 (a). The voltage equations for the stationary three-phase stator
and rotating n phase rotor can be described as:
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d
Vs = IR, + E(ps, (3.7)

d
0= LR +—o, (3.8)

where Vs, Is, I, Rs and R are vectors containing stator three-phase voltage, stator and
rotor currents, stator resistances, and rotor resistances.
In matrix form, these equations can be represented as:

Vas Ras 0 0 ias Pas
vbs = O Rbs 0 ibs +E (pbs , (39)
vCS 0 0 RCS i(;s (pCS

The equivalent circuit diagram of the rotor is shown in Figure 3.8 (b), for which the
voltage equation is as follows;

[2(R, +1.) —R, 0 0 .. 0 —R, —-1n1r ir1 1 - QO
01 |-Ry 2Ry+7) —Ry, 0 .. 0 0 —T|| in Pro
101 1o —R, 2(Rpy+17) —Rp, .. 0 0 —%|| in |
‘0‘= : : : : : : : 0l : +- : (3.10)
0 0 0 0 0 .. 2(Rp+1) —Ry, —T|lirm-1 Or(n-1)
lo] |-, 0 0 0 .. —R, 2Ry+%) —%|| im Prn
L -1, -1, T, —T, .. T T mpre |l i, | L Pre
The flux equations can be written as:
@s = LI+ LI, (3.112)

{ Ir(n-1) }

(®)

Figure 3.8. (a) The vector diagram of the motor where the vectors represent the stator and rotor
phases, (b) The equivalent circuit diagram of the rotor cage.

where Lss and Lsr are matrices containing stator and rotor self and mutual inductances, as
shown below:

Lss= Lbas Lbbs Lbcs

[Laas Labs Lacsl
Lcas chs Lccs
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Larl Larz Lari Larn Lare

Ly =|Lprr Lorz - Lpri = Lorn Lpre],
Lcrl Lcrz Lcri Lcrn Lcre
Larl LarZ Lari Larn 0

Lsr: Lbrl Lbr2 Lbri Lbrn 0 ,
Lcrl Lcrz Lcri Lcrn 0

The subscripts a, b, ¢, and r represent entries related to the stator and rotor-associated

phases.
Similarly, rotor fluxes can be represented as:

¢r= Lyds+ LI = L.];rls + LI, (3.12)
[Lyirr Lyirz o Lyiei o Leien Lrare]]
L‘rZrl Lr2r2 Lr2‘ri o Lygrn Lyare

Lyr =|Lyir1 Lyirz - Lyie = Lrirn Lrire
Linr1 Lyprz - Linri " Lrnrn Lenge
[ Lrer1  Lyerz Lyeri = Lyern  Lrered

Under the symmetrical condition, the last row and column, containing end ring
resistance and mutual inductances, can be neglected because the net current in the end
ring is zero, but it can lead to a problem of singularities in the simulation while taking the
inverse of matrices. Moreover, they are necessary for the implementation of end
ring-related faults.

b) Resistances calculations
The per-phase stator resistances can be calculated by considering the number of turns
per phase, per turn resistance, and the length of a single turn, along with the number of
parallel paths. The slot area and filling factor can help in this regard.
The following equations calculate the cross-sectional area of the conductor:

ASA = SA X FF, (3.13)
A, =ASA/ N,, (3.14)

where SA is a slot area, from where the effective slot area (ASA) can be calculated by
multiplying it with the filling factor (FF), Nc is the number of conductors per slot, and Ac
is the conductor cross-sectional area. The average length of a single turn (/o) can be
calculated using an analytical expression [58].

Ly ~ (21 + 24W +0.1), (3.15)

where /is the effective length of the machine, and W is the average coil span. The stator’s
per-phase DC resistance can be calculated as:
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3.16
aAc ( )

RS=NS<

where N; is the effective number of turns per phase, a is the number of parallel paths. Ns
can be calculated as a function of the total number of series turns per phase (N:) and
winding factor (Kw = KxKuKs) as described by the following equations:

Ng = KK K,N,, (3.17)

where K, K4, and K;s are pitch, distribution, and skewing factors, respectively, and can be
calculated using the following formulas [58]:

W (3.18)
K, = si —2),
» = sin(v 3 2)
2sin (%%) (3.19)
Ky = 75—
Qs . Py
m—;sm (vnQ—S)
sin(v %Tl) (3.20)
Ky = — 2
v 76

where v is vth harmonic, W is average coil span in meters, 1, is pole pitch in meters, m is
the number of stator phases, Qs is the number of stator slots, P is the number of pole
pairs, and s is arc length between two consecutive rotor bars.

The rotor bar and end ring resistances are calculated using the conventional resistivity
formula. The resistance of the end ring sector (re) between two consecutive rotor bars is
calculated by dividing the total end ring resistance (re:) with the total number of rotor
bars.

Ty = Ter /Ny . (3.21)

c) Leakage inductances

In electrical machines, total flux can be divided into two parts, magnetization, and
leakage flux. The magnetization flux (¢m) is responsible for generating air gap flux linkage
(Wm) between rotor and stator and participates in energy conversion. The leakage flux
(¢1) creates leakage flux linkage (W) and is associated with both stator and rotor as stator
leakage flux (@s) and rotor leakage flux (gn). It is @ common perception about leakage
flux that it has a negative role in electrical machines due to an increase in the losses,
which is not always true. This argument can be justified because the transient inductance
of induction motors depends mainly on leakage inductances given by the following
equation [X].
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L, = Ly+ Ly (3.22)

These leakage inductances should be calculated carefully because any error in their
calculation can lead to a wrong transient analysis of the motor. When this inductance is
considered zero, both torque and speed become zero during the transient interval.

The leakage induction of a machine can be divided into air gap leakage inductance
(Lg), slot leakage inductance (Lg), tooth tip leakage inductance (L:), end winding leakage
inductance (Lew), and skew leakage inductance (Lsg), as shown by the following equation.

Ly= Ly+Lg+Le+ Loy + Ly (3.23)

The asynchronous machines hold the following inequality.

Low > Ly > Ly > L > L, (3.24)

The analytical formulas to calculate those inductances are given below, whereas their
detailed explanation can be found in [58]. The end winding leakage inductance can be
calculated using the following formula.

Qs (Z,\° (3.25)
Loy = qu (;q) KolwAw,

Loy = 2lonMew + Woy Ay (3.26)

where lew and Wew are winding axial length outside of the stator and coil span,
respectively. Arew and Aew are the corresponding permeance factors which are 0.50 and
0.20 for motor under consideration, Qs is the number of stator slots, Zg is the number of
conductors per slot, m is the number of stator phases, a is the number of parallel paths
per phase and g is the number of slots per pole and phase.

Table 3.4. Slots dimensions of the machine under the investigation [IV].

Geometry Dimensions
Slot
(mm)
e B11(2.8)
e B12(4)
Stator e B13(6.8)
e H1(28.3)
e HI11(0.7)
e H13(24)
S
@ e B21(1)
A
N e B22(4.4)
Rotor | @, e B23(2)
e H21(0.2)
H21 e H23(12)
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The slot leakage-inductance depends upon the geometry of the stator-slots and is
calculated using the following formula.

Qs (Zq)*
Ly = ol =(22) A, (3.27)

where Ay is the permeance of the stator slot and can be calculated as:

— H13 + (313/2) @ + Hl - Hll - H13 - (B13/2) ln%

A , (3.28)
“ 3B13 Bll B13 - Bll Bll
where “H” and “B”s are dimensions of the slots, as shown in Table 3.4.
The air-gap leakage inductance is calculated using the following formula.
Ly = OsLy, (3.29)

where leakage factor os depends upon the number of the poles of the machine.
It decreases with the increase in slots per pole and phase. For a 3 phase and 48-slot
induction motor, the leakage factor is taken as 0.01 for four-pole and 0.0025 for two
poles. The tooth tip and skewing leakage inductances are neglected, as they are negligible
compared to end winding, slot, and air gap leakage inductances.

The end-ring leakage inductance of the rotor can be calculated as:

nb 7D,
_ _ r 3.30
Le Uo 3mP2 ((lbar ls) +v 2p )r ( )

where v = 0.36 for two-pole and v = 0.18 for more than two-pole machines.
d) Inductances

. Stator self-inductance
The self and mutual inductances associated with various coils are calculated using a
conventional winding function approach [18][X].

21

Lij(0) = uorl | g~ (@,0)N;(,0)N;(p,0)do, (3.31)

0

where L;j(8) is the inductance between phases i and j at a specific rotor position, ¢ is the
rotor’s angular position to some reference point, ¢ is some point along the air gap with
respect to the stator. g(¢p, 9) is the inverse air gap function, Ni(¢p, 3) is the winding
function of the ith coil. The winding function of any phase can be calculated as [59].

Ni((P' 9) = ni(‘P' 0)_ < Tli((P, 6) >, (332)
where ni(¢p, U) is the turn function of the coil, which is spatially distributed along the
stator or rotor surface and < ni(¢g, 8) > is the average of this turn function. Since the shape

of the turn function depends upon the reference point, it is advisable to make it so that
it fulfills the even symmetry as in equation (3.33).
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N;(6") = N;(—6%), (3.33)

2m
f N,(6%)d6* = 0, (3.34)
0

where §* = 0, is the unique angle for which Ni(0) has a maximum value and ensures the
function's even symmetry. However, this problem can be solved by transforming the
integral-based winding function formula into the mean value equation described in the

subsequent sections.
For a full pitch sinusoidal distributed stator winding, the per phase winding function

can be represented by the following equation, as shown in Figure 3.9.
Ny
N;(6.) = ?coswe), (3.35)

Ns is the effective number of turns per phase in the stator, p is the number of poles and
Be is the electrical angle.

2Ns/p Ns/p | NA(#e)
7 z
5 Nsipr é
0 L
0 2r/4 Aqid 6m/d 27 0 I7/4 /4 G/
Angle (0e) Angle (fe)
(a) (b)

Figure 3.9. (a) The simplified turn function of the stator, (b) The corresponding winding function.

For a constant air gap, the magnetization inductance can be calculated as in (3.36).
Whereas the magnetization inductance is the inductance of a single-phase without
considering the rest of the phases plus its leakage inductance.

2

Uorl fp"(Ns )
= —cos(8 daeo ) (336)
g )3 6.)) do.

m

For even wave symmetry, the number of cycles can be reduced to half by multiplying the
integral by 2.

2

rl_ (P*/?2 /N,
L, = Ko 2[ (—scos(ee)) dae,, (3.37)
9 0 p
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oL Py (Noy?
Ly = % (g)<?) 7, (3.38)

With the same windings in all stator phases, all the rest of the phase’s self-inductance
can be considered the same and symmetrical.
Laga = Lpg = Lec = (L + Lis), (3.39)
Il Stator mutual inductances

Different stator phase windings are a (2m/3) electrical radians apart from each other,
as shown in Figure 3.10. The mutual inductance can be calculated as follows.

torl [PT(N, Ng
Lag = J- (—cos(ee)—cos(ee + 0()) ao,, (3.40)
9 Jo p p
Ns/p r NA(fc)
NB(0e)

0 27/4 47/4 67/4 27
Angle (fe)

Figure 3.10. The corresponding winding function of two phases to calculate mutual inductances.
After integration and simplification:

rl NyNg 1
”"g Ap an, (3.41)

Lyp =

For ease of implementation, this equation can be converted as a function of
magnetization inductance.

torl NyNg 1
Sn=
g p 4

, (3.42)

Lm
L = —_
'AB 2

So, for a symmetrical three-phase system, the mutual inductances are half of the
magnetization inductance with negative polarity.
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Lin

s (3.43)

Lyp = Lgc = Lca = —

1. Rotor to rotor self and mutual inductances
The following conditional analytical function represents the turn function of one rotor
loop.

1, 0i39630i+ar

n(6 ={ , 3.44
(E) 0, 0i>96>9i+ar ( )
1 9i+ar
<n(f,) >= — 1.dé6,, .
n(0,.) o Jy. e (3.45)
<n(8,)>= =

where a = 2m/np is the angle between two consecutive rotor bars. The following
equation shows the winding function of a single loop analytically shown in Figure 3.11.

aT
(=, o0<6,<60,
pmt
Ay
Nr(ee) = 1_p_7'[’ Gi See < 9i+ar B (347)
Ay
_p_TL" 9i+ar<HeSpn
_ {4 l-ar/pmr — 1
! nri( fe) P Nri(#e)
2 w
‘E 05 or = or
—> —>» 7 it —> p7
0i 0i
0 -ar/pg
0 27/4 Ax/4 6m/4 27 ) 0 2w/4 A7/4 67/4 27
Angle (fe) Angle (Oe)
(a) (b)

Figure 3.11. (a) The rotor turn function of a single loop, (b) The corresponding winding function.
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The following equation shows how to calculate the self-inductance of the rotor’s kth
loop.

A 2
erk = g f (Nr(ee)) dee: (3-48)
0

rl 0; a2 6;i+ay, a2 pm a2
= ”"—U (——r) d99+f (1 ——r) dee+f (——r) d@e]
g 0 pT[ Bi pT[ 9i+0(1- pT[
Horl o’
Ly = g o = p_T[

L = Z?IJ(N%)Z L, [ar - (i—i)] (g) (3.49)

Similarly, the mutual inductance between any two-rotor loops can be calculated based
on the winding functions shown in Figure 3.12 (a).

Lrni = #orl fpn( Nrn(ge))( Nri(ge))dge, (350)
9 Jo

l ar 0; 2
- (s ) (<), [ ()
g o pr/\ pn o \ DT
Oit+ay a a pm a 2
e [ () )
0; pTt pr pr

i 0i+or

uorl [ o2
Lyni = ‘; [—an]. (3.51)

As discussed earlier, the conversion of the inductance expressions as a function of the
magnetization inductances reduces the complexity during their implementation in the
simulation program. Equation (3.51) can be transformed as follows:

1\2 20,2] ;p

Li = (37) Lm [— =) (3.52)
2p/1\? ol p

Loy = ?(N_s) L, [__pﬂ (§>, (3.53)

V. Stator to rotor mutual inductances
The mutual inductance between the rotor and stator is the function of the rotor’s
position and can be calculated using the stator and rotor winding functions, as shown in
Figure 3.12 (b).
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Nj(fe) ri( fe)
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> > " R g
t
.0
-(11'.‘pr ‘Ngfp
0 27/4 47/4 67/4 27 0 27/4 4m/4 67/4 2n
Angle (Oe) Angle (fe)
(a) (b)

Figure 3.12. (a) The rotor winding functions of two loops to calculate mutual inductances,
(b) The rotor and stator winding functions with even symmetry for the calculation of mutual
inductances.

Losri =

Hor f " (Nas (6))(N(6))d0, (3.54)
g 0

Even symmetry can be exploited to reduce the limit of integration. This can be done by
multiplying the integration function by “p” while dividing the absolute limit with the
same number.

forl N f"‘r/z( ar) f” ( ar>
Logri = = 1—-L)cos(6,)d8 — ) cos(6,)db,|,
asri g p p [ 0 pn COS( e) e + pT[ COS( e) e

ar/2
KoTl .
Losri = i)g N; [sin (a;/2)], (3.55)
sin (a,/2) 2p
Losri = Tr?Lm- (3.56)
s

Since the rotor is rotating, the above equation can be represented in a general way as a
rotor position function, as shown below.

sin(=") 2p .
Lqi(6,) = #? L,cos (Hr + (- Da, + Er)' (3.57)
S

The last term (a:/2) is for completing the angle skipped for symmetry, Or is the rotor
position, and “/” represents the it" rotor bar.

3.2.3 Torque and speed
The final equations in the form of matrices can be represented as:

Vs] _ Rs 0 Is] i[Lss Lsr]
[o1= 1o =]+ &l ol 3.38)

TTr

From where currents can be calculated as:
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[l] Ly er] ”[VS] [0 Ig)r”ﬁ”dt. (3.59)

Since,

d
=T 3.60
et (i) o

In the matrices form for a p pole machine:

Loy (L] d [Lgs
;O @l ) 3.61)
A s If] Co@ [IS] 3.62
c=3G)u Ay, ! (362
EL‘rs
— 1 p T d T d
Te—z( )(1 g lrls+ I dQLSTIT), (3.63)

where p is the number of poles while the derivative of Lss and L is zero as they are
constant. Moreover, unlike equation (3.60), the equations (3.61)-(3.62) are divided by 2
to remove the effect of double terms as evident in (3.63). Finally, the rotor speed can be
calculated using the following equation.

d
]dt

Wy = To =T, — Browpy, (3.64)
where J is the moment of inertia of the rotor, wm is the rotor’s angular velocity. Te is the
generated torque, Ti is the loading torque, Bris the friction coefficient.

3.2.4 Results

Unlike two-axis theory-based models, the WFM-based model is adequate to simulate
stator and rotor-related observables without the need for reference transformation.
Figure 3.13 shows the dynamic analysis of motor for some global parameters under
no-load and loaded conditions. The currents of the first fifteen rotor bars are shown in
figure 3.13 (a). The rotor current’s magnitude and frequency are the functions of slip,
evident in Figure 3.13 (a). The magnitude of current increases considerably upon the
application of load at time 6sec with the increase in frequency as a function of slip and
supply frequency (sfs). The stator currents are shown in Figure 3.13 (b), where the load
effect is evident. The rotor speed is presented in Figure 3.13 (c), where the brown line
shows the synchronous speed (157 rad/sec) for the four-pole machine, while the blue
line represents the rotor’s mechanical speed. The dynamic response of generated torque
is given in Figure 13.3 (d). it shows a peak generated toque of 220N-m, while in the
steady-state regime, it is the function of load. Under the no-load condition, it is minimal
to produce a slight slip to overcome friction. The speed-torque curve is shown in Figure
3.14, where the shift of operating point from no-load to load and again back can be easily
studied. The broken bar is simulated by increasing the resistance of relevant entries in
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the rotor resistance matrix, as shown in equation (3.10); however, the detail is coming in
the next section. In the faulty rotor, the speed and torque are no longer constant but
start oscillating, as shown in Figure 3.14. In this model, the only harmonics are because
of the faulty rotor while the rest of the harmonics are neglected for simplicity.

2000 ¢ 500
|

__ 1000 250
2 S
=] =]
(@] ¢

-1000 \)-250

2000 -500 ‘ ‘ ‘

0 2 - 6 8 10 12 0 2 4 6 8 10 12
Time (Sec) Time (Sec)
(a) (b)
_ 150 —
3 ws
= wr
T 100} ]
-
8
& 50
0 ! | | | | |
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (Sec) Time (Sec)
(c) (d)

Figure 3.13. (a) The rotor currents of first 15 bars, (b) The stator currents under no-load and load
conditions, (c) The rotor speed, (d) generated torque.
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Figure 3.14. The speed-torque curve and rotor speed under healthy and one broken bar cases.

3.2.5 Attributes of WFA

Advantages
e Comprehensive
e Fast

e Leastill-posed due to small-sized matrices as compared to FEM or reluctance
models

e  Compatible for the simulation of the following faults
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e  Broken rotor bars and end rings

e Intern stator short-circuit faults

e Unbalanced power supplies

Compatible with

e Drives

e Hardware in the loop environment

e Parameters estimation

e Steady-state and transient analysis

e Design to some extinct

e Inverse mapping from observables to the unknowns.

Limitations

e Sinusoidal stator winding distribution. However, it can be converted to the
actual winding with the Fourier summation of various harmonics. However,
it leads to the self-defined number of harmonics and their amplitudes.

e Constant air gap. The inverse air gap can be included using the Taylor series,
but it will lead to the approximation as its solution leads to an infinite sum of
higher-order terms.

e Not possible to simulate eccentricity fault with constant inverse air gap
permeance function.

e The slotting effects of rotor and stator cannot be simulated accurately with
constant inverse air gap permeance function.

Recommendations
e Modified winding function approach.

3.3 The modified winding function-based model

3.3.1 Introduction

The winding function theory has been extensively used in literature to model and analyze
electrical machines summarized in the previous section in the form of premade
equations suitable to simulate any SQIM. The authors in [60]-[64] are the pioneers of this
field. They used it to model and analyzed two-phase induction motors, linear inductance
motors, three-phase squirrel cage induction machines, and synchronous reluctance
motors.

The authors in [16] have extended the winding function approach and made it
suitable for implementing a non-uniform air gap. Using this modified winding function
approach, the stator and rotor slots openings and eccentricity faults can be easily
modeled. Unlike the analytical approximation as in [16] and [65], in the proposed model,
the air gap permeance is calculated numerically by considering the slot openings as a
function of rotor and stator angles. Moreover, the integration-based functions are
reduced to the mean value function for complexity reduction. For more accurate results,
the air gap center is not taken as constant but calculated as a mean function of stator
and rotor air gap functions. The implementation strategy is shown in Figure 3.15, where
the entire scheme is divided into online and offline calculation portions. In the offline
portion, all inductances and resistances are calculated at different rotor positions, while
in the online portion, the performance parameters are simulated [I1],[IV].
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Figure 3.15. The flowchart diagram of modeling and simulation.

a) Inductances calculation using MWFA
Since the inductances are also dependent on the inverse air gap permeance P, which is
not constant but is a function of stator and rotor slot openings, the (3.32) can be modified
as [16].

< Pn; >
Ni(a) = (ni(a) - ﬁ) , (3.65)
where < f > is the average or mean value as shown below:
1 27
<f>=— 0).de, 3.66
F>=5 | r® (3.66)

For a p pole machine, the formula can be modified as follows, but the answer will remain
the same because (2rr) mechanical angle is equivalent to (prm) electrical angle.

1 (P7
<f>=— (Be).dbe, (3.67)
fr= s
So, the Equ. (3.31) can be modified in electrical angle as follows:
pr
Lij(8e) = p,rl f P(0e,a)N;(be, a)n;(fe, a)dbe, (3.68)
0
Which can be written as:
Lij(Be) = pmu,rl < P(Be,a)N;(Oe, a)n;(be, a)d >, (3.69)
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Or,
L”(Qe)
< P(8e,a)n;(fe,a)n;(fe,a)d > —
= pmu,rl| < P((Be, a)n;(0e,a) >< P((Oe, a)n;((fe,a) >|,
< P((be,a) >

(3.70)

Lij(8e) = pmu,l < 1;((0e, a)P((Be, a)N;((Oe, a)n;((fe, a) >, (3.71)

b) Air gap calculation
The inverse air gap permeance P can be defined as:

1
gs(@e) + g,.(fe,a)’

P(fe,a) = (3.72)

where gs (Oe), gr (O, ), (gs (Te) +gr (Oe, at)) and P (Oe, a) are air gaps associated with the
stator, rotor, equivalent and inverse air gap permeance functions in stator frame of
reference respectively. Moreover, Je is the stator’s electrical angle from any fixed
reference point, and « is the rotor angle in the stator reference frame.

The stator and rotor-linked air gaps are calculated by taking the center of the
machine’s air gap as a reference line. In this way, the total air gap can be divided into the
stator and rotor-associated air gaps. The slot opening without any conductor of winding
on the stator side is used to change the air gap as a function of the stator’s electrical
angle. This change is in the form of an increase in the air gap, equivalent to the slot
opening height without winding. Similarly, rotor bar depth is used to change the rotor’s
associated air gap. Both air gaps are added together to get the equivalent air gap at each
rotor position. These air gap functions for one stator and rotor slot can be defined as
follows [IV]:

0 (gt hi1, 0<0e<B: 373

900 ={"" 5 o< B+ B 5.73)
_7;,+h21, 0<6e<B,y

gr(ee' a) - { Tjg: B21 < 0@ S (Bll —+ Brt) ) (374)

where Bii, Bi, B21, Bri, hi1, h21, ry are the width (in terms of angle) of the stator slot
opening, stator tooth tip, rotor slot opening, rotor tooth tip, stator slot depth without
winding, the rotor bar depth, and the height of air gap center respectively as given in
Table 3.4. Figure 3.16 (a)-(b) shows the stator and rotor-associated air gaps until (2m)
electrical angle, which is equivalent to half of the mechanical geometry since the machine
is four-pole. The net air gap with its inverse function at a specific position is also shown
in Figure 3.16 (c)-(d), where the distinguished (extended) lines are representing the
points where rotor and stator slot openings overlap with each other. ry is the average air
gap radius and can be calculated as:
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(Ds_ Dr)
r= -7

: —, (3.75)

For the inclusion of the effect of rotor and stator slots openings, the above equation can
be modified as follows:

L (9s(0e) + g,(0e, a))

7y (Be,a) = 1, 5 , (3.76)
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Figure 3.16. The air gap function of (a) the stator (gs), (b) the rotor (gr), (c) the net equivalent
(gs+gr), and (d) the inverse air gap function at a specific rotor position.

c) Stator and rotor winding functions

The turn function of the stator phase ‘a’ can be defined as a conditional analytical
expression, as given below.

Zg* 1, i=1:1:Qpp

B Qup *Zg 1= (Qpp+1):1:3%Q,,
ngs(60) = ZyQpy =), i=(3%Qy +1):1:4%0Q,, (3.77)
L 0, i=(Ax*Qpp+1):1:2xQs/p

Zgq is the number of conductors per stator slot, Qup is the number of slots per pole and
phase, Qs is the total number of stator slots, and i is the integer. This conditional
analytical function can be used to generate the turn function of the stator. The remaining
two-turn functions can be produced by shifting it to (2r/3) and (4m/3), respectively.
In this case study, there are 17 conductors per slot and 4 slots per pole and phase.

As discussed previously, the corresponding winding function can be calculated by
subtracting the respective mean value from the turn function. The stator and rotor
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winding functions are shown in Figure 3.17. The rotor turn and winding functions are
discussed in detail in the previous section.
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Figure 3.17. The winding functions (a) a three-phase stator, (b) one loop of the rotor.
3.3.2 Results

a) Inductances
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Figure 3.18. The calculated inductances, (a) stator to stator self (Lqa), (b) stator to stator mutual
(Lab), (c) stator to the rotor (L,), and (d) rotor to rotor (L,;) concerning the rotor position.

The stator and rotor’s self and mutual inductances are no longer constant but are the
rotor position’s functions. Similarly, stator and rotor mutual inductances are no more
pure sinusoids but contain the winding and slotting harmonic’s impact. Various self and
mutual inductances as a function of rotor position are shown in Figure 3.18, where the
effect of slot openings is evident. The rotor position is in electrical degrees, which is
360 degrees per pole pair.
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b) Inductance derivatives
Figure 3.19 shows the derivatives of the stator and rotor inductance profiles. Unlike the

WFA based model, the derivatives of self-inductance are no longer zero because of the
changing inductance profiles as a function of the rotor position. The rate of change or
derivative, increases with the increased change in the corresponding inductance.
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Figure 3.19. The derivative of the (a) stator to stator self (Laa), (b) stator to stator mutual (Lab),
(c) stator to the rotor (Lar), and (d) rotor to rotor (Lrr) with respect to the rotor position.

c) Torque and speed
The rotor speed and the generated torque both in the steady-state and transient regime

are shown in Figure 3.20 and Figure 3.21, respectively.
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Figure 3.20. The rotor speed.
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The effect of spatial harmonics is significant under load conditions, as shown in the
zoomed window. This is due to the relation between the slip and slotting frequency
components. Under loading conditions, the slip increase is visible as a difference
between synchronous speed (ws) and rotor speed (wr) in Figure 3.20. This increase in slip
increases the amplitude of rotor frequencies with a resultant increase in the torque and
speed ripples.
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Figure 3.21. The generated torque.

d) Stator currents
Figure 3.22 (a) shows the dynamic response of the stator’s current under the transient
and steady-state regime. The current is not pure sinusoidal but contains the winding and
spatial harmonics shown in Figure 3.22(b).
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Figure 3.22. (a) Stator’s current dynamic response, (b) Stator’s current at a load of 125N-m.
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e) Rotor currents
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Figure 3.23. (a) Current of first ten rotor bars, (b) rotor bars current at rated load.

According to the induction motor’s fundamental working principle, the generated
voltage and current in rotor bars depend upon the changing flux linkage. This rate of
change of flux depends upon the slip, which is the function of load. Figure 3.23 (a) depicts
the dependence of the rotor current’s magnitude and frequency on load. The current of
each rotor bar is shifted because of the mechanical separation between two consecutive
bars. Other than the fundamental rotor frequency component, these bar currents also
contain spatial harmonics, as shown in Figure 3.23 (b). The 180 degrees phase shift
between the currents of rotor bars under two consecutive poles, as shown in Figure
3.24 (b), further proves the model’s validity. The change in the rotor bar current at the
load application is visible in Figure 3.24 (a). During the no-load condition, the frequency
of the fundamental component is minimal because of low slip. However, the low
amplitude high-frequency components are present in the current, as shown in the
zoomed window. Those components are because of the asynchronously rotating
magnetic field due to high-frequency spatial components. When the load is applied at
3 Sec, the fundamental component increases both in amplitude and frequency.
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Figure 3.24. (a) Change in bar current at the application of load at 3sec, (b) The currents of rotor
bars at one pole pitch.
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3.4 Finite Element Method (FEM) in comparison with MWFA

3.4.1 Introduction

The finite element method (FEM) is a numerical technique to solve partial differential
equations or boundary value problems. FEM divides any large system into n-small parts
called finite elements. Each finite element is represented with an adequate number of
nodes. The solution of all those nodes leads towards the overall solution to the problem.
With the increase in computational power, numerical models such as FEM are gaining
more and more popularity in the field of modeling and simulations. Those models are
good approximations of an actual system, as they consider all possible parameters, but
at the cost of complexity, long computational time, and ill-posedness. The numerical
model of the induction motor relies on Maxwell’s equations:

0B
VXE=——, (3.78)
ot
VXH=]+ op 3.79
=J+ 55 (3.79)
H= vB, (3.80)
J=0E, (3.81)

where E is the electric field strength, B is the magnetic flux density, D is displacement
current, H is the magnetic field strength, J is the current density, v is the magnetic
reluctivity of material and o is its electric conductivity.

By assuming that the magnetic field lies in an x-y plane, varies sinusoidally in time, and
induces currents in the z-direction, the vector potential A distributes in the machine
according to the following equation [66]:

a<1>6A+6(1)6A a(A)+ _ 0 (3.82)
ax\ax Tay\n)ay = St/ =0 ‘

Suppose the rotor and stator laminations’ conductivity is considered zero, and the

reluctivity of conducting regions is equivalent to a vacuum. In that case, the electric scalar
potential and voltage equation of a conductor can be represented as [67][68]:

Vo= ——e, (3.83)

dA,
u=IiR+R fa R .ds, (3.84)

where u is the voltage over the conductor of length /, i is current, R is the dc-resistance.
Almost all FEM based software rely on Maxwell equations for the solution of an
electromagnetic problem. Some results that are simulated using FEM and proposed
model is presented in the following section while their detailed description is in the next
chapter.
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3.4.2 Broken bars simulation in FEM and proposed model

The broken bars are simulated by adding a series resistance of 1 MQ in-circuit editor of
FEM in a commercial software (Infolytica) with a considerable number of mesh elements
with additional resistance and reactance for the compensation of the end windings
[11],[IV]. The same is done by increasing the resistance of the bar-related entries in the
resistance matrix of the proposed model (Figure 3.25), which is made using the
equivalent rotor circuit model, as shown in Figure 3.26 (a)-(b). The broken bars can be
imitated by replacing the bar with air. But it can lead to the problems such as the partially
broken bars cannot be simulated; also, the ideal infinite air electrical resistance cannot
be adjusted in the analytical resistance matrix. Since the inductances do not depend
upon the rotor bar’s resistance, they do not need to be calculated again. Changing the
resistance matrix’s respective elements can simulate the broken bar scenarios, further
reducing the simulation time as inductances do not need to be calculated again (unlike
commercial FEM).

[2(1?;. + 1) —Ry 0 0 - 0 .. 0 —Ry, —ﬂ
—R, ARy +7e) —Ry 0 - 0 .. 0 0 —re
0 .y ARy +re) —Ry -+ 0 - 0 0 —re
Ry = : : : : : : : : : :
0 0 0 0 o 0 - 2ARp+7e) —R, —re
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—Te —T¢ —Te —Te +++ —Te - —Te —T nyre

Figure 3.25. The rotor resistance matrix with broken bar-related entries shown in red.
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Figure 3.26. (a) The broken bar approximation in Infolytica circuit editor, (b) The cage structure,
and the broken bar simulation in the proposed model.

3.4.3 Simulations

The FEM-based simulation of a three-phase induction motor with the parameters given
in Tables 3.1 and 3.4 is performed under healthy, one, and two broken rotor bar
conditions. Since the simulation is performed using 2D field analysis, the ignored end
windings are compensated by adding additional resistances and inductances in series
with coils. The per-phase stator coils are series and parallel connections of copper
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strands making current density uniformly distributed. The simulation is performed at
rated load under constant speed. The flux distribution under healthy and two broken
rotor bar conditions is shown in figure 3.27 (a)-(b).
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Figure 3.27. (a) Flux distribution under healthy condition, (b) The flux distribution under one

broken rotor bar condition.

It is evident that the flux density increases across broken bars, putting the adjacent
bars under increased magnetic stress [V][VI][X][68]. The increase in the neighboring bars’
current makes the machine vulnerable to harm more bars in time if the fault is not timely
diagnosed and repaired.
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Figure 3.28. (a) The line currents simulated using FEM software, (b) The line currents simulated
using the proposed model, (c) The phase voltage calculated using FEM software,
(d) The simulated phase voltage using the proposed model.
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Figure 3.28 shows the motor’s current and phase voltage simulated using FEM and the
proposed MWFA model under rated load conditions. In the FEM model, the results are
taken with a stepping rotor having a step size of 0.033 ms for two seconds with 5328
mesh elements. The current seems distorted because of time and slot harmonics.
The simulation results taken from the proposed model with the same sampling frequency
show a good agreement with the results simulated using FEM but with a considerably
reduced simulation time given in Table 3.5.

This similarity is because of the inclusion of all potential harmonics’ sources, such as
the non-sinusoidal distribution of stator and rotor windings and the slotting effects.
These calculations are done at rated load (125Nm). Further validation is performed using
spectrum analysis and is given in the subsequent chapter.

The simulated speed under healthy and broken rotor bar cases is shown in Figure 3.29.
These simulations are done at rated slip (0.066), where the similarity of results is visible.
In both FEM (left) and proposed model (right), the speed oscillation increases with the
number of broken bars. The generated torque also possesses a minimal difference.

Table 3.5. Comparison of simulation time.

Model Computer Specs. Simulation time
MWEFA [IV] 3 minutes
Hybrid with cluster Intel(R) Core (TM) i7- 4 hrs
computation [II] 7500 CPU
12 hrs
FEM .
(1-time step / 0.72 Sec)
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Figure 3.29. The speed and torque simulated using FEM software (left) and the proposed model
(right).
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Figure 3.30. (a) The current in rotor bars placed at one pole pitch (FEM), (b) The current in bars at

one pole pitch calculated using the proposed model.

The currents in the rotor bars placed at one pole pitch are shifted at an angle of 180
degrees in both FEM and the proposed model, as shown in Figure 3.30 (a)-(b).

3.4.4 Attributes of MWFA
From the results and discussion following attributes can be concluded:

Unlike most of the work cited previously, where only low-order harmonics are
considered in the form of Fourier summation of certain sinusoids with a specific
frequency and amplitude. In the proposed model, the actual stator and rotor
winding functions are defined in conditional analytical expressions. This approach
makes the model independent of the selective number of frequency components
and does not limit the spectrum bandwidth.

The air gap is made as a function of rotor and stator slot openings, including
spatial harmonics. Moreover, the inclusion of the air gap as a function of stator
and rotor angles makes the model suitable for implementing air gap-related
faults, such as eccentricity.

The inclusion of rotor slot harmonics makes the model suitable for sensor-less
speed drive systems. The principal slotting components can be studied and
utilized for the estimation of slip.

The principal slotting harmonics (PSH) have less spectral leakage than the
fundamental component, making them a potential candidate for fault
detection, even under fewer load conditions. The fault-based frequency
components developing near PSH are less vulnerable to be buried under them
as it happens near the fundamental component.

The separate modeling (offline) and simulation parts (online) can further reduce
the complexity and calculation time. Once the inductances are calculated, most
of the faults can be simulated by making corresponding online environment
changes without doing offline calculations again.

The compatibility of the model with cluster computation makes it suitable to
exploit distributed computational resources such as cloud computation. By
doing so, the simulation time can be further reduced to a range of seconds [I1].
The model is so generic that most of the fault types, such as broken rotor bars,
static and dynamic eccentricity, and stator short circuits, can be simulated.
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e In comparison with FEM, the minimal simulation time makes the model suitable
for advanced diagnostic algorithms, such as iterations-based estimation of
design parameters, hardware-in the- loop, inverse problem theory, and other
model-based diagnostic procedures.

e The model is also suitable for the iterative optimization of various design
parameters, such as winding functions, slot openings, air gap, etc. The achieved
results are in good agreement with the ones taken from the FEM model and
laboratory measurements. The detailed comparison is presented in the next
chapter.

e As the matrices are very small in dimension as compared to the FEM-based
matrices, the solution of inverse mapping can be least ill-posed by producing
stable and unique solutions.

3.5 The compatibility with cluster computation

3.5.1 Introduction

As the world moves towards industry 4.0 standards and cloud computation,
computational resources are becoming unlimited. These resources can be in the form of
software applications, processing power, and data storage. All these resources are
essential for big data-based advanced diagnostic techniques such as machine learning
[69], deep learning [70], parallel autonomous mining [71], image processing [72], online
wireless monitoring through smart sensors [73], and neural networks [74][75][76], etc.
The basic building blocks of cloud computation are infrastructure as a service (laaS),
platform as a service (PaaS), and software as a service (SaaS). Those building blocks
can be utilized for ample data storage, costume software development, and computer
application utilization, respectively [II].

To further reduce simulation time of the proposed analytical and hybrid FEM-analytical,
the concept of parallel processing by utilizing the cluster of computers can be exploited.
Unlike most of the researches where the simulation speed of the models is increased
either by exploiting the symmetry (which is not valid in the case of faulty machines) or
by data interpolation using the model order reduction [77][78][79]. The proposed model
is compatible for division among several processors working together to solve the
problem and send back the results to the client machine. All inductances are calculated
by the proposed analytical model or by magneto-static solution (hybrid FEM-analytical)
of the machine at several rotor positions. The calculated inductances are saved in the 3D
lookup table as a function of the rotor position, as shown by the offline portion in Figure
3.15. The online portion will remain the same for the simulation of observables.

a) Cluster formation

Parallel computing is a form of concurrent computing where several workouts can be
performed in overlapping periods. Generally, any significant problem can be divided into
n-small problems, which can be solved simultaneously. Unlike traditional serial
programs, the divided problem segments should be independent of each other to run on
different processors, and the solutions can be combined on the client machine at the
end. The general schematic diagram of distributed parallel computation is shown in
Figure 3.31.
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Figure 3.31. The cluster formation and utilization for parallel processing.

The client machines, job scheduler, WIFI or LAN network, and the worker processors
are the core parts of the distributed cloud computation. The job scheduler’s function is
to divide and distribute the segments of the bigger problem into cluster computers.
The cluster computers can further divide their portion among their cores in the same
manner.

b) Implementation strategy

Since the solution at a distinct rotor position is independent of the solution at subsequent
rotor positions, the total “n” rotor steps can be divided into various segments.
The proposed analytical or FEM based magneto-static problems of different rotor
position sectors such as, (0 =6i), (6i >86j), ....( 6n = Bn+1), (Bn+1 ->2m) can be divided
among the workers for parallel processing. All the nested loops in the proposed
algorithms are prepared so that the solution of each step is independent of the solution
of subsequent rotor steps [ll].
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Figure 3.32. The division of rotor steps among various computers and their cores for parallel
computation and the procedure of inductance calculation using FEM-based magneto-static solution.

72



Figure 3.32 shows the implementation strategy. The client computer in Figure 3.32 (a)
divides the n rotor positions into groups. Every group is assigned to a computer where it
is further divided among its cores. The inductances can be solved for corresponding rotor
positions using the proposed analytical model or using magneto static solutions, as in
Figure 3.32 (b). The calculated parameters will send back to the client machine, where
they will be saved in the 3D lookup tables and used by the online portion. By doing so,
the simulation time shall be reduced considerably. The detailed description of the model
with results and discussion is presented in [Il].
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4 The test rig and the spectrum analysis

4.1 Measurement Setup

For experiments and measurements, two test rigs with different motors are prepared.
Each measurement setup consists of two identical motors with the parameters given in
Tables 4.1 and 4.2. One machine is under investigation while the other is acting as a load.
Both machines are mounted on the same mechanical base and coupled through their
shafts, as shown in Figure 4.1 and Figure 4.2. The loading machine is fed through the
inverters to improve its controllability for various load levels. Grid and industrial inverter
working under different control mechanisms feed the machine under investigation.
The stator currents and voltages are measured using the Dewetron transient recorder.
The measured signals’ sampling frequency is 10 kHz for the grid and 100 kHz for inverter
fed cases, and the measurement time is 70 seconds, giving an excellent resolution of the
frequency spectrum.

4.1.1 Case 1l

Digital Signal _| PC | | PC |
Recorder |

T RPM

Grid ﬁ Frequency
Converter

11

Tested Mar.'him:/ Loading Machine

I 1
A ST G N A S S S LR L N e
Mechanical Support Fastened to the Base

(@) (®)

Figure 4.1. (a) The block diagram, (b) The experimental measurement setup.

Table 4.1. The specifications of motor 1.

Parameter Symbol Value
Number of poles p 4
Number of phases () 3
Connection Y-A Star
Stator slots Qs 48; non-skewed
Rotor slots Nb 40; skewed
Terminal voltage Y 333V@50 Hz
Rated slip S 0.0667
Rated power Py 18 kW@50 Hz
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4.1.2 Case 2

Figure 4.2. (a) The rotor with two broken bars, (b) The rotor with three broken bars, (c) The test
bench with loading motor on the right side and test motor on the left side.

Table 4.2. The specifications of motor 2.

Parameter Symbol Value
Number of poles p 4
Number of phases () 3
Connection - Delta
Stator slots Qs 36; non-skewed
Rotor bars Nb 28; skewed
Rated voltage Vv 400V@50 Hz
Rated current | 15.3A
Rated power Pr 7.5 kW @ 50 Hz

4.2 The spectrum analysis of stationary and non-stationary signals

Regarding frequency-time relation, the motor’s global signals such as voltage and current
can be broadly classified into stationary and non-stationary signals. In stationary signals,
the frequency components do not change their value across the entire signal. The signal
under the steady-state regime is the best example of stationary signals, particularly if the
machine is grid-fed. These signals are easy to handle, and simple DTFT is enough to
determine the components if necessary. The stationary signals sometimes do not possess
enough information about faults in them. For example, suppose the motor is working
under no-load or more minor load conditions. In that case, the faulty signals potentially
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hide under the frequency lobe of the fundamental component, and it is tough to detect
them. The same is true if the motor is being fed by some drive system whose close loop
control system attenuates them to reduce the torque and speed ripples. These problems
can be avoided by doing the signal analysis under the transient regime. In the transient
regime, most of the signals are non-stationary. It means that the frequency components
change their value across the course of the transient period. The non-stationary signals
cannot be handled using simple DTFT, but the time-frequency analysis becomes
essential. So the selection of appropriate techniques out of the basic signal processing
algorithms mentioned in Table 2.3 is crucial. These signal processing tools under various
conditions can be found in [VII, VIII]. Moreover, the basic flowchart for improving the
resolution by reducing fractional starting and ending cycles, DC offset, and the low
sampling frequency is shown in Figure 4.3.

Measure signal Y [n] with sampling frequency Fs

v

Improve sampling rate from Fs to kFs using data interpolation if required

Remove DC offset
Y=Y-mean(Y)

| Detect zero crossings |

Save the signal from first zero crossing till last
Y [n]=Y [12] — Y [nz2]

Count number of
zero crossings n,

Save the signal till second last
Zero crossing No

Yes

Y

Save the signal

L2

Tune IIR filter to attenuate fundamental
frequency component

Wavelet,
DTFT etc.

Contour plot (t-f) for selected
confidence interval

End

Figure 4.3. The flowchart diagram for resolution improvement.
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4.3 The segregation of motor current harmonics

The majority of MCSA based fault diagnostic techniques depend upon the segregation of
frequency components in the spectrum of signals such as current, voltage, torque, speed
or vibration, etc. In currents and induced voltages, which directly affect speed and
torque, the primary sources of harmonics are presented below.

4.3.1 The winding and space harmonics

Unlike ideal induction machines, where the stator and rotor windings are supposed to be
sinusoidally distributed, it is not valid in practical machines. There are various types of
stator winding configurations in practical machines, and the rotor also has a cage
structure. The slots’ openings both on the stator and rotor side are another cause of
harmonics. This happens because the air gap does not remain uniform but becomes the
rotor position's function, as described in the previous chapter.
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Figure 4.4. (a) The stator winding function, (b) The corresponding frequency spectrum.

These reasons give rise to harmonics called winding and spatial harmonics. The most
prominent spatial harmonics are the rotor or principal slotting harmonics. Although
these harmonics have drawbacks as they increase the speed and torque ripples, they can
be used constructively for fault diagnostics. Being weak in amplitude, these harmonics
have less spectral leakage than the fundamental component having less capability to
bury the faulty frequency components beneath them. The frequency analysis of stator
winding in Figure 4.4 (a)-(b) shows various other harmonics in the spectrum along with
the fundamental component.

4.3.2 The supply fed harmonics

The supply is the potential source of harmonics that should be considered effectively
while segregating the spectrum’s frequency components. In the case of electrical
machines, the use of frequency converters is increasing day by day. The inverters produce
a voltage, which is the approximation to the sinusoidal wave shape. The grid and
industrial inverter-based measured voltage and their corresponding spectrum with the
attenuated fundamental component are shown in Figure 4.5.
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Figure 4.5. The grid voltage with the corresponding spectrum (left), the industrial inverter voltage
with the corresponding spectrum (right).

The grid voltage harmonics depend upon the quality of the power network. However,
mainly it contains the odd multiples of the fundamental component. In the inverter-fed
voltage, the total harmonic distortion is much higher than that of the grid. It makes the
detection of small amplitude fault-based frequency components challenging using simple
diagnostic algorithms.

4.3.3 The fault-based harmonics

Almost every fault in the induction motors leaves specific frequencies in the current
spectrum, changing the torque and speed accordingly. Due to the machine’s cylindrical
structure and rotating nature, the rotor-related electrical or mechanical faults tend to
modulate the stator current and voltage with frequency dependent upon the rotor speed
or slip, as described in Table 2.2. Those frequency components spread throughout the
spectrum, while the most potent members are near the fundamental supply frequency
component. Although the higher-order faulty components are weak in amplitude, they
are less vulnerable to spectral leakage. This is due to the less powerful winding and
supply-based components beside them. The causes of fault-based harmonics may also
include inherent asymmetries, magnetic material saturation and the impact of supply
based higher order harmonics on electrical properties of the windings.

4.4 Spectrum analysis in the steady-state regime

During the steady-state interval, the frequency components are stationary; hence they
can be easily detected using simple DTFT analysis. The frequency spectrum of motor
current simulated using the FEM, the proposed analytical model, and the test rig
measurement under healthy conditions is shown in Figures 4.6-4.7 [IV, V, VI].
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Figure 4.6. The frequency spectrum of stator current simulated using the proposed model, FEM,
and practical measurements from top to bottom from 0- 450 Hz (motor 1).
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Figure 4.7. The frequency spectrum of stator current simulated using the proposed model, FEM,
and practical measurements from top to bottom from 750 Hz to 1500 Hz (motor 1).
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The entire current spectrum in all three cases is in good agreement. The frequency
bandwidth from 0 Hz to 450 Hz mainly consists of supply and winding harmonics. In the
case of FEM and the proposed MWFA model, the supply harmonic is the fundamental
component because of the ideal source. In grid fed machine, some odd multiples of the
fundamental component can be seen along with some inherent eccentricity-based
harmonics. Similarly, the bandwidth from 750 Hz to 1500 Hz consists of prominent
winding harmonics in all three cases.

Compared to the simulation, the practical rotor slotting harmonics are small in
amplitude because the rotor bars are skewed. The skew angle is equal to one stator slot
pitch. As the bars are skewed, the inductance profile becomes much smoother with
reduced peak-to-peak ripple value, resulting in the attenuation of winding harmonics.
The development and movement of those components with load are given in Table 4.3
and Figure 4.8.

Table 4.3. The rotor slot harmonics (RSH) in the case of motor 1.

Slip Theoretical | Theoretical | RSH1 RSH2 RSH1 (A) | RSH2 (A)
RSH1 RSH2 (Hz) (Hz)
0.0030 947 1047 946.7 1046.8 0.00042 0.0005
0.035 915 1015 914.76 1014.76 0.00185 0.0008
0.05 900 1000 899.2 999.2 0.0021 0.0007
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Figure 4.8. The development and movement of RSH (motor 1).

It is relatively easy to differentiate among the frequencies if they are limited in number,
as discussed earlier. However, in the case of inverter-fed motors, this differentiation
becomes very tedious. This is because of two main reasons: the tremendous number of
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harmonics coming from the supply side, and the second is the drive controller’s impact
if it is working in the closed-loop system. The results presented in Figures 4.6-4.7 are
based on no-load simulations and measurements, while the detailed studies in several
other cases are presented in [IV, V,VI].

4.5 Spectrum analysis in the transient regime
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Figure 4.9. (a) The frequency spectrum of healthy and broken bar motors under no-load
conditions, (b) The frequency spectrum of healthy and broken bar motors under rated-load
conditions (motor 2).

The fault diagnosis of induction machines using steady-state signals possesses some
limitations. In steady-state signals, faulty frequency components’ detection becomes
very challenging under no load or low load conditions because of the low slip. Figure 4.9
(a)-(b) shows the motor's frequency spectrum under no-load and rated load conditions.
The broken bars are no longer detectable under the no-load state, which creates a
challenge for the diagnostic algorithm. Other than the drawbacks while the machine is
working under low slip conditions, the steady-state signal-related problems may also
include the possibility of false indications caused by cooling ducts, broken outer bars in
double cage rotors, rotor magnetic anisotropy, etc.

These problems can be solved by working under transient intervals, where the
frequency components show very interesting results. This is because of the continuously
changing slip from maximum to minimum in that interval. However, there are some
difficulties dealing with that interval; first, at rated conditions, the transient interval time
is minimal, leading to low frequency resolution. Secondly, since the signal is non-stationary,
it cannot be handled using DTFT, but the time-frequency analysis becomes essential.

a) Legibility improvement by extending the transient time
The critical parameter for better time-frequency resolution is the sampling frequency
and the measurement length of the signal. If the motor’s start-up time is minimal, it will
lead to no practical information about its condition. The transient time can be increased
by using a large inertia load. However, this approach requires the motor to be removed
from the production line, making the test practically impossible. However, the rotor’s
inertia can be exploited for the same purpose by decreasing the applied voltage and the
motor’s power. This technique increases the simplicity of the test, as no external load is
needed. The presence of an industrial inverter in almost all working environments
increases the feasibility of tests. In the industrial inverter case, the variable voltage at a
constant frequency can be achieved by changing the rated parameters. Since the
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voltage/Hz ratio in the scalar control remains constant, by changing the rated frequency
with constant rated voltage, the output voltage can be varied, as shown in Table 4.4.
Moreover, the acceleration and deceleration time should be equal to zero to avoid the
drive controller’s influence on the transient interval.

Table 4.4. The setting of the industrial inverter to achieve the desired voltage.

Vrated (V) frated (HZ) V/Hz fset (Hz) Vout (V)
300 300 1 50 50
300 150 2 50 100
300 100 3 50 150
300 75 4 50 200
300 60 5 50 250
300 50 6 50 300

Since the prominent non-stationary signal bandwidth is from 0 to 50 Hz, the
higher-order spatial and time harmonics become less significant. Although they also
make similar time-frequency patterns, they are fragile compared to the pattern made by
LHS and RHS components. It makes the simplified winding function-based model suitable
for study and usage in advanced model-dependent diagnostic algorithms. The simplified
model can also be used to draw theoretical fault-based patterns for better understanding.
The simulated transient current at 10, 15, 25, and 100 percent of rated voltage is shown
in Figure 4.10.

20

200

% 2 100 ﬂ]‘[
g ' Cumrentat 15% V ’ Current at 23% V 0 ‘U Current at 100% V
@] 20 Envelope 20 anelupe 00 || Envelope

0 5 10 0 5 0 02 04 0.6
2 1 15% V 2 25% V 23 ——100% V
= | — : \p«wmvwm% Bl
S 4 2 _22 Wiy

0 5 10 0 5 0 0.2 04 0.6
g 1 ‘ ‘ [—10% V]
F o nwmmwmwwmwwmw\/\m ﬁW\ﬂMﬂWWﬂW
S e I 1

0 2 4 6 3 10 12

Time (Sec)
Figure 4.10. The motor’s simulated startup currents at different voltage levels (top row),

the recovered non-stationary signal (middle row), the non-stationary signal at 10% of the rated
voltage (bottom).

The length of the transient interval increases with the decrease in the supply voltage.
The non-stationary signal is recovered by attenuating the fundamental component with
the help of a band-stop IR filter.

Figure 4.11 shows the time-frequency analysis of the recovered non-stationary signal
using the wavelet approach. The fault-based “V” shaped pattern becomes legible at 10%
of the rated load while it is not present under nominal conditions. The fault pattern
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becomes more legible by using filter and contour plots together. The contour plot shows
the areas with a 95% of the confidence interval. With rated voltage, total power is
confined in the region till 0.5 sec without any pattern as in Figure 11(b). In contrast, the
pattern becomes visible with extended time, as in Figure 11(d). The detailed analysis of
simulation and practical results with appropriate, relevant references can be studied in [1].

An infinite impulse response (lIR) filter with a band stop range from 49.99Hz to
50.01Hz is used for the fundamental component’s attenuation. The IIR filter is tuned
because of its better transition interval with fewer pass band ripples. While time-frequency
analysis of the recovered non-stationary signal is done using wavelet approach with
“Bump” mother wavelet. The Bump wavelet produces tighter frequency variance and
broader time variance. However, its time and frequency localizations can be improved
by properly tuning its parameters. The detailed mathematical description of this mother
wavelet is accessible in [80].
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Figure 4.11. The time-frequency pattern of simulated current with two broken bars at (a) rated
supply voltage, (b) contour pattern (c) 10% of the nominal voltage, (d) contour pattern for better
legibility with a 95% confidence interval (motor 2).

Figure 4.12. shows the measured transient current at various voltage levels under two
broken bar conditions. The recovered non-stationary signals contain all harmonics except
the fundamental component, attenuated by the band-stop filter.
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Figure 4.12. The motor’s startup currents measured at different voltage levels (top row),
the corresponding recovered non-stationary signals (middle row), and the non-stationary signal at
10% of the rated voltage representing the changing frequency pattern (bottom) (motor 2).
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Figure 4.13. The results, based on the measurements taken at 10% of the rated supply voltage
(a) The time-frequency response of healthy motor’s phase current in transient regime,
(b) The respective contour plot with a 95% confidence interval. (c) The time-frequency response of
faulty motor’s phase current in transient regime, (d) The respective contour plot with a 95%
confidence interval (motor 2).

The time-frequency analysis of the motor’s transient current at 10% of the nominal
voltage under healthy and two broken bar cases is presented in Figure 4.13. The fault-based
pattern is not visible in the presence of the fundamental component. Moreover,
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the contour plot also misses the weak fault pattern as the maximum spectral power
density is in the region made by the fundamental component.

b) Legibility improvement by attenuating the fundamental component

It is well-known that the fault representing frequencies are very weak in amplitude than
the fundamental component. It decreases their visibility, which can be improved by
removing the fundamental component out of the signal. This can be achieved using
various digital filters such as Hilbert transform, Notch filter, or infinite impulse response
(lIR) band-stop filters. The IIR filters can attenuate the fundamental component with the
most negligible impact on the sideband frequencies because of its sharp transition band
and low passband ripples. The current time-frequency spectrum of a healthy motor after
the attenuation of the fundamental component with the band-stop IIR filter is shown in
Figure 4.14.
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Figure 4.14. The generation of spatial harmonics in stator current. (a) Under steady-state regime
with 50% of the rated load in the bandwidth of 100-400 Hz, (b) Under steady-state regime with
50% of the rated load in the bandwidth of 500-1000 Hz, (c) The development of time-frequency

patterns due to the space harmonics, (d) The time-frequency spectrum under steady-state regime

under 50% of rated load (motor 2).

Those patterns are because of the inherent eccentricity and the rotor slotting
harmonics. All those harmonics are presented both in the transient and steady-state
regimes. Their proper segregation is essential to avoid false fault alarms, as in the
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transient region, they make similar patterns as rotor faults do. The broken rotor bar-
based harmonics become much more substantial than inherent eccentricity at some fault
level. Figure 4.15 shows the development of fault patterns in healthy, 1 BRB, and 2 BRB
cases, respectively. Moreover, the current envelope shows the measurement time of the
stator current in the transient interval.
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Figure 4.15. The results based on the measurements taken at 10% of the rated supply voltage
(a) The envelope of motor's phase current in transient regime, (b) Time-frequency spectrum in the
healthy case with an attenuated fundamental component, (c) Time-frequency spectrum in case of

1 broken bar with the attenuated fundamental component, (d) Time-frequency spectrum in case
of 2 broken bar with an attenuated fundamental component (motor 2).

The contour lines representing the areas with specific amplitude of the frequency
components can be used for better legibility of fault based patterns. The selected
amplitude level is known as scaling, which can also be used as a quantitative indicator of
the fault. It can help differentiate between fault-based patterns and the pattern based
on inherent eccentricity to avoid false alarms. In this particular study, a confidence
interval of 95% is considered for the contour plot.
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Figure 4.16. (a) The time-frequency plot of the healthy motor with 10% of rated voltage,
(b) The time-frequency contour plot with a 95% confidence interval, (c) The time-frequency plot 1
BRB motor with 10% of rated voltage, (d) The corresponding contour plot with a 95% confidence
interval (motor 2).

The time-frequency analysis of healthy and 1BRB based motor’s transient current with
the attenuated fundamental component is shown in Figure 4.16. The corresponding
contour plot gives a better legible spectrum after neglecting the weaker spatial
harmonics. The contour plot shows the region with maximum spectral power density,
which can be achieved by selecting the regions with appropriate confidence intervals. In
the absence of the fundamental component, the fault-based frequencies are the most
potent components compared to winding and spatial harmonics; the contour region
confines itself around the fault representing regions [I].
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5 Conclusions and future work

This chapter concludes the outcomes of this research work for the proposed objectives.
Moreover, some advancements in this field as future work are also suggested at the end.

5.1 Conclusions and the summary of the work

The main objectives of this work are twofold. The first is to make the squirrel cage
induction motor’s various models suitable for its analysis, condition monitoring, and fault
diagnostics. The second is to investigate motor’s current spectrum using multiple signal
processing techniques suitable for fault detection under the transient and steady state
regimes.

On the modeling side, the main emphases are given to the fact that the model should
be fast, less complex in the perspective of ill-posedness, and should be able to simulate
the most common faults. Moreover, the model should be suitable for advanced
model-dependent diagnostic algorithms such as inverse problem theory and hardware
in the loop environment.

To achieve the goals, the two-axis theory-based model (d-q) was considered as a
starting point. This model is straightforward, comprehensive, and perfect for dynamic
analysis of the motor under investigation. The approximations such as constant
inductances, no air gap, and the approximate three-phase wound rotor make this model
less beneficial for the fault simulations without a considerable increase in the equivalent
circuit’s complexity. However, the material’s non-linear behavior is simulated using a
second-order non-linear function of magnetization current and flux, compatible with the
other models.

The winding function-based model was prepared as a next step to reduce the number
of considered approximations in the d-g model. Various inductance analytical expressions
are derived in this model, based on the constant air gap, sinusoidal stator winding
functions, and the actual rotor loops. The derivation of the inductance analytical
expressions as a function of the rotor position increases the simulation’s speed
drastically. Moreover, all rotor loop’s consideration makes the model suitable for
simulating all rotor bar currents and various broken bar and end ring faults. This model
is an excellent selection for the broken rotor bars faults detection under the transient
regime. It does not consider higher-order spatial and time harmonics, which increases
the model’s complexity unnecessarily. However, considering the constant air gap and
sinusoidal stator winding distribution makes this model unsuitable for the simulation of
eccentricity and stator short circuit failures without a considerable increase in
complexity. The winding distribution-related approximation can be resolved by
considering the summation of higher-order harmonics with the help of Fourier series.
At the same time, a practical air gap can be considered using the Taylor series. However,
both solutions can lead to the limitations of the self-defined number of harmonics and
their amplitude.

To resolve those issues, the modified winding function-based model is proposed next.
In that model, the winding function and the air gap are defined as conditional analytical
expressions. These analytical expressions are the function of the rotor reference
position. Moreover, the motor’s mechanical geometry is considered to calculate various
parameters, such as phase resistances and leakage inductances. The integration-based
winding function formula was reduced to a mean value function, which considerably
reduces the model’s complexity and the integration’s constant related issues. It also
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reduces the problems of integration constant. Moreover, the entire model is divided into
two portions. Several inductances and resistances are calculated in the offline portion at
various rotor positions with a considerably reduced step size for better resolution.
The calculated inductances are saved in 3-D lookup tables. These tables are then used in
the online section, where the performance parameters such as speed, torque, fluxes,
currents, and voltages are calculated. The division of the model into two sections can
decrease the simulation time so that, once the inductances are calculated, most of the
faults can be simulated in the online portion without the need for inductance matrices
to be calculated again. The inclusion of actual winding functions, the air gap, and the
stator and rotor slot openings make the results in good agreement with the results
achieved using complex finite element-based models. The little simulation time
compared with FEM models makes it suitable for advanced model-dependent diagnostic
algorithms.

The compatibility of the proposed analytical and hybrid FEM-analytical models with
the cluster computation makes the models suitable for exploiting distributed
computational resources. It makes the model feasible for cloud computation, which is a
crucial part of industry 4.0 standards. Moreover, the simulation time decreases
drastically.

Towards the signal processing side, the motor current signature analysis (MCSA) is
performed using various techniques combined with digital filters. The entire frequency
spectrum of stator current was studied to segregate various frequency components
according to their causes. This differentiation among various frequency components is
essential for diagnostics algorithms when there is more than one system's fault.
Moreover, the drive controller’s impact is also investigated and concluded that in direct
torque control (DTC) motor, the stator current possesses the slightest information
regarding the rotor fault. The frequency spectrum is studied both in the steady-state and
transient regimes. In the transient regime, it is proposed that, by selecting an appropriate
value of power spectral density (confidence interval in case of wavelet), the fault
representing regions can be made more legible.

The test rig was prepared with broken rotor bars, where several experiments were
performed while running the motor under different loading and supply conditions.
Finally, the simulation results taken from the proposed model and FEM are compared
with the practical measurements for validation.

5.2 Future works

The proposed model can be used for the advanced fault diagnostic techniques,
as the simulation time is considerably less, and it possesses the winding distribution and
air-gap-related practicalities.

The model can be used in the inverse problem theory, where the motor’s global
signals (observables) can be used as input to estimate the design parameters. Unlike
corresponding FEM models, the proposed model is less ill-posed, leading towards the
more unique and stable solution of inverse maps. The comparison of the estimated
design parameters with the rated parameters can lead to the cause of the fault.

The utilization of this model can open new prospects in the field of machine fault
segregation. It can be done by comparing the practical faulty signals with simulated
benchmark fault signals obtained from this proposed model.
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The training of artificial intelligence-based fault diagnostic algorithms requires the
collection of big data under various fault-case scenarios. The collection of this data is
challenging to obtain from;

e Industry, as there is the least number of faulty motors working at a time due
to preventive maintenance
e Laboratory, as only a limited number of destructive tests, can be performed

This proposed model can best serve this purpose, yielding various fault-case scenarios
at various severity levels.

The proposed model can be used in various inverter-fed environments to study the
inverter controller’s impact on the fault representing frequencies.

Since the model includes the effect of spatial harmonics, it can be used for sensor-less
speed estimation, at least in the steady-state regime, by detecting the principal slot
components.

In developing this model, magnetic material permeability is considered infinite as the
material saturation has less impact on the frequency components representing the
faults. To further improve the accuracy of this model, it can be compensated using a
non-linear function of flux and current in the online portion of the model by using the
material’s B-H curve as a lookup table or by modulating the air-gap with an appropriate
sinusoidal function.
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Abstract

Mathematical Modelling of Three Phase Squirrel Cage
Induction Motor and Related Signal Processing for Fault
Diagnostics

This thesis aims to study different analytical methods to model a squirrel cage induction
motor, which should have minimal simulation time than the corresponding finite
element method (FEM) based models. The purpose of doing so is to develop a model
suitable to simulate all major faults and be used for advanced model-dependent fault
diagnostic algorithms, such as parameters estimation and inverse problem theory. This
thesis’s second key objective is to study various signal-processing techniques for their
pros and cons to detect fault at the embryonic stage and investigate the entire current
harmonic spectrum of induction motors both in transient and steady-state regions. Thus,
the motor under healthy and broken rotor bar (BRB) conditions are simulated, and
experimental measurements are investigated for validation.

The dynamic d-q model with the inclusion of non-linear magnetization inductance was
considered as a starting point. This model helps understand the machine's basic concepts
because of its comprehensiveness and ability to produce compact equations, which can
be used for drives as general and in observers and state estimators as particular.
However, this model was found to be less suitable to simulate machine faults because of
the considered approximations.

To address the d-q model limitations, the winding function analysis (WFA) based
model was prepared. In this model, the analytical equations to calculate various
inductances, resistances, currents, fluxes, torque, and speed are derived for the motor
under investigation. These equations were simulated in MATLAB, giving results near to
the practical measurements. The model is suitable for implementing some faults, such
as BRB and broken end rings. Still, the consideration of constant air gap makes it less
ideal for the implementation of eccentricity and saturation-related faults. Moreover, the
spatial harmonics, which are very important for fault diagnostics and sensor-less speed
estimation, cannot be simulated. Those approximations can be reduced with Fourier
summation of higher-order harmonics (winding) and Taylor series to include inverse air
gap functions but at the cost of the self-defined number and amplitude of harmonics.

To get more realistic results, the modified winding function analysis (MWFA) based
model was prepared to ensure that all winding functions and air gap were defined as a
function of stator and rotor individual and respective angles. The geometry of stator and
rotor slots is considered to calculate the leakage inductances and various resistances.
The self and mutual inductances between rotor and stator are computed with a stepping
rotor. The results at each rotor position are saved in offline 3D lookup tables. During the
online simulation, all pre-saved matrices are used as a rotor position function using their
index value, and the performance parameters, such as currents, fluxes, torque, and
speed, are calculated. The FEM and hybrid FEM-analytical models of the machine
under investigation are prepared using commercial software to validate the results.
The comparison of results shows an excellent agreement with a minimal simulation time
and least ill-posedness for the proposed model compared to the corresponding FEM
model.

Both analytical and hybrid FEM-analytical models are divided into online, offline
portions and compatible for the solution on cluster computation. Their division in the
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online and offline portions reduces the complexity and gives the model the freedom to
simulate faults in the online portion without doing unnecessary offline calculations again.
Moreover, the compatibility with cluster computation is excellent for exploiting
distributed computational resources such as cloud computation, an integral part of
industry 4.0 standards.

Towards the signal processing side, the fast Fourier transform (FFT) and wavelet
transform (WT) are used extensively to study the steady-state and transient regime
signals. The infinite impulse response (IIR) based digital filters are used to improve the
motor’s current spectrum’s legibility. In this way, the total harmonics are segregated
according to their cause of production. Moreover, the spectrum of current simulated
from the proposed model is compared with that simulated using the FEM model and the
test rig measurements. The comparison is made until a wide bandwidth of frequencies
for further validation of the proposed model.

Moreover, the WFA based model is also investigated during the transient regime by
doing the time-frequency analysis of the stator current. The recovered non-stationary
signal’s pattern is in good agreement with the one obtained from the practical
measurements. The specific fault-related pattern during the transient interval can
further enhance the model’s effectiveness.
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Kokkuvote

Kolmefaasilise liihisrootoriga asiinkroonmootori
matemaatiline modelleerimine ning lahtuv rikkediagnostiline
signaalitootlus

Doktorito6  eesmadrgiks on uurida anallltilisi  meetodeid Ilhisrootoriga
aslinkroonmootori modelleerimiseks, mis vajavad oluliselt vahem simuleerimisaega kui
samavadarsed IGplike elementide meetodil (FEM) baseeruvad mudelid. Seda tehakse
omakorda eesmargil, et vélja t66tada mudel, millega on vdimalik simuleerida koiki
enim levinud elektrimasinate rikkeid, mida omakorda saab kasutada keerukates
modelleerimisel baseeruvates diagnostilistes algoritmides, nagu parameetrite
ennustamine ja poordprobleemi teoorias. Teiseks oluliseks eesmargiks antud
doktorit6os on erinevate signaalitootlusalgoritmide uurimine, hinnates nende eeliseid ja
puuduseid, tuvastamaks rikkeid voimalikult varajases staadiumis ning vGimaldades
stvitsi analtisida astnkroonmootorite terviklikku vooluspektrit nii siirete kui
pisitalitluse olukordades. Selleks teostati védljatootatud mudelil simulatsioonid nii
korrasoleva kui purunenud rootorivarrastega mootoril ning mudel valideeriti
eksperimentaalsete md6tetulemustega.

Esialgseks mudeliks valiti mitte-lineaarse magneetimisinduktsiooniga diinaamiline
d-g mudel. Antud mudel aitab mdista masina p&hikontseptsioone, sest on piisavalt
kdikehS6lmav ning voimaldab genereerida kompaktseid valemeid, mida saab edasi
kasutada elektriajamites naiteks olekujalgimis ja -hindamis funktsioonides. Samas
kasutab mudel olulisi lihtsustusi, mistottu ei ole see sobiv elektrimasinate rikete
simuleerimiseks.

Et lahendada d-g mudelis esile kerkinud piiranguid, t66tati valja masina mudel, mis
baseerub mahise funktsiooni analiiisil. Antud mudeli baasil tuletatakse analidtilised
valemid, mille abil leitakse mootori erinevad induktiivsused, takistused, voolud,
magnetvood, moment ja kiirus. Neid valemeid simuleeriti MATLAB keskkonnas, mis andis
katselistele andmetele ligildhedasi tulemusi. Antud mudel sobib osaliselt rikete
simuleerimiseks, nagu purunenud rootorivardad ja lihisréngad. Samas, kuna mudelis
kasutatakse konstantset Ghupilu, ei ole sellega ideaalselt vGimalik simuleerida
ekstsentrilisuse ja killastusega seotud rikkeid. Lisaks, ei ole antud mudeliga vdimalik
ruumiliste harmooniliste simuleerimine, mis on vajalikud diagnostiliste indikaatoritena
ning andurivabaks kiiruse ennustamiseks. Nimetatud lihtsustuste m&ju saab vahendada
Fourier’ kdrgema jargu mahise harmoonikute summeerimisega ning Taylori rea
kasutamisega, vottes arvesse pooratud Shupilu funktsiooni, kuid seda anallusitavate
harmoonikute hulga ja amplituudide arvelt.

Realistlikumate tulemuste saamiseks valmistati parandatud maéhise funktsiooni
analtisil baseeruv mudel, kus méahise funktsioonid ning Shupilu defineeritakse staatori
ja rootori individuaalsete ning Uksteisest sGltuvate nurkade funktsioonina. Staatori ja
rootori uurete geomeetriat vdetakse arvesse arvutamaks eri takistusi ja lekke
induktiivsusi. Oma- ja vastastikinduktiivsuste arvutamiseks rootoris ja staatoris on
kasutatud rootori sammulist nihutamist. Iga rootori positsiooni arvutustulemused
salvestati kolmemddtmelistesse teatmetabelitesse. Simuleerimise ajal kasutatakse
varem salvestatud maatrikseid rootori positsiooni funktsioonina, arvestades nende
indeks-vaartuseid, ning arvutatakse masina té6parameetrid nagu voolud, vood,
moment ja kiirus. FEM ja hiibriidsed FEM-analiiitilised mudelid valmistati kasutades
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kommertsiaalset tarkvara, et valideerida saadud tulemusi. Tulemuste vérdlus, vorreldes
arendatud mudelit samavadarse FEM mudeliga, naitab suureparast kokkulangevust,
kasutades vahemat simuleerimisaega ning vdiksemat arvu probleemi vaar-pustitust.

Nii analitilised kui hdbriid FEM-analtitilised mudelid on jagatud aktiiv- ja
passiivosadeks ning on Ghildatavad klasterarvutuse lahendustesse. Selline jagamine
tagab keerukuse vdhendamise ja annab mudelile vabaduse rikete simuleerimiseks ilma
vajaduseta korrata mittevajalikke passiivarvutusi. Lisaks on klasterarvutusega thilduvus
suurepdrane voimalus jagatud arvutusvdimsuste kasutamiseks naiteks pilvearvutuse
ndol, toetades ToOstus 4.0 standardeid.

Signaalitootluses kasutati laialdaselt kiire Fourier’ teisenduse ja lainikteisenduse
vOimalusi masina pdsitalitluse ja siirdeprotsesside signaalide pd&hjalikuks uurimiseks.
Piiramatu siirdega filtril baseeruvaid digitaalfiltreid kasutati mootori vooluspektri
loetavuse parendamiseks. See annab voimaluse harmoonikute eraldamiseks arvestades
nende pOhjustajaid. Arendatud mudeli simuleeritud vooluspektrit vérreldi FEM mudelil
ja katseandmetest saadud vastavate spektritega, kasutades laia sagedusvahemikku,
eesmargiga valideerida arendatud mudeli korrektsust.

Lisaks on mahise funktsiooni anallisil baseeruv mudelit uuritud siirete korral labi
staatorivoolu aeg-sageduse anallilsi. Saadud signaalikuju on tugevas vastavuses
eksperimentaalsete mGGtetulemuste omaga. Mudelit saab edasi arendada arvestades
spetsiifilisi rikkest pShjustatud signaalikuju muutusi siirdeprotsesside ajal.
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Abstract: This paper presents the modeling and the broken rotor bar fault diagnostics by time-
frequency analysis of the motor current under an extended startup transient time. The transient
current-based nonstationary signal is retrieved and investigated for its time—frequency response
to segregate the rotor faults and spatial harmonics. For studying the effect of reduced voltage on
various parameters and the theoretical definition of the fault patterns, the winding function analysis
(WFA)-based model is presented first. Moreover, an algorithm to improve the spectrum legibility
is proposed. It is shown that by efficient utilization of the attenuation filter and consideration of
the area containing the maximum power spectral density, the diagnostic algorithm gives promising
results. The results are based on the machine’s analytical model and the measurements taken from
the laboratory setup.

Keywords: condition monitoring; fault diagnosis; Fourier transform; induction motors; modeling;
wavelet transform

1. Introduction

Electrical machines have been showing their influential role in industrial and domestic
applications since the second industrial revolution. This role is evident in electricity
generation, such as wind power plants or electrical to mechanical energy converters, which
are driving the industry. In various electrical machines, induction motors are ubiquitous
because of their simple structure, good efficiency and easy maintenance. A variety of
applications makes them consume more than fifty percent of the total energy generated
worldwide.

The mechanically moving parts and harsh industrial environment make them vulner-
able to faults. The electrical faults are mostly related to the stator, such as inter-turn short
circuits, phase drop, voltage imbalance, earthing and inverter-related defects. However, the
mechanical faults are mainly associated with the rotor, such as broken bars, bad bearings,
eccentricity, broken end rings or inadequate foundations. All those faults are degenerative,
making it crucial to detect them at the developing stage to avoid catastrophic situations.
Various fault diagnostic techniques are available in the literature, such as vibration analysis,
thermal analysis, acoustic analysis, electromagnetic field inference, leakage flux, infrared
light detection and chemical analysis.

However, motor current signature analysis (MCSA)-based fault diagnostic techniques
are gaining heightened popularity because of their noninvasive nature and lower com-
plexity. Moreover, a vast field of data processing techniques improves their flexibility and
makes them more reliable.
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It is a well-studied fact that almost all rotor faults modulate the stator currents with
specific frequency components. The detection of those frequency components can lead to
the cause of the fault. The Fourier transform can be considered a foundation stone for all
advanced signal processing techniques. The majority of MCSA-based methods depend
on a fast Fourier transform (FFT) of the signal; for example, in [1], the authors used the
FFT on the active and reactive currents of a motor to investigate the broken rotor bars and
load oscillations. The authors of [2] used the FFT in conjunction with Park’s vector to make
an artificial ants clustering technique for the fault diagnostics of an induction motor. The
Park’s vector makes an entire domain of condition monitoring of electrical equipment [3-7],
giving promising results if used in conjunction with FFT. In [8], the autoregressive method
relied on a discrete-time Fourier transform (DTFT) and a notch filter. The researchers in [9]
used the FFT to prove that slot harmonics could be used as potential indicators to detect
broken rotor bars. In [10], the authors used an adoptive notch filter and FFT for broken
rotor bar fault diagnostics of an induction motor. In [11], the FFT was used on simulations
and practical results to investigate broken rotor bars and mechanical vibrations. In [12],
Nandi used the FFT to study the stator current frequency spectrum for different fault
conditions, and in [13], the FFT was used along with a band-stop filter for the detection of
broken rotor bar frequencies.

However, there are certain limitations of the FFT, putting a question mark on its
reliability for fault diagnostics. These limitations include spectral leakage, which is the
power of the main components leaking into the subsequent frequency bins. If the acquired
signal’s length and sampling frequency are not good enough, the faults representing
frequency components are highly likely to be buried under the corresponding primary
frequency bins. This problem becomes worse when the motor is working under no-load or
lesser-load conditions, as the faulty frequencies are the function of slip. The other issue of
the FFT is that the signal should be in a steady state regime, be stationary and not have any
discontinuities. These problems are becoming worse as the inverters are coming forward
as an integral part of the drive system. The inverter-fed voltage is full of harmonics, which
makes the frequency spectrum hazy to understand. Moreover, the drive control algorithms
can also have an impact on the amplitude of the harmonics. For example, in the case of
direct torque control (DTC) motors, the drive directly influences the current signal carrying
all the information about the motor’s health [14].

Researchers have tried several different techniques to cope with these problems. The
use of Hilbert transforms to extract the signal’s envelope, which possesses considerable
information regarding the electrical machine’s health, can be found in [15]. The authors
in [16] used a fractional Fourier transform to recover the faulty frequencies from a non-
stationary signal. In [17], the authors used a sliding discrete Fourier transform for the
detection of broken rotor bars, while [18-21] used the wavelet technique to improve the ac-
curacy. These techniques’ capability to handle nonstationary signals opens a new paradigm
in the field of fault diagnostics [22-24]. However, the poor time—frequency resolution is
still a challenge.

This paper presents the following attractive features:

e  For studying the impact of broken bars on different performance parameters, a WFA-
based analytical model is developed. This model takes less simulation time to study
the effect of low voltage and asymmetry on the machine’s performance. It also helps
to plot the faulty theoretical patterns used as a benchmark for differentiation among
fault and spatial harmonics;

e Unlike most of the papers where a high inertia load or variable transformer is used,
an industrial inverter-based low voltage test to extend the motor’s transient interval is
proposed. It is also described how an industrial inverter can reduce the voltage while
maintaining a constant rated frequency. Increasing the transient length of the motor
startup current improves the time—frequency resolution of the spectrum;
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e  Analgorithm to improve the spectrum’s legibility is proposed, which helps segregate
various frequency patterns in the transient regime;

o  The wavelet transform is preferred over the short-time Fourier transform (STFT) to
avoid inherited FFT drawbacks. Moreover, a band-stop infinite impulse response (IIR)
filter is used to attenuate the fundamental component, which improves the spectrum’s
legibility;

e [tis proposed that the selection of time—frequency regions with a 95% confidence
interval (CI) in the form of a contour plot gives a more unambiguous indication of
faulty patterns. By adjusting the level of the CI, the spatial and switching frequency-
based patterns can be avoided. To the best of the author’s knowledge, this technique
is not presented in the literature so far.

2. Theoretical Background
2.1. The Modeling of Induction Motor

Electrical machines’ modeling is the first milestone in machine design, control, anal-
ysis and diagnostics. The famous modeling techniques are divided into two major cat-
egories: analytic and numerical. The commonly used analytic methods are two-axis
theory [25], winding function method (WFM) [26-28], reluctance network [29] and con-
volution theorem-based models [30]. The finite element method (FEM)-based models are
typical examples of numerical modeling of electrical machines. Although the numerical
models have the least number of approximations, the complexity and computational time
is the biggest drawback [31]. It becomes worst in the field of fault diagnostics, where
the motor’s symmetry cannot be exploited to reduce the simulation time. For the fault
diagnostic in the transient regime, the V-shaped pattern made by the sideband frequencies
is significant. This pattern generates because of the varying slip until the steady state
region. This nonstationary signal moves in a bandwidth from 0 Hz to 50 Hz. Thus, the
higher-order slotting harmonics become less significant for the analysis of the fault-based,
nonstationary signal. The winding function-based model with much less complexity than
the corresponding FEM-based models is essential to differentiate among several harmonics.
Hence, the air gap is considered constant by neglecting the slot openings with the magnetic
material’s infinite permeability. The stator winding is approximated as a pure sinusoid,
while the rotor turn function represents its actual cage structure. Various self and mutual
inductances can be calculated using the winding function formula as in Equation (1). The
analytical formulas for the calculation of different inductances given in Equations (2)—(6)
are the solution of (1) for the winding functions, as described in [32]:

Lij(0) = porl /Omg‘l(fpﬁ)Ni(@G)N;(%9)d9 (1)

ot /p N 2
-8 ()

L
Lap=Lpc=Lca= - (3)

_ [ Haorl Xr | (P

Ly = ( g )“r {1 - p?} (E) (4)

_ [ Horl o p
= (1) |-52] (B) ®
Lai(6) = (255 ) sin( ) cos(er -+ (1= Do+ ) ©

where ji, is the permeability of the free space; r is the machine’s radius, which is taken as
the center of the air gap; [ is the machine’s effective length; g is the air gap width; «; is the
angular displacement between two consecutive rotor bars; p is the number of the poles; Ns
is the number of effective turns per phase in the stator; and 6 and ¢ are the rotor and stator
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angular positions from a reference point. In Equation (6), the inductance is multiplied with
a cosine function of 6 to emulate the rotating rotor, where integer i changes the angle of
the respective rotor bar from the stator reference point. Lm is the magnetization inductance,
Lap, Lgc and Lcy are stator mutual inductances, L, and L,y; are rotor self and mutual
inductances and Lg,; is the mutual inductance between the stator and rotor.

The performance parameters, such as torque, speed, currents and voltages, can be
calculated using Equations (7)—(9):

Vs | | Rs O I d [ Ls L
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where Vs is the stator input voltage vector and Rs and Rr are the stator and rotor resistance
matrices of orders (3 x 3) and (40 x 40), respectively. Similarly, Lss, Lsr, Lrs and Lss are the
matrices containing stator-stator, stator—rotor, rotor—stator, and rotor-rotor self and mutual
inductances at a specific rotor position. Moreover, T is the generated torque, I; is the stator
current, I, is the rotor current, T} is the loading torque, Bf is friction coefficient, wy, is rotor
angular velocity and | is the moment of inertia. The detailed model with slot openings and
the actual winding functions can be found in [33].

2.2. The Fault Signature Equations and Modulation

Almost all rotor-related faults produce frequency components in the induction motor’s
current and the voltage spectrum as a slip function. The most common rotor faults can be
diagnosed by detecting the frequencies represented by the equations shown in Table 1.

Table 1. Fault definition frequencies.

Fault Modulating Frequencies
Broken Rotor Bars fer = fs £2ksfs, k=1,2,3,...
Secce = [(knb + n,ﬁ(%) + v]fs
More precisely:
— 1-=s
fecce = [1ik( 7 ) ]fS
fecce = fs ikfr, k=1,23,...
where k is the harmonic order, v is the supply fed harmonics, f; is the supply frequency, f,, are the broken bar

frequencies, 114 is the dynamic eccentricity (0 for staticand 1,2, 3 ... . for dynamic), f; is rotor frequency, s is the
slip and p is the number of poles.

PSH and Eccentricity

The phase current of an ideal and symmetrical machine can be defined as
ig(t) = Ly sin(wt + «) (10)

where Im is the peak current, w is the supply frequency in the angular domain and « is the
phase angle. The unsymmetrical rotor with broken rotor bars, broken end rings or bad
bearings starts modulating the current with a frequency dependent upon the rotor’s speed
and the modulation index, which depends upon the severity of the fault:

faf(t) = [L+m(t)]ia(t) (11)

where m(t) is the modulating signal having a modulation index M, which depends on the
number of broken bars (Nb) and the total number of rotor bars (Nt). If the rotor is rotating
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and the winding distributions are considered as sinusoidal, the modulating signal is also a
sinusoid, such that

m(t) = Mcos(wot + @) (12)

where w, = 27tf is the fault characteristic frequency and depends on its nature and the

machine’s slip. In the case of the broken rotor bars, the characteristic fault frequency is
at 2sfs:

igf(t) = [L+ Mcos(4rsfst + @)]ia(t) (13)
fo=2sfs and w, = 2m(2sf;) (14)

m(t) = Mcos(4msfst + @) (15)

iaf(t) = [1+ Mcos(4msfst + @)Ly sin(wt) (16)

igf(t) = L sin(27fst) + (@) [sin(2rfs (14 2s)t+ @) + sin(27tfs(1 — 2s)t + ¢)] (17)

The modulation index M can be approximated as a ratio between the number of
broken and total rotor bars [34]:

Ny
TN

The sine terms with frequencies fs(1 + 2s) and fs(1 — 2s) in Equation (17) correspond
to the right-hand side (RHS) and left-hand side (LHS) harmonics, which makes a pattern
during the transient regime as the slip changes from the maximum value to some specific
value, depending upon the load.

In the steady state current, each fault is represented with a particular frequency value,
as described previously. In the transient region, the frequency changes continuously. The
rapidly evolving slip in the transient regime gives rise to nonstationary signals making
specific patterns. The most common causes are the rotor asymmetries, such as the inherent
eccentricity, the principal slotting harmonics and the broken bars or end rings. Figure 1
presents the theoretical development of those patterns for a harmonic order of two.

(18)
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Figure 1. The development of frequency patterns in a transient regime due to (a) broken bars, (b) dynamic eccentricity and
(c) principal slotting harmonics.

2.3. The Recovery of the Nonstationary Signal and Related Signal Processing

The frequency spectrum’s legibility in either a steady state or transient regime depends
on the signal’s length and sampling frequency. The fault-representing frequencies are the
function of motor slip, as described in Table 1. During the transient interval, the slip is not
constant, but decreases with an increase in speed as the motor goes toward a steady state
regime. This changing slip results in the creation of nonstationary signals in the transient
domain. With a rated supply, this transient interval is so small that those patterns do not
become visible. It becomes worse when the motor operates at a low load. The transient
interval can be extended by decreasing the supply voltage with a high inertia load, while
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the input voltage can be changed using a variable three-phase transformer or an industrial
inverter. The increasing use of the frequency converter as a substantial part of the drive
system increases the test’s feasibility. By reducing the supply voltage while maintaining a
constant frequency, the rotor’s inertia can control the transient time of the motor. Moreover,
with reduced voltage, the leakage inductance also takes more time to reach the steady
state point, which also supports an extended transient interval. For any reliable signal
processing-based diagnostic algorithm, the role of digital filters is undeniable.

Digital filters are the mathematical algorithms capable of reducing or enhancing
specific parameters of a signal. They are used for either the separation of combined signals
or the restoration of a distorted signal. Their diversified nature has many types, and they
are being used extensively in almost every signal processing-based application.

They are the potential tool to remove the strong supply-based frequency compo-
nents for improving the time—frequency spectrum’s legibility. This is necessary because
the fundamental component is powerful in amplitude compared with the fault-based
harmonics, which are very weak, particularly at the fault’s embryonic stage. Those low-
amplitude frequency components become barely visible in the presence of the fundamental
component.

To attenuate the fundamental component, the selection of an appropriate band-stop
filter becomes very crucial. The infinite impulse response (IIR) band-stop filters, such as
the Chebyshev II, can give promising results because of their steep transition band and
low passband ripples among various digital filters. The excellent transition band and low
passband ripples can reduce the filter’s impact on the recovered signal.

In light of the mentioned theoretical aspects, the frequency spectrum resolution for
transient and steady signals is improved in the following way, as presented in Figure 2:

e Measure the signal with the sampling frequency, meeting the Nyquist criterion. The
sampling frequency can be improved later using data interpolation. This is necessary
for the accurate detection of zero-crossing points. Moreover, any small constant offset
due to data acquisition devices should be removed to avoid a high-amplitude 0 Hz
component in the spectrum. This is achieved by subtracting the mean value of the
signal from itself;

e  Most signal processing techniques, such as DTFT, are sensitive to signal discontinuities
and the fractional number of acquired cycles. This problem is solved by counting
the integral number of cycles using zero-crossing detection. Saving the signal from
the first until the last zero crossings will remove the starting and ending fractional
portions of the signal;

e  FEach sinusoidal signal has three zero crossings, which can be exploited to get the
integral number of cycles. If the number of zero crossings is odd, then the signal
consists of an integral number of cycles; otherwise, the samples from the second-last
zero-crossing until the end should be discarded;

The band-stop IIR filter is then tuned to suppress the fundamental component;
The recovered signal shows good spectral legibility both for frequency (steady state)
and time—frequency (transient) analysis.
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| Measure sighal Y [n] with sampling frequency Fs |
¥

‘ Improve sampling rate from Fs to kFs using data interpolation if required ‘

Remove DC offset
Y=Y-mean(Y)

Detect zero crossings

Save the signal from first zero crossing till last
Y [n]=Y[1z] — Y [nz]

Count number of
Zero crossings n,

Save the signal till second last
zero crossing

Save the signal

Tune IR filter to attenuate fundamental
frequency component

Contour plot for selected
confidence interval

.

Figure 2. Flowchart for better frequency resolution and development of contour plot.

3. Simulation Results

The winding function model described in Section 2 was used for the transient and
steady-state analysis of the motor’s performance parameters under healthy and broken
bar conditions. The broken bars were simulated by increasing the value of corresponding
entries in the resistance matrix. Figure 3b shows the speed-torque dynamic response under
healthy and faulty conditions. The zoomed window shows the shift of the operating point

at the load application with a slight increase in the slip. The speed and torque ripples due
to broken bars are visible in Figure 3a,b.

Healthy
150 400 1BRB}
% Healthy Emo =
< L8
& ——1BRB z
i EE s s 200
S w 3 2
150 =
2, 2 0 100
@ 50 149 =
148 - 200 ! 9
5 1 = 8 145 150 155 160 165
0 2 4 6 8 10 12 0 50 100 150
Time (s) Speed (rad/s)

(a) (b)

Figure 3. (a) The speed dynamic response under healthy and faulty cases. (b) The speed—torque
dynamic response under the healthy and broken bar cases with shifting of the operating point upon
the application of a load in the zoomed window.
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These ripples were because of the fault-based induced voltage on the stator side. The
frequency of those harmonics depended upon the slip, as discussed previously. During the
transient interval, the slip changed dramatically from one to the nominal value, generating
anonstationary signal in the current. This transient interval was so narrow that any specific
pattern was hardly visible with rated voltage conditions because of the low-frequency
resolution. This phenomenon is described in Figure 4. The motor’s simulated transient
current at 10%, 15%, 25%, and the rated voltage is presented. The envelope is highlighted
by plotting the absolute value of the analytical function given below in (19) and (20). In
all subfigures, the x-axis represents the time in seconds while the y-axis represents the
amplitude in amperes. Moreover, as the constant air-gap is considered in the simulation
model, the non-stationary signal contains only broken bar based pattern.

ia(t) =i(t)+ji(t) (19)

where i(t) is the current, j is the imaginary unit representing the complex number and i(t)
is its Hilbert-transformed signal. This can be achieved by the convolution of the signal
with 1/7t, as shown by the following equation:

Lo (f(x)
H(t) = — / dx 20
0=/ (12 (20)
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Figure 4. The motor’s simulated startup currents at different voltage levels (top row), the recov-
ered nonstationary signal (middle row) and the nonstationary signal at 10% of the rated voltage
representing the changing frequency pattern (bottom).

All these steps can be achieved in Matlab by using the simple command ab (hilbert(i[t])).
The envelope contains all harmonics other than the fundamental component. For a steady
state signal, the Hilbert filter is the right choice for attenuation of the fundamental compo-
nent. However, in the transient regime, the phase shift of all frequency components poses
a problem.

Hence, the nonstationary current signatures were recovered by attenuating the funda-
mental component using the IIR band-stop filter, as shown in Figure 4 (middle and last
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row). With a decrease in the applied voltage, the fault-based nonstationary signal increased
in length and became more legible. The time—frequency analysis of those non-stationary
signals at rated voltage and 10% of the rated voltage is shown in Figure 5. With reduced
voltage and the corresponding increase in the signal length, the V-shaped pattern became
visible, being hardly present in the current at the rated voltage. Moreover, the supply
frequency component (50 Hz) was attenuated using the proposed filter. The fault pattern
became more legible by using filter and contour plots together. The contour plot shows
the areas with a 95% confidence interval. With the rated voltage, the total power was
confined in the region until 0.5 s without any pattern (Figure 5b), while with extended
time, the pattern became visible as in Figure 5d. In the magnitude scalogram, the color bar
represents the amplitude of the specific frequency component in amperes.

Magnitude Scalogram
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Figure 5. The time-frequency pattern of the simulated current with two broken bars at (a) the rated
supply voltage, (b) the contour area of the maximum spectral density, (c) 10% of the nominal voltage
and (d) the contour pattern for better legibility.

4. Practical Setup

The test rig consisted of a motor under investigation attached with a loading machine,
industrial inverters and a data acquisition set-up. The motor, with specifications given
in Table 2, was tested with healthy and broken bar-based rotors. The bars were broken
by drilling radial holes having a depth equal to the total rotor slot height. The motor
phase currents were measured under transient intervals using the Dewetron transient
recorder. The measured signal’s sampling frequency was 10 kHz, which was good enough
for better frequency resolution. The test set-up is shown in Figure 6. In the industrial
inverter case, the variable voltage at a constant frequency could be achieved by changing
the rated parameters. Since the voltage/Hz ratio in the scalar control remained constant,
by changing the rated frequency with a constant rated voltage, the output voltage could be
varied, as shown in Table 3. Moreover, the acceleration and deceleration time should be
equal to zero to avoid the drive controller’s influence on the transient interval.
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Table 2. The machine specifications.

Parameter Symbol Value
Number of poles P 4
Number of phases [ 3
Connection - Delta
Stator slots Ns 36, non-skewed
Rotor bars Nb 28, skewed
Rated voltage Vv 400 V@50 Hz
Rated current I 8.8 A
Rated power Pr 75 kW @50 Hz

Figure 6. (a) The rotor with two broken bars. (b) The test bench with the loading motor on the right side and the test motor

on the left side.

Table 3. The setting of the industrial inverter to achieve the desired voltage.

Viated (V) fratea (Hz) V/Hz fset (Hz) Vout (V)
300 300 1 50 50
300 150 2 50 100
300 100 3 50 150
300 75 4 50 200
300 60 5 50 250
300 50 6 50 300

5. Results and Discussion

Figure 7 shows the motor’s transient current at 15%, 25% and 100% of the rated supply
voltage with two broken bars. The recovered nonstationary signal was very legible at
10% of the supply voltage. Unlike the simulation-based results, these signals contained
several higher-order harmonics. The most prominent causes of those harmonics were the
non-sinusoidal stator and rotor winding distribution, the stator, the rotor slot openings and
the magnetic material’s nonlinear behavior. However, those frequency components were
of less significance, as the most prominent fault-based pattern remained in the bandwidth

of 0-50 Hz.
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Figure 7. The motor’s startup currents measured at different voltage levels (top row), the correspond-
ing recovered nonstationary signals (middle row) and the nonstationary signal at 10% of the rated
voltage representing the changing frequency pattern (bottom).

The frequency spectrum of the stator current during the steady state interval for
healthy and broken rotor bars at no load and rated load conditions is shown in Figure 8.
The spectrum in Figure 8b shows the evolution of the left-side band (LSB) and right-side
band (RSB) harmonics. These harmonics are the function of slip, and the results are based
on the measurements taken under rated load conditions.

Healthy
1BRB
2BRB

Healthy
1BRB

Current (dB)

47 48 49 50 51 52 53 47 48 49 50 51 52 53
Frequency (Hz) Frequency (Hz)

(@) (b)

Figure 8. The frequency spectrum from 47 Hz to 53 Hz under healthy and broken rotor bar cases
under steady state and (a) no-load and (b) rated-load conditions.

The sideband frequencies increased in amplitude with the increase in the number
of broken bars. Besides that, the sideband fault frequencies tended to shift slightly away
from the fundamental component with the rise in broken bars. With the increase in the
number of broken bars, the average generated torque decreased with a slight rise in slip.
The segregation of these components is very difficult from the rest of the harmonics if the
entire spectrum is considered.

The severity of this problem increases with the decrease in load. As the load decreased,
these harmonics started hiding under the fundamental component, with total disappear-
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Current (dB)

Current (dB)

ance at the no load condition as in Figure 8a. Moreover, the skewness in the rotor and
stator slots affected their amplitudes, making them less detectable at the developing stage.
The skews tended to attenuate the rotor harmonics for smooth speed torque features. It
is also important to mention that these harmonics remain venerable when the inverter
feeds the motor. This effect can be in the form of a colossal number of harmonics fed by
the inverter, making faulty frequencies even more difficult for segregation. Moreover, the
impact of the drive controller cannot be ignored. This impact is worst in DTC-controlled
motors, where the controller of the drive tries to eliminate the current harmonics to reduce
torque ripples [14].

The leading causes of the speed and torque ripples were the current harmonics, due
to non-sinusoidal winding distribution on the stator and rotor side, the supply-based odd
multiples of the fundamental component even if the machine was grid-fed, the inherent
dynamic eccentricity and the magnetic material’s nonlinear behavior. Those harmonics are
inevitable, even if the machine is in a healthy condition. Figure 9 shows those harmonics in
the stator current spectrum of a grid-fed healthy motor working under 50% of the rated
load. All the harmonics except the supply-fed one were the function of slip and tended
to move away from the parent supply component with the increase in load. As discussed
earlier, the legibility of those harmonics in the current spectrum not only depended upon
slip but the fluctuating load, and the drive’s controller also made the detection of desired
components challenging.

T
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Figure 9. The generation of spatial harmonics in the stator current of the healthy machine (a) under a steady state regime
with 50% of the rated load in the bandwidth of 100-400 Hz and (b) under a steady state regime with 50% of the rated load
in the bandwidth of 500-1000 Hz.

To avoid all those problems, the inspection of the motor current under the transient
regime showed promising results. For an increase in the transient time for better time—
frequency resolution, the supply voltage could be reduced using a three-phase transformer
or the industrial inverter, as discussed previously. With the increase in the applied voltage,
the motor took less time to reach a steady state interval. Under the transient regime, the
continuously decreasing slip moved the RHS and LHS frequency components toward the
fundamental component. It made a V-shaped pattern whose width depended upon the tran-
sient time. An exceptional intention was needed here, as there were several slip-dependent
frequency components, which could make similar patterns in the transient region. Those
frequencies are the spatial and inherent dynamic eccentricity-based harmonics, which
develop near all supply-fed higher-order harmonics.
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Figure 10 shows the harmonics” development in the transient and steady state regime
under the healthy condition with the attenuated fundamental component. It is evident
that in the transient region, the rotor slotting and eccentricity-based harmonics made the
V-shaped patterns, as in Figure 10a. Those patterns started from 50 Hz and vanished
completely as they approached the parent supply component, as in Figure 10b. It is
essential to differentiate them from the actual faulty patterns to avoid false alarms.
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Figure 10. The generation of spatial harmonics in the stator current of the healthy machine. (a) The development of
time—frequency patterns due to the space harmonics. (b) The time-frequency spectrum under a steady state regime under

50% of the rated load.

Figure 11 shows the time—frequency response, with the respective regions containing
85% of the total spectral energy in the contour plot for the healthy and broken bar cases.
In the presence of the fundamental component, the faulty pattern is barely visible even in
the extended current, as in Figure 11c. Moreover, the influence of the most potent supply
component on the visibility of the fault pattern is evident in the contour plot. Although
the faulty pattern is visible to some extent in the magnitude scalogram, it is absent in the
contour plot, as the maximum spectral energy remained in the region near the fundamental
component.

This pattern was not very legible because the sideband frequencies were lower in
amplitude than the fundamental component. This pattern can be made very clear by
attenuating the fundamental component, as shown in Figure 12. The IIR band-stop filter,
having a filter order of two and a stopband attenuation of 40 showed promising results,
while attenuating a narrow bandwidth of frequencies from 49.9 Hz to 50.1 Hz. Figure 12a
shows the transient current envelope, while the evolution of spatial frequencies in the
transient regime is presented in Figure 12b. The development of a faulty pattern with good
legibility is shown in Figure 12¢,d for one and two broken bars, respectively.
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Figure 11. The results based on the measurements taken at 10% of the rated supply voltage. (a) The
time—frequency response of the healthy motor’s phase current in the transient regime. (b) The
respective contour plot. (c) The time-frequency response of the faulty motor’s phase current in the
transient regime. (d) The respective contour plot with a 95% confidence interval.
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Figure 12. The results based on the measurements taken at 10% of the rated supply voltage. (a) The
envelope of the motor’s phase current in the transient regime. (b) Time—frequency spectrum in the
healthy case with an attenuated fundamental component. (c¢) Time—frequency spectrum in the case of
one broken bar with the attenuated fundamental component. (d) Time—frequency spectrum in the
case of two broken bar with an attenuated fundamental component.
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The contour plot with a bump mother wavelet for the healthy and one broken rotor
bar (BRB) cases is shown in Figure 13. Since the spatial harmonics were weaker than the
fault frequencies, the contour plot shows the evolution of the sideband frequencies, which
avoids confusion with the slotting-related patterns.
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Figure 13. (a) The time-frequency plot of the healthy motor with 10% of the rated voltage. (b) The
time—frequency contour plot. (c) The time—frequency plot for 1 BRB motor with 10% of the rated
voltage. (d) The corresponding contour plot.

6. Conclusions

The broken rotor bars fault diagnostics by time—frequency analysis of the motor
current under the transient period was investigated in this paper. The detection of fault
frequencies in the steady state interval was prevalent in the literature but possessed
several difficulties. Since the sideband frequencies were the function of slip, they became
challenging to discover under low-load conditions. The spectral leakage of the prevailing
supply components was hazardous for the visibility of faulty components, as they were
fragile in amplitude. The spectral leakage was the function of the signal length, the sampling
frequency and the type of window used to compute the FFT or wavelet.

Moreover, the inclusion of a vast bandwidth of inverter-fed frequencies made the
detection of faulty frequencies hazier. The drive controller’s impact on reducing the current
ripples was another fact, making fault diagnosis under a steady state regime difficult.

These drawbacks can be resolved by investigating the health in the transient regime.
The transient interval’s biggest flaw is the little time, which reduces the resolution of the
spectrum. This transient time can be increased by lowering the applied voltage without
any external load. By doing so, the broken bars-based V-shaped pattern can be seen
with great accuracy. Moreover, the FFT-based drawbacks are considerably reduced by
using the wavelet approach. The transient spectrum’s legibility is further enhanced by
attenuating the fundamental component with an IIR filter’s help. The IIR band-stop filter
has a sharp transition interval and low passband ripples, having less influence on the
remaining frequency components.
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Several spatial and supply-related frequency patterns can cause a false alarm if they
are not differentiated accurately from the actual faulty components. Those components are
much weaker in amplitude compared with the fault-related frequencies. The use of the
filter to attenuate those components is nearly impossible, as they are not stationary. Hence,
the regions with the maximum spectral energy in the form of a contour plot are used, which
can be easily adjusted as a threshold to show the pattern. The results are presented using
the simulations and the measurements taken from a laboratory-based test rig.

The proposed approach can be used for the pattern-based training of advanced artifi-
cially intelligent (AI) diagnostic algorithms.
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Abstract: This paper presents a hybrid finite element method (FEM)-analytical model of a three-phase
squirrel cage induction motor solved using parallel processing for reducing the simulation time.
The growing development in artificial intelligence (Al) techniques can lead towards more reliable
diagnostic algorithms. The biggest challenge for Al techniques is that they need a big amount of data
under various conditions to train them. These data are difficult to obtain from the industries because
they contain low numbers of possible faulty cases, as well as from laboratories because a limited
number of motors can be broken for testing purposes. The only feasible solution is mathematical
models, which in the long run can become part of advanced diagnostic techniques. The benefits of
analytical and FEM models for their speed and accuracy respectively can be exploited by making a
hybrid model. Moreover, the concept of cloud computing can be utilized to reduce the simulation
time of the FEM model. In this paper, a hybrid model being solved on multiple processors in a parallel
fashion is presented. The results depict that by dividing the rotor steps among several processors
working in parallel, the simulation time reduces considerably. The simulation results under healthy
and broken rotor bar cases are compared with those taken from a laboratory setup for validation.

Keywords: induction motors; fault diagnosis; modeling; finite element analysis; parallel processing

1. Introduction

Electrical machines, particularly induction motors, are indispensable in almost all sectors of
our modern-day society. In the form of conveyor belt movers, compressors, electric vehicles, fans,
and pumps, etc., they consume more than 50% of the total generated energy worldwide [1]. This fact
makes their predictive maintenance very important, to avoid any catastrophic situation. As the world
is moving towards industry 4.0, predictive maintenance is becoming more important—as contrasted
to preventive or reactive maintenance. Unlike preventive or reactive maintenance, in predictive
maintenance we monitor the behavior of an electrical machine and anticipate failures before they occur.

Predictive maintenance allows the servicing of the machine when it needs. By doing so, the system’s
downtime can exponentially decrease with a resultant decrease in the maintenance cost. A variety
of conventional condition-monitoring techniques have been discussed in literature over the past few
decades, such as motor current signature analysis (MCSA) [2-5], thermal analysis [6-8], vibration [9],
acoustics [10,11], stray flux monitoring [12,13], partial discharges [14], air-gap flux monitoring [15], etc.

Although these techniques are well-established, compatible with a variety of signal-processing
techniques, and require fewer computational resources, they possess several drawbacks. The most
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prominent drawbacks are relevant to expensive sensors—such as in the case of thermal analysis and the
poor legibility of fault-based frequency components at the incipient stage, as in motor current signature
analysis (MCSA)-based techniques. Moreover, these techniques depend upon various constraints such
as machine structure, the industrial environment, external noise, bad load-coupling, poor foundation,
and the impact of the drive controller, etc. The segregation of frequency components when there is
more than one fault is another challenging task in MCSA-based diagnostic techniques. It becomes
worse when the industrial inverters inject several frequency components as well.

The industrial inverters with complex control algorithms are becoming a crucial part of a drive
system. In this case, the definition of faults goes beyond the domain of simple machine equations.
The use of conventional diagnostic techniques, while neglecting all subsystems of the drive, can increase
the false or missed alarm rate.

To avoid all those problems and to make diagnostic algorithms more reliable, advanced
model-dependent and artificial intelligence (AI) based techniques can give promising results.
The majority of rotating machine faults are degenerative, which makes fault diagnosis a pattern
recognition problem. Due to a variety of global signals and different faults, pattern recognition is
not a straightforward problem. Therefore, a reliable diagnostic algorithm can be a combination of
data processing for feature extraction and recognition through Al techniques. Various Al techniques
such as probability-based, classification, statistical learning, mathematical optimization, and convex
optimization can be found in the literature [16]. The statistical and classification-based methods are
gaining increasing popularity in uses such as support vector machines (SVM) [17-19], artificial neural
networks (ANN) [20-22], Bayesian classifiers, Naive Bayes classifiers [23-25], machine learning [26,27],
k-nearest neighbor algorithm [28-30], etc.

Almost all Al-based diagnostic techniques need a large number of data samples under various
conditions. Those conditions may include signals under healthy, faulty, loaded, and no-load conditions.
Moreover, various kinds of faults with different severity levels under a variety of loading conditions
can better train advanced Al-based techniques. The collection of large amounts of data with different
constraints is practically impossible both from industry and laboratory environments. Because, first,
in industries there are few faulty machines and, secondly, the type and level of faults in industry
machines are unknown at first—which is necessary information for training the diagnostic algorithms.
In the laboratory, conducting a large number of destructive tests is not economically feasible. The only
optimal way is to rely on the accurate mathematical models of the machine. Using mathematical
models, almost any kind of fault in any type of machine with different natures of load can be simulated
to train the diagnostic algorithm.

A variety of machine modeling techniques are available in the literature, which can be broadly
classified into two categories; analytical and numerical. The two-axis theory-based models [31-33] are
being effectively utilized for control and analysis. Although those models are simple to understand,
comprehensive, and fast, they are not suitable for fault simulations because of various approximations
such as sinusoidal stator and rotor windings distribution, uniform air gap, no inter-bar currents, and no
material saturation, etc. The multiple coupled circuit theory-based models such as winding function
analysis (WFA) [34,35], modified winding function analysis (MWFA) [36,37], and extended MWFA [37]
allow the inclusion of practical stator and rotor winding functions, the stator and rotor slots openings,
and non-linear functions for material saturation. Those models can be used to simulate the majority of
faults with very much less simulation time and computational complexity, but they do not remain
straightforward while dealing with different types of machines with complex geometrical features.
Similarly, other analytical models such as magnetic equivalent circuit [38], generalized harmonic
analysis [39], voltage behind reactance [40], and convolution theorem [41] can be used for the simulation
of various faults in induction machines but at the cost of material and geometry-related approximations.

Having the ability to deal with almost all kind of geometries and material properties, and the
compatibility to solve various kinds of problems, the finite element method (FEM)-based modeling
techniques are gaining heightened popularity. Using FEM, a vast variety of electromagnetic [42,43],
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thermal [44], fluid dynamics [45], structural [46], and related problems can be solved with incredible
accuracy. In FEM, the geometry of the system is divided into a considerable number of mesh elements
represented by nodes and the solution of each node leads toward the final solution. Indeed, it
requires significantly powerful computational resources and a large memory to save intermediate
results. Although modern computers with advanced processors are very strong, they need a long
time, from several minutes to days, for the solution of highly unsymmetrical machines. The saving of
simulation time for fault diagnostics is very important for the collection of vast amounts of data, which
can be used as a benchmark for advanced fault diagnostic techniques.

Many methods to diminish these problems have been presented in the literature such as;
the hybrid analytical-FEM model [47,48], the model order reduction [49-51], and sparse subspace
learning (SSL) [52], etc. These methods have their own limitations as they rely on statistical and
interpolation techniques, which are different for different kinds of machines. Problems such as the
reducibility of the model and the precision of the input grid can lead to the increased complexity of
the model.

As the world is moving towards industry 4.0 standards and cloud computation, the computational
resources are becoming unlimited. These resources can be in the form of software applications,
processing power, and data storage. All these resources are very important for big data-based
advanced diagnostic techniques such as machine learning [53], deep learning [54], parallel autonomous
mining [55], image processing [56], online wireless monitoring through smart sensors [57], and neural
networks [58-60], etc. The basic building blocks of the cloud computation are infrastructure as a service
(IaaS), platform as a service (PaaS), and software as a service (SaaS). Those building blocks can be utilized
for big data storage, custom software development, and computer application utilization respectively.

In order to curtail the complexity related problems of FEM models, the concept of parallel
processing by utilizing the cluster of computers is presented in this paper. Unlike most of the papers
where the simulation speed of FEM models is increased either by exploiting the symmetry (which is not
true in the case of faulty machines) or by data interpolation, in this paper the complete two-dimensional
(2D) geometry of a three-phase squirrel cage induction motor is solved on multiple processor cores
working in parallel with each other. All inductances are calculated by doing a magneto-static solution
of the machine at several rotor positions. The calculated inductances are saved in the three-dimensional
(3D) lookup table as a function of the rotor position. The dynamic behavior is then studied in
MATLAB/Simulink, and the results are validated by comparing them with the measurements taken
from the laboratory test rig.

2. The Motor’s Model

The voltage equations of a squirrel-cage induction motor with a stationary stator and short-circuited
rotor cage can be described using magnetic coupled circuits theory as follows:

d

Vs = LRs + E(LSSIS + LgI,) 1)
d

0= IrRr + E(Lrsls + erIr) (2)

where Vg, I, I, Rs, Ry, Lgs, Lg;, and L, are the vectors containing the machine’s voltage, currents,
resistances, and inductances respectively. The stator—stator, stator-rotor, rotor-stator, and rotor—rotor
self and mutual inductance matrices (Lgs, Lgy, Lys, and L) can be defined as follows;
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The last rows and columns in Ls,, Ly, and R, correspond to the end ring values, which can

be neglected in case of a perfect symmetrical machine, as the net end ring current is always zero.

In unsymmetrical machines, these entries are important to simulate the end ring faults and to avoid

the singularity problems while taking the inverse of inductance matrices.
For the ease of implementation, all these matrices can be grouped.

T
Vs = [ Uas  Ups  Ucs ]

. . T
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The currents, torque, and speed can be calculated as:
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All inductances and resistances need to be calculated with stepping rotor and save them in 3D
lookup tables where the third dimension corresponds to the rotor position as shown in Figure 1.

All calculations can be done in offline environment using a magneto-static FEM solution and in the
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online environment the rotor position can be used as an index value to call a corresponding matrix
from the lookup table to calculate the performance parameters like speed and torque, etc.

Start
g m— :
, '
Motor Geometry B :'
A P E . Calculate Rotor
Winding - k E ! [L,, L"] and Stator
Configuration ! [Make n steps of 18 : 4 x40) / Currents
¥ 1 | rotor position H §. T4
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Calculate ! | magnetostatic = £
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= bs fe ! ot e v | 3D Lookup Generated Torque E
= ¥ 8 1 Table 2
£ Calculate A A
S | Inductances with ¥y B
pping rotor ! } 5 Calculate Speed
' - g and Rotor Position
v ¢ 9 8
Make Matrices of i '
derivatives and g \ : )
inversesof | | Lae e >
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Figure 1. The schematic diagram of inductances calculations and their implementations for dynamic simulation.

3. LAN Network for Cluster Formation

Parallel computing is a form of concurrent computing where several workouts can be performed
in the overlapping periods. Generally, any large problem can be divided into n-small problems,
which can be solved simultaneously. Unlike traditional serial programs, the divided problem segments
should be independent of each other so that they can run on different processors and the solutions
can be combined on the client machine at the end. The general schematic diagram of distributed
parallel computation is shown in Figure 2. The client machines, job scheduler, WIFI or LAN network,
and the worker processors, are the main parts of the distributed cloud computation. The function of
the job scheduler is to divide and distribute the segments of the bigger problem into cluster computers.
The cluster computers can further divide their portion among their cores in the same manner.

i ; Workers

-
1
1
Cores ;
Job g 3@
- - |
- % - i
Results =+ Cores ;
Client .
computer M,hedulcr bt
-—> i
Cores

Cluster

Figure 2. The cluster formation and utilization for parallel processing.
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4. Inductances Calculations

In the case of electrical machines, most of the faults such as eccentricity, broken bars, and stator
inter-turn short circuits make the machines unsymmetrical. Due to this fact, the complexity reduction
techniques such as exploitation of symmetry by considering symmetric and non-symmetric boundary
conditions and model order reduction becomes more tedious. The only best optimal and reliable way
for fault diagnostics is to simulate the entire machine at various rotor positions. Since the solution at a
distinct rotor position is independent of the solution at subsequent rotor positions, the total “n” rotor
steps can be divided into various segments. The magneto-static problems of different rotor position
sectors such as, (0 — 01), (02 — 03), ..., (On-1 = On), (On41 — 271) can be divided among the workers
for parallel processing.

Figure 3 shows the required steps to calculate the inductances at different rotor positions.
The computer cluster consists of four computers making a local area network (LAN). Each computer is
Intel(R) Core(TM) i7-7500 CPU @ 3.41 GHz with 8 GB RAM and four cores. The finite element method
(FEM) based model is constructed using open-access software FEMM 4.0. For making the model and
collecting the results, FEMM is interfaced with MATLAB. After making the machine geometry and
winding configuration on FEMM, MATLAB works as a job scheduler. It divides the total number of
rotor steps among worker computers and their cores and receives the end results.

Geometry and windings

Divide solution steps and distribute
into cluster computers

Initial rotor position 6,6,

New rotor position 6,

Divide steps into
computer cores for
parallel processing

I A
l I Gradually feed stator phases with
Inc=1 A and calculate Lss, Lsr
l Computer | 1 Computer 2 l Computer n-1 l Computer n through magnetostatic solution

!

De-energize stator and feed a rotor
loop with Inc=1 A

Combined solution and —
data interpolation Cloud cluster
A

Figure 3. The division of rotor steps among various computers and their cores for parallel computation
and the procedure of inductances calculation.

For better accuracy, a considerable number of mesh elements (250,160) with (125,177) nodes are
solved having a precision of 1 x 1078 at each rotor step. The FEMM 4.0 achieves this precision through
a conjugate gradient solver with the help of multiple successive approximation iterations. Since the
inductance profiles change with the change in the air gap, the selection of an appropriate rotor step
size is very important. The changing air gap is the function of stator and rotor slot openings [37],
which becomes very prominent when the openings on both sides align with each other and lead to the
abruptly changing inductance derivatives. As the rotor and stator, slots are different in number, their
least count multiple (LCM) can be a minimum choice regarding the number of rotor steps. By doing so,
some phase inductances can be considered as shifted copies of the other phase inductances. In this
case, the number of total rotor steps or solution samples will be divisible by the total number of rotor
bars and the number of samples corresponding to 120 and 240 degrees for stator phases. For example,
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if the number of rotor steps is (40 x 48 = 1920), the Ly, will be equal to (120 x 1920/360) samples shifted
copy of Ly, The same is true in the case of rotor bar inductances, only self and mutual inductances of a
single loop need to be calculated, the rest of them are shifted copies. However, special attention is
needed if the fault changes all the inductances symmetrically or not.

5. The Simulation Results

At each rotor position, every individual stator phase is energized with a unity DC current,
and relevant inductances are calculated by integrating the magnetic vector potential over the coil area
as shown by the following equations.

J,AJ da
Lserf = 7 (15

n
Linutual = i(\f ‘Aldal _f ‘AldaZ) (16)
~+si —si

where A is the vector potential, | is the current density, n is the number of turns per phase, i is the
phase current, the subscript “si” is for surface integral. The first bracket term in Equation (16) is the
integration of the vector potential of coils with positive current or the coils pointing out of the page.
The second term corresponds to the coils with negative current or pointing into the page, a; is the
cross-sectional area of the coil, which is approximately equal to the slot area multiplied with the filling
factor. The motor’s magnetic flux distribution after the energizing phase “a” with 1 A DC current is
shown in Figure 4. The highlighted slots contain phase “a” winding whose surface integral of magnetic
potential is equal to self-inductance Laa at the specific rotor position as in Equation (15).

Flux Density:|BI, (T)
0.19

oy

Figure 4. The flux distribution with energized phase “a” with Ipc = 1 A, and the selection of slots for

vector potential integral for calculation of self-inductance L.

Similarly, all stator—stator self and mutual and stator-rotor mutual inductances can be calculated.
The rotor-rotor self and mutual inductances are calculated by energizing a single rotor loop with
unity DC current as shown in Figure 5. Only one rotor loop needs to be energized and solved for
its inductances, and the rest of them possess the same solution with a phase shift equal to the angle
difference between them.
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Flux Density:|BI, (T)
1.7x10°

Figure 5. Flux distribution due to energized rotor loop with Ipc = 1 A for the calculation of
rotor inductances.

Since the solution is for the 2D model, the effect of end windings is compensated by using
additional end winding leakage inductance and resistance using the following analytical formulas.

7 2
Lew = %q(f) #olw/\w (17)

where Qs is the number of stator slots, Zq is the number of conductors per slot, a is the number of
winding parallel paths per phase, m is the total number of stator phases, and g is the number of slots
in a pole captured by an individual phase. [w is the average length of the end winding, Aw is the
permeance factor which is 0.20 for the motor under investigation. The same formula can be used to
calculate the leakage inductance of the rotor end rings. For building the resistance matrix, various
stator- and rotor-related resistances are calculated using resistivity formula where the skinning and
proximity effects are neglected because of the DC supply current;

p!

R=
A

(18)
where p is the resistivity, A is the cross-sectional area, and 1 is the length of the conductor. The effective
slot area (ESA) is equal to the total area of slot multiplied with the filling factor, which is 0.60 for
the machine under investigation. The conductor cross-sectional area can be calculated by dividing
the ESA with the total number of conductors in the slot, which are 17 in this case. The resistance
of the end windings is included by increasing the length of the per phase conductor corresponding
to the length of the end winding. Since the stator and rotor windings are energized with unity DC
current, the effects such as proximity, skinning, material saturation, and eddy currents are neglected
as the focus is towards the simulation time reduction. However, they can be included in the online
section analytically.

Figure 6 shows various inductances as a function of the rotor position. All self and mutual
inductances are the functions of the air gap, which changes with the stepping rotor. This phenomenon is
evident in the inductance profiles, which are calculated with a rotor step size of 0.1875 degrees. The self-
and mutual inductances of stator have five cycles until an angle of 45 degrees, which corresponds to
40 cycles until 360 degrees. This is because the rotor has 40 bars having 40 slot openings. The stator
inductances consider the stator air gap as static while rotor associated air gap moves with the moving
rotor. The same is true for rotor self- and mutual inductances, which have six cycles per 45 degrees
corresponding to 48 cycles till 360 degrees. Where 48 is the number of stator slots and for rotor
inductances, the rotor-associated air gap remains static while the stator gap has a relative motion.



Appl. Sci. 2020, 10, 7572

9of 15

0.123
-0.0508
_ _ 0051
=) 0.1225 E
§ f_}é -0.0512
-0.0514
0.122
-0.0516
0 10 20 30 40 10 20 30 40
Rotor Position (fm) Degrees Rotor Position (¢m) Degrees
%10 x10™*
3.95
1
39 _ 05
z =
E g !
— 3.85 05
-1
3.8
1.5
0 10 20 30 40 0 60 120

Rotor Position (fm) Degrees

180

Rotor Position (fm) Degrees

Figure 6. The calculated inductances as a function of the rotor position.

6. Test Setup

The test rig consists of two identical motors with specifications given in Table 1. Both machines

are attached back to back on the same mechanical foundation as shown in Figure 7. The first motor is

the test motor while the second acts as a loading machine. The grid supplies the test machine while the
loading motor is controlled using ABB ACS-880 industrial inverter for better controllability of slip.
The measurement time of the stator current of the test machine under healthy and broken bar cases is

100 sec with a sampling frequency of 10 kHz.

Table 1. Motor specifications.

Sr. No. Parameter Symbol Value
1 Rated speed Ny 1400 rpm@50 Hz
2 Rated power P, 18 kW@50 Hz
3 Connection Y, A Star (Y)
4 Power factor cos@ 0.860
5 Number of poles P 4
6 Number of rotor bars Ny 40
7 Number of stator slots Ns 48

Digital Signal

| Rem

Frequency
Converter

Tested Machine

Loading Machine

7

Figure 7. The test rig and its block diagram.

7

Mechanical Support Fastened to the Base
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7. Results and Discussion

7.1. Stator Current Spectrum under Healthy and Broken Rotor Bar Cases

The varying inductances give rise to the harmonics in the stator voltage and currents. The most
prominent of them are supply based and spatial harmonics. A comparison of the frequency spectrum of
stator current obtained from the proposed model and the measurements taken from the laboratory test
rig is shown in Figure 8. The only additional harmonics in the practical signal are the third harmonics
coming from the supply side. Another major source of harmonics in the signal spectrum is the fault,
which can act as a definition component for condition monitoring. Figure 9 shows the development of
the left side harmonics (LSH) due to the broken bars at the rated load.

]00
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+ Winding Harmonics
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Figure 8. The frequency spectrum of stator current obtained from the proposed model and
laboratory-based measurements.
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Figure 9. The broken rotor bars-based side-band frequencies.

7.2. Time Comparison

The overall computational speed of each worker (computer) can be increased by using all cores
in a parallel fashion. This increase in speed is because of increased cache, which reduces memory
latency; the parallel handling of the independent instructions; and the improved performance of the
processor power wall. The per-step computational time for the calculation of inductances relevant
to a single phase (Laa, Lab, Lac, and Lar) at different rotor positions by using the different number of
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cores is shown in Figure 10a. Since, with the increase in the number of cores, more processing power
is being utilized, the per-step calculation time increases. Moreover, the variation in the calculation
time with the increase in the number of cores also increases, which depends upon the processor being
utilized by auxiliary programs like Windows, etc. Figure 10b shows the mean per-step simulation
time, which increases from 100 to 200 s per step with the increase in the utilization of processing
power from about 25% (one core) to 94% (four cores). The mean simulation time is calculated because
each step takes a slightly different time for calculation because of the change in the number of mesh
elements and the other programs running in parallel. The overall calculation time for all inductances
for 1920 rotor positions is shown in Figure 10c. It is obvious that even the per step simulation time with
an increase in the parallel processing increases, but the total calculation time decreases dramatically.
Meanwhile, Figure 10d shows the time taken by the cluster of four computers working as a LAN.
The simulation time decreases considerably and the non-linear decrease in time is due to the latency of
the network. It is worth mentioning that the job scheduler prefers cores of different computers to work
in parallel. This is the reason why the computational time in Figure 10d with four cores of different
computers working in parallel is considerably less than the time taken by one computer with all four
cores engaged in parallel as shown in Figure 10c.

220 200
D
200 L .
3 180
180 <
Q o
2 160 E 160
o o
£ 140 2 140
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Figure 10. The simulation time, (a) per step with different number of single computer workers (cores)
in parallel, (b) the mean per-step time with different number of cores of a single computer working in
parallel, (c) overall time on one computer with different cores engaged in parallel, (d) overall time with
different number of computers making a cluster with distributed cores in parallel.

8. Conclusions

This paper presents a hybrid FEM-analytical model solved in a parallel fashion on a cluster
of computers for the reduction of computational time. The artificial intelligence (AI) based
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condition-monitoring techniques for predictive maintenance of electrical machines is gaining heightened
popularity. This is not only because of their ability to detect faults at the incipient stage but also
because of their aptitude for faults segregation. The accurate model of the electrical machines is the
key element of these techniques, which is crucial for the collection of big data under various healthy
and faulty conditions. This data is essential for the training of the diagnostic systems and for making
the safety rules. Among several modeling techniques, the FEM-based models have proved their
accuracy in the field of electrical machine design for the past few decades. The FEM models have very
few approximations and can deal with almost any kind of geometrical complexities of the system as
compared to their analytical counterparts. The analytical models have their own attractions, such as the
reduced simulation time and the development of analytical equations, which are integral parts of drives
and inverse problem theory, etc. The biggest challenge for FEM-based models is their complexity in the
forms of computational time and required memory. While on the analytical side, the approximations
are fatal for any reliable diagnostic algorithm. The world is witnessing the exponentially increasing
trend in the power of processors and sophisticated IT networks, which leads toward cloud computation
and industry 4.0 standards.

By exploiting the benefits of analytical, FEM models, and cloud computation, this paper proposes
a hybrid analytical-FEM model for the simulation of the machine under healthy and faulty conditions
with reduced calculation time. Most of the techniques dealing with the reduction in the simulation time
of FEM models fail when the machine is in a faulty condition, which makes it purely unsymmetrical.
Moreover, any approximation for the sake of reduced complexity can decrease the reliability of the
model-dependent diagnostic algorithm. With the development of more sophisticated processors and
industry 4.0 standards, the complete models of the system can be solved in very much less time as
compared to the conventional techniques. In this paper, the model is first divided into offline and
online portions. All the inductances and other necessary parameters are calculated in the offline
section, and the results are saved in 3D matrices as a function of rotor position. Once the inductances
are calculated, they can be used in an online dynamic model where the performance parameters such
as speed, torque, flux, and currents can be investigated under different conditions. In the case of some
faults such as broken bars or broken end rings, the inductance matrices need not be calculated again
but the fault can be manipulated in the online portion. This can be achieved by changing the values
of the corresponding elements in the resistance matrix. For reducing the calculation time, the FEM
model is divided into several computers before dividing the specific portion into the cores of any
particular processor. For making a computer cluster resembling a cloud, four computers having the
same specifications were used as a local area network. The total rotor steps were then divided into
several cores working in parallel and the results were collected on the main computer. This technique
reduces the simulation time drastically without any need for model approximation. For the validation
of results, the frequency spectrum of simulated stator current is compared with the one measured in
the laboratory setup under healthy and broken rotor bar cases.
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The Low Voltage Start-up Test of Induction Motor
for the Detection of Broken Bars

B. Asad, T. Vaimann, A. Belahcen , Senior Member, IEEE, A. Kallaste, A. Rassolkin, H. Heidari

Abstract—This paper presents the broken rotor bar fault
diagnostics by time-frequency analysis of motor current under
extended startup transient time achieved by reducing the ap-
plied voltage. The fault diagnostics under a steady stage regime
has been a topic of interest since the past few decades. The main
aim has been focused on the detection of fault-based frequencies
which are the function of slip. Those frequencies become very
less legible under low load conditions and totally disappear
under no-load conditions. Moreover, the stator and rotor slot
skews have a potential attenuation impact on them. To avoid
these problems, the time-frequency analysis of motor startup
current is investigated in this paper using a wavelet approach.
To improve the legibility of the spectrum, the transient time is
extended by reducing the supply voltage of the machine under
no external load. By reducing the supply voltage, the inertia of
the rotor acts as a load to increase the transient time which
is essential for better resolution. The results are based on the
practical measurements taken from the laboratory setup under
healthy and faulty conditions.

Index Terms—Condition monitoring, Fault diagnosis,
Fourier transforms, Induction motors, wavelet transforms.

I. INTRODUCTION

Electrical machines have been showing their influential
role in industrial and domestic applications since the second
industrial revolution. This role is evident in the form of
electricity generation such as wind power plants or electrical
to mechanical energy converters, driving the cycles of the
industry. Out of a variety of electrical machines, induction
motors are being used extensively because of their simple
structure, good efficiency, and easy maintenance. As a con-
sumer, electrical machines are consuming more than fifty
percent of the total energy generated worldwide.

The mechanically moving parts and rough industrial en-
vironment make ten vulnerable to the faults. The electrical
faults are mainly related to the stator such as inter-turn short
circuits, phase drop, voltage imbalance, earthing and inverter
related faults. However, the mechanical faults are mainly
associated with the rotor such as broken bars, bad bearings,
eccentricity, broken end rings or bad foundations etc. All
those faults are degenerative in nature which makes it very
crucial to detect them at the incipient stage to avoid any
catastrophic situation. A variety of fault diagnostic techniques
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can be found in literature, such as vibration analysis, thermal
analysis, acoustic analysis, electromagnetic field inference,
leakage flux, infrared light detection, and chemical analysis,
etc.

However, the motor current signature analysis (MCSA)
based fault diagnostic techniques are being extensively used
in research, because of their noninvasive nature and least
complexity. Moreover, a huge domain of data processing
techniques improves their flexibility and makes them more
reliable.

It is a well-studied fact that every fault modulates the
stator current with a certain bandwidth of frequencies. The
detection of those frequency components can lead to the
cause of the fault. The Fourier transform can be considered
as a foundation stone for all advanced signal processing
techniques. The majority of MCSA based techniques depend
on fast Fourier transform (FFT) of the signal, e.g. in [1],
the authors used the FFT on active and reactive currents
of a motor to investigate the broken rotor bars and load
oscillations. Authors of [2] used the FFT in conjunction
with Park’s vector to make artificial ants clustering technique
for the fault diagnostics of induction motor. In [3], the
autoregressive method is relying on discrete-time Fourier
transform (DTFT) and notch filter. Researchers in [4] used the
FFT to prove that the slot harmonics can be used as potential
indicators to detect the broken rotor bars. In [5], the authors
used an adoptive notch filter and FFT for broken rotor bar
fault diagnostics of induction motor. Authors of [6] used the
FFT on simulations and practical results to investigate the
broken rotor bars and mechanical vibrations. In [7], Nandi
used the FFT extensively to study the frequency spectrum of
the stator current for different fault conditions. [8] Used FFT
along with a bandstop filter for the detection of broken rotor
bar frequencies.

There are various limitations of FFT putting a question
mark on its reliability. These limitations include the spectral
leakage, which is the power of the fundamental component
leaking into the subsequent frequency bins. If the length
and sampling frequency of the acquired signal is not good
enough, the fault representing frequency components are
highly likely to be buried under the main frequency bin. This
problem becomes worse when the motor is working under
no-load or fewer load conditions, as the faulty frequencies
are the function of the slip. The other problem of FFT is
that the signal should be in a steady-state regime, stationary
and should not have any discontinuities. These problems are
becoming worse as the inverters are coming forward as an
integral part of the drive system. The inverter fed voltage is
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full of harmonics which makes the entire frequency spectrum
hazy. Moreover, the control algorithms being used in drives
can also have an impact on the amplitude of harmonics. For
example, in the case of direct torque control (DTC) motors,
the drive has its direct influence on the current signal carrying
all the information about the health of the motor [9].
Researchers have tried several different techniques to cope
with those problems. The use of Hilbert transforms to extract
the envelope of the signal, which, possess considerable in-
formation regarding the health of electrical machines can be
found in [10]. The authors in [11] used fractional Fourier
transform to recover the faulty frequencies from a non-
stationary signal. In [12] authors used sliding discrete Fourier
transform for the detection of broken rotor bars, while [13]
[14] [15] used the wavelet technique to improve the accuracy.
In this paper, a low voltage test to extend the transient interval
of the motor is proposed. By increasing the transient time of
the motor startup current, the time-frequency resolution of the
frequency spectrum can be improved. The use of the transient
interval reduces the FFT based conventional problems. All the
measurements are taken without any external load to prove
the effectiveness of the method. The wavelet transform is
preferred over short-time Fourier transform (STFT) to avoid
inherited FFT drawbacks. Moreover, a band stop infinite im-
pulse response (IIR) filter is used to attenuate the fundamental
component which improves the legibility of the spectrum.

II. THEORETICAL BACKGROUND
A. Modulation of Fault

The phase current of an ideal and symmetrical machine
can be described as:

ia(t) = Iysin(wt + «) (1)

where I,,, is the peak current, w is supply frequency and « is
the phase angle. The unsymmetrical rotor with broken rotor
bars, broken end rings or bad bearings starts modulating the
current with a frequency-dependent upon the speed of the
rotor and the modulation index depending upon the severity
of the fault.

taf(t) = [1 4+ m(t)]ia(t) 2)

where m(t) is the modulating signal, having a modulation
index M, which depends on the number of broken bars (Nb)
and the total number of rotor bars (Nt). If the rotor is rotating
and the winding distributions are considered as sinusoidal, the
modulating signal is also a sinusoid, i.e.:

m(t) = Mcos(wot + ¢) 3)

where w, = 27 f,, is the fault characteristic frequency and
depends upon the nature of the fault and the slip of the
machine. In case of broken rotor bars, the characteristic fault
frequency is at 2sfs:

fo=2sfs and w, = 2m(2sfs) 4)
m(t) = Mcos(4msfst + ¢) 3)

taf(t) = [1 + Mcos(dmsfst + ¢)]ia(t) (6)
taf(t) = [1+ Mcos(4msfst + ¢)|Iysin(wt +a)  (7)

iqf(t) = Imsin(27rsf5t)(%)[sin(27rf5(1 +25)t+ ¢+ a)

+sin(27 fs(1 — 28)t + ¢ + )]
(3)

where the modulation index M can be approximated as a
ratio of the number of broken rotor bars and the total number
of bars as in [16]
. 0
m = N (

B. The Fast Fourier Transform

Being able to segregate any stationary signal into its
frequency components, Fourier transform can be considered
as a foundation stone of conventional and advanced signal
processing based fault diagnostic techniques. A very good
overview and history of Fourier transform can be found in
[17]. The discrete Fourier transform (DFT) shown by (10)
can convert a signal of finite length represented by a finite
number of equally spaced samples to a signal of the same
length represented by equally spaced frequency bins. The
DFT can be solved with less computational complexity using
an algorithm called Fast Fourier transform (FFT).

N-1
X, = Z Zpe RN —0,1,2,. (N —1)  (10)
n=0
where x,,, is the discrete sampled signal and N is the number
of samples, which should be a number in power of 2, i.e.
N = 2z to reduce the computational time and spectral
leakage. The frequency resolution is very important in various
signal processing techniques in order to detect weak faulty
harmonics. It can be defined as the separation between two
consecutive frequency bins. The least the difference is, the
better the resolution could be. It depends upon the sampling
frequency and measurement length of the signal as shown by
the following equations.

tsig:tSXN:N/fs (11)
df = 1/t5ig = fs/N = BW/SL (12)
SL— N2 (13)

where df is the frequency resolution, fs is the sampling
frequency, BW is the bandwidth, SL is the number of
spectral lines, ty;, is the measurement or acquisition time
of the signal and N is the number of data points used
in FFT or the total number of samples. It is evident that
frequency resolution can only be increased by increasing the
measurement time, also called the acquisition or frame time,
of the signal. Frequency resolution can also be increased by
zero paddings of the signal called the spectral interpolation.

The prominent drawbacks of DFT for fault diagnostics
can be described as. It is unable to deal with non-stationary
signals. The high sampling rate and increased length of the
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Fig. 1.
side and test motor on left side.

signal increase the complexity of the diagnostic algorithm.
The discontinuities in the signal can lead to wrong results.
The small faulty frequencies always remain vulnerable to
be buried under some strong frequency components due to
their spectral leakage. Moreover, it cannot give any time-
frequency spectrum of the signal, which is very essential
while handling non-stationary signals such as in the transient
regime. The motor’s slip changes rapidly during startup or
shut down transient intervals of the motor operation. This
fact can be exploited to detect faults under a transient regime
with improved legibility. It can be done by using the short-
time Fourier transform (STFT), where the complete signal is
divided into n small segments. Each segment is considered as
stationary and its DFT is calculated using the FFT algorithm.
This approach gives the time-frequency representation of the
signal but at the cost of increased complexity and inherited
drawbacks of the FFT algorithm. Moreover, the selection of
different types of windows is very important for different
types of signals.

C. Wavelet Transform

The above-mentioned problems of DFT and STFT can
be minimized using the wavelet approach. In this approach,
a window of some predefined frequency and amplitude is
swiped across the entire signal to see where it closely

1483

The test rig preparation (a) The rotor with two broken bars, (b) The rotor with three broken bars, (c) The test bench with loading motor on right

matches the signal. This window is called mother wavelet
while its frequency is saved as scale a and position by b.
The resultant cwt coefficients X, (a,b), contains the time-
frequency information of the signal as shown by (14). The
signal can be reconstructed using these coefficients by taking
the inverse wavelet transform. The process is repeated several
time to detect different frequency components at different

times.
[

The legibility of the frequency spectrum in either steady-
state or transient regime depends upon the length of the
signal. The slip of the motor defines the position of the faulty
frequency components as described in the previous equations.
During the transient interval, the slip is not constant but
decreases with an increase in speed as the motor goes towards
a steady-state regime. This change in the slip can develop
some specific patterns in the time-frequency spectrum. Most
of the time, this transient interval is so small that those
patterns do not become visible. This fact becomes even worse
when the motor operates at low load conditions. In this paper,
this transient interval is extended by decreasing the supply
voltage. By doing so, the inertia of the rotor can be used to
control the transient time of the motor.

1 b

jaf 2

Xo(a,b) = ﬂ) dat (14
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Fig. 2. The frequency spectrum from 30 Hz to 70 Hz showing the development of faulty frequency components.

III. PRACTICAL SETUP

The test rig consists of a motor under investigation
attached with a loading machine, the three-phase variable
transformer and data acquisition setup. The motor with spec-
ifications given in Table I, is tested with healthy and broken
bar-based rotors. The bars are broken by drilling radial holes
having a depth equal to the total rotor slot height. The motor
phase currents are measured under transient intervals using
the Dewetron transient recorder. The sampling frequency of
the measured signal is 10000 Hz, which is enough for better
resolution as the machine is grid fed. The test setup is shown

TABLE 1

THE MACHINE SPECIFICATIONS.
Parameter Symbol | Value
Number of poles P 4
Number of phases ¢ 3
Connection - Delta
Stator slots N 36; Non-skewed
Rotor slots Ny 28; skewed
Rated voltage \% 400V@50 Hz
Rated current 1 8.8A
Rated power P 7.5 kW@50 Hz

in Fig. 1.

IV. RESULTS AND DISCUSSION

The frequency spectrum of stator current under healthy
and broken rotor bars at rated load condition is shown in Figs.
2 and 3. The spectrum in Fig. 2 shows the evolution of left
side band (LSB) and right-side band (RSB)harmonics. These
harmonics are the function of slip and the results are based

10! T T T T T

Healthy
1BRB
2BRB

LSB

100 L

107!

102

Current (dB)

1073

10

10 L L L L L
47 48 49 50 51 52 53

Frequency (Hz)

Fig. 3. The development of lest side band (LSB) and right side band (RSB)
frequencies with the increase in the number of broken bars.
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(a) Motor’s phase current and corresponding envelope under transient regime, (b) Time-frequency spectrum in healthy case, (c) Time-frequency

spectrum in 1 broken bar case, (d) Time-frequency spectrum in 2 broken bars case.

on the measurements taken under rated load condition. It is
evident that the side-band frequencies increase in amplitude
with the increase in the number of broken bars. In addition,
the side-band fault frequencies tend to shift slightly away
from the fundamental component with the increase in the
number of bars as shown in Fig.3. This is because with the
increase in the number of broken bars the average generated
torque decreased with a slight increase in slip. The legibility
of these harmonics is very poor, and it is very difficult to
segregate them from the rest of the harmonics as shown
in Fig. 2. The severity of this problem increases with the
decrease in load. As the load decreases, these harmonics start
hiding under a strong fundamental component with a total
disappearance at no-load condition. Moreover, the skewness
in the rotor and stator slots affects their amplitude making
them less detectable at the incipient stage. It is also important
to mention that these harmonics also remain venerable when

the inverter feeds the motor. This effect can be in the form
of a huge number of harmonics being fed by the inverter,
which makes faulty frequencies even more difficult to be
segregated. Moreover, the impact of the drive controller
cannot be ignored. This impact is severed in the case of
DTC controlled motors, where the controller of drive tries
to eliminate the current harmonics to reduce torque ripples

[9].

To avoid all those problems, the inspection of motor
current under the transient regime shows promising results. In
order to increase the transient time for better time-frequency
resolution, the supply voltage can be reduced. Several exper-
iments are performed at 15%, 25%, 50%, 75%, and 100%
of nominal voltage without external load. By reducing the
voltage the inertia of the motor’s rotor acts as a load and
increases the transient time. With the increase in the applied
voltage, the motor takes less time to reach a steady-state inter-
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(a) The envelope of motor’s phase current in transient regime, (b) Time-frequency spectrum in healthy case with attenuated fundamental component,

(c) Time-frequency spectrum in 1 broken bar case with attenuated fundamental component, (d) Time-frequency spectrum in 2 broken bars case with attenuated

fundamental component.

val. Under the transient regime, the continuously decreasing
slip moves the RHS and LHS frequency components towards
fundamental components. This makes a V-shaped pattern
whose width depends upon the transient time as shown in
Fig. 4 where the supply voltage is 15% of the nominal
voltage. This pattern is not well legible because the sideband
frequencies are very small in amplitude as compared to the
fundamental component. This pattern can be made very clear
by attenuating the fundamental component as shown in Fig.
5. The infinite impulse response (IIR) bandstop filter is used
to remove the fundamental component.

V. CONCLUSIONS

The broken rotor bars fault diagnostics by time-frequency
analysis of motor current under transient period is inves-
tigated in this paper. The detection of fault frequencies in

the steady-state interval is very common in literature but
possesses several difficulties. Since the sideband frequencies
are the function of slip, they become very difficult to discover
under low load conditions. The spectral leakage of the pow-
erful supply components is very dangerous for the visibility
of faulty components as they are very weak in amplitude.
This spectral leakage is also the function of signal length,
the sampling frequency and the type of the window used to
compute FFT.

Moreover, the inclusion of a huge bandwidth of inverter
fed frequencies makes the detection of faulty frequencies
hazier. The impact of the drive controller to reduce the current
ripples is another fact, which makes the fault diagnostic under
a steady-state regime difficult.

These drawbacks can be resolved by investigating the
health in the transient regime. The biggest drawback of the
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transient interval is a minor time, which reduces the reso-
lution of the spectrum. This transient time can be increased
by reducing the applied voltage without any external load.
By doing so the broken bars based v-shaped pattern can be
seen with great accuracy. Moreover, the FFT based drawbacks
are considerably reduced by using the wavelet approach. The
legibility of the transient spectrum is further enhanced by
attenuating the fundamental component with the help of an
IIR filter.

The IIR bandstop filter has a sharp transition interval and
low passband ripples having less impact on the remaining
frequency components. The results are validated using the
measurements taken from a laboratory-based test rig.
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Abstract: This study presents the modelling and simulation of a squirrel cage induction motor using a modified winding
function-based method. The aim of the model is to compute the motor's performance parameters, which are similar to the
results obtained using the finite element method (FEM) with a considerably reduced simulation time. This fact can make this
model good for iterations based optimisation and fault diagnostic algorithms. For this purpose, the actual stator and rotor
winding functions and the air gap, with the inclusion of rotor and stator slots, are defined as conditional expressions. The
resistances and various inductances are calculated with stepping rotor, saved in lookup tables and are used to calculate speed,
torque, and currents of the motor. For the validation of the model, the frequency spectrum of stator current is compared with the

one calculated using FEM and measurements taken in the laboratory setup under healthy and broken rotor bar conditions.

1 Introduction

The fault diagnostics of electrical machines at the incipient stage is
very important, in order to avoid any catastrophic situation,
resulting in complete process failure and huge economic loss.
Among various fault diagnostic techniques, such as infrared
detection, electromagnetic field inference, acoustics and vibration
analysis, motor current signature analysis (MCSA) is very popular
because of its simplicity and versatility. It can be used for the
estimation of design parameters by considering it in model-
dependent techniques such as inverse problem theory. Since
electrical machines are complex systems where several parameters
are associated with each other, the detection of exact cause of the
fault is a challenging task. A lot of work has already been done in
the field of fault diagnostics, such as MCSA, which is the most
cited in the literature. However, due to the inevitable inclusion of
complex control algorithms and inverters, these techniques become
hazy [1-3]. The conventional techniques become worst when there
are multiple faults in the machine. This makes the segregation of
faults a challenging task, e.g. the cooling ducts in the rotor can
imitate as broken rotor bars [4]. The effective utilisation of the
model for parameters estimation for control and fault diagnostic
can be a promising technique that can avoid the above-mentioned
problems. The drawbacks of the model's complexity and required
computational power is not a big issue, as the world is moving
towards Industry 4.0 and cloud computation, which provides
unlimited resources. In the field of inverse problem theory,
hardware-in-the-loop or parameters estimation, the motor's global
parameters, such as speed, torque or currents, can be used in an
inverse manner to estimate the design parameters, such as
inductances and resistances, etc. [5]. The comparison of those
estimated parameters with the design parameters can lead to the
health estimation of the machine. Hence, the model of the motor
should be a good replica of the actual system that is able to
simulate various faults in the motor with minimal simulation time.
The more accurate the model of the motor is, the better the
estimation of the parameters would be. Since most of the faults are
degenerative in nature, the model should be fast and sensitive
enough to detect the faults at a very early stage. In other words, it
should have as few approximations as possible. The motor
modelling techniques available in the literature can be divided into

IET Electr. Power Appl., 2020, Vol. 14 Iss. 9, pp. 1722-1734
© The Institution of Engineering and Technology 2020

two main streams: analytical and numerical. The most common
techniques along with their attributes are summarised in Table 1.

The two-axis theory (d—g)-based models are very common in
literature. The detailed dynamic analysis of wound rotor induction
motor under balanced and unbalanced conditions in various
reference frames can be found in [6], while a similar kind of
analysis without the unbalances is available in [7]. The authors in
[8] used the d—g model in conjunction with coupled magnetic
circuit theory in order to consider the actual non-sinusoidal
distribution of the rotor winding. The d—¢ modelling-based analysis
of broken rotor bars is presented in [9, 10], where the authors
transformed the rotor d—¢ currents into n-loop currents in each
iteration.

The authors in [11] used d—¢g modelling to represent an
unbalanced three-phase motor having a stator open circuit, with an
equivalent unbalanced two-phase motor to present a new fault-
tolerant vector control method. The transient model for the analysis
of stator turn faults is presented in [12]. These models are simple to
understand, comprehensive, good for dynamic analysis and better
for drive systems but they have various simplifications, which
make them less attractive in the field of fault diagnostics. These
simplifications include the sinusoidal distribution of stator and
rotor windings. They can be converted to the actual windings but at
the cost of increased complexity. The constant air gap by referring
stator and rotor parameters on either side eliminates spatial
harmonics, which are very important for fault diagnostics. This
leads to constant inductances, eliminating their dependency on the
rotor position and the non-linear nature of magnetic material. Most
of the above-mentioned problems can be resolved by considering
the multiple coupled circuit (MCC) theory, which allows the
modelling of the unbalanced machine. The authors of [15] used
winding function analysis (WFA) for modelling a three-phase
squirrel cage induction motor (SQIM) with stator inter-turn short
circuit fault. In [13], the authors used it to simulate SQIM with
broken rotor bars. The analysis of various faults, such as stator
phase disconnection, broken bars and broken end rings, is
presented in [14], while the approach was used for the analysis of
adjustable speed drive applications in [33, 34]. The authors of [35]
used this technique to model a permanent magnet machine with a
fractional slot concentrated winding. The air gap is considered as
constant in the majority of WFA-based papers, which do not allow
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to simulate eccentricity faults and the rotor slot harmonics are
potentially ignored. Moreover, the uniform air gap makes it
difficult to deal with material non-linearities. These problems can
be solved by using the modified WFA (MWFA) method, where the
slot openings of the stator and rotor can be considered by making
the air gap as a function of the stator and rotor position. The
authors in [36] extended the WFA-based method to simulate
electrical machines with a non-uniform air gap. The use of the
MWFA to model the stator and rotor slot effects for speed sensor-
less drive systems is presented in [37]. The static and dynamic
eccentricities are presented in [16, 17] respectively. Unlike [37],
where the air gap permeance is approximated by cosine series
functions, [38] used the actual stator and rotor slot opening
functions and a medium magnetic equipotential surface to simulate
the machine. By doing so, the authors obtained results very close to
the ones obtained from finite element method (FEM). The
simulation time was further reduced by exploiting the symmetry of
the rotor cage, which is not true in case of faulty machines. The
analytical models show their limitations, while dealing with
complex geometries, material properties and non-linearities, etc.
These problems can leave them unsuitable for fault diagnostics,
making some advanced techniques inevitable. The FEM has been
extensively used in literature to tackle the mentioned problems.
The authors in [39] used FEM to model an induction machine with
the inclusion of eddy current and hysteresis in steel laminations.
The magnetic field analysis of induction motors with cooling ducts
is presented in [40]. The authors of [41] used this technique to
study the vibrations in an induction motor with a 2D magnetic
solution and coupled with a 3D mechanical model of the stator, to
reduce the complexity. For the same purpose, the authors of [42]

used a quasi 3D FEM to compute the magnetic forces on stator end
windings of an induction machine. Although the FEM-based
models are very close approximations of the actual systems they
present a high level of complexity and thus unaffordable
computation time, especially in real-time applications. Since under
faulty condition the motor becomes unsymmetrical, the solution of
the complete geometry is necessary, causing an extensive increase
in the number of mesh elements. Although modern-day computers
are powerful, still the FEM-based models require considerable time
for simulation, which makes them unsuitable for the use in model-
dependent diagnostic algorithms.

In this study, a detailed analytical model of a SQIM using
MWFA is presented with the following attractive features:

* Unlike most of the authors who have defined first strong
harmonics in the form of Fourier sum, which makes the
spectrum bandwidth limited. In the proposed model, all winding
and air gap functions are defined as notational or conditional
expressions. This approach makes the model independent of the
selective number of frequency components in the flux density
and ensures the contribution of complete spectrum.

* The air gap is made as a function of rotor and stator slot
openings, which includes the spatial harmonics.

» The inclusion of rotor slot harmonics makes the model suitable
for sensor-less speed drive systems.

* The model is so generic that almost all kinds of faults such as
broken rotor bars, static and dynamic eccentricity and stator
short circuits can be simulated. However, in this study, the
broken bars are discussed.

Table 1 Common modelling techniques with corresponding attributes
Technique Variants Faults and applications Attributes
D-Q modelling  *d—q « drives pros:
» modified d—q + dynamic analysis [6-8] « simple
* broken rotor bars [9, 10] « comprehensive
* broken end rings [9, 10] - provides good equations for parameters estimation
« stator open circuit [11]  » good for control and drives
« stator short circuit [12]  cons:
* negligible saturation
* uniform air gap
« sinusoidal stator winding
* no inter-bar currents
* no spatial harmonics
* no eccentricity faults
* no skin effects
« difficult to deal with asymmetries, which are inevitable with the
fault
MCC « WFA * broken rotor bars [13]  pros:

* MWFA
« extended MWFA

« broken end rings

« stator open circuit [14]
« stator short circuit [15]

* non-uniform air gap
« practical winding functions
« saturation can be defined analytically

» dynamic eccentricity [16] « various kind of faults can be simulated

« static eccentricity [17]

« corroded rotor bars
« bearing faults

magnetic coupling * magnetic reluctance method « broken rotor bars [18]
« broken end rings [19]

« stator open circuit

« stator short circuit [18]

+ dynamic eccentricity [20]
« static eccentricity [20]

* low computation time as compared to FEM

« a very good tradeoff between complexity and accuracy
cons:

» some geometrical constraints are difficult to handle, such as
cooling ducts in stator or rotor

pros:

« can include spatial dependencies

+ computationally less intense than FEM but more than MCC

« it can include geometry, material parameters, and winding
distribution

cons:
« since all slots need to be modelled and the faulty machine is no
longer symmetrical, the model becomes very complex
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Technique Variants

Faults and applications

Attributes

others analytical « generalised harmonic

analysis [21-23]

« winding faults [16, 17] pros:

« concordia transformation « losses and torque pulsation [23] « concordia transformation reduces the number of state

[24]
« voltage behind reactance

« convolution based [26]

« static
« time-stepping
* quasi-static

Finite element
analysis

« stator short circuit and broken
[25] rotor bars [24, 25]
* broken rotor bars [26] cons:

variables.
« the convolution-based method is fast and allows to
handle various non-ideal parameters

« the generalised harmonic analysis limits the number of
harmonics taken into consideration
« inclusion of non-uniform air gap is not straightforward in
two-axis theory-based models
« non-linearities will increase the complexity of analytical
equations in two-axis theory-based models
« concordia transform inherits the problems of d—q
modelling
« convolution theorem inherits the drawbacks of FFT
whilst the air gap is taken as constant

« broken rotor bars [27, 28] pros:
« broken end rings [28]
« stator open circuit [29]

» complex geometries can be considered
« non-linearities, such as saturation, skinning effect, and
non-idealities can be considered

2D « stator short circuit [30] « all kind of faults can be simulated the combination of
FEM and analytical modelling can be a good choice
*3D « dynamic eccentricity [31]
« static eccentricity [32] cons:

« the computational complexity is the biggest problem
and becomes worst in case fault diagnostics where
symmetry is no longer present. The problem becomes
worst for 3D analysis. Unsuitable for hardware-in-the-
loop environment and inverse problem theory

* The very short simulation time as compared to that taken by
FEM makes the model suitable for advanced model dependent
diagnostic algorithms.

* The achieved results are compared with the ones from the FEM
model and measurements taken from the practical setup.

* The model allows for the inclusion of magnetic saturation
effects, which can be considered as a potential improvement.

* The division of the model into offline and online parts can
further reduce the complexity by avoiding the unnecessary
computations for various fault simulations.

This study is organised in the way that Section 2 presents the
generalised mathematical model of the machine. The block
diagram showing the implementation strategy is presented in
Section 3. The impact of stator and rotor slots on the air gap
permeance function is presented in Section 4, while the winding
functions and calculation of various inductances are discussed in
Section 5. Section 6 presents the simulation results, while the
practical measurement setup and the validation of the results are
presented in Sections 7 and 8, respectively. The conclusions are
discussed in Section 9.

2 Mathematical model
According to magnetically coupled circuit model, the voltage

equations of the stationary three-phase stator and rotating n-phase
rotor can be described as:

d
Vs = IsRs + ad’: (])

d
0=LR + 5, ®
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where V, I, I, R, R, ¢, and ¢, are vectors expressing voltage,
current, resistance and flux of each stator phase and rotor bar. The
stator and rotor fluxes can be represented as:

¢s = LssIs + Lerr (3)
e = LiJy + Ly, = L3I + LI, 0]

where Ly, Ly, L and L, are the stator—stator, stator—rotor, rotor—
stator, and rotor-rotor self and mutual inductance matrices
described as follows:
Laas Labs Lars
Ly = |Lpas  Libs  Lpes )
Lcas chs Lccs

Ly, 1 Lurz Lar, o Lar” L, T,
Ly = Loy, Lpy, - Ly - Loy, Loy, (6)
Lt'rl Lt‘r: Lz'r, Lar,, Lurﬂ

Liry Lowy o Ly o Loy, Lo
Liy, Liy, = Ley Ll’zYn Lf:fe
Ly=|Ly L Ly, o Ly, Ly, (M
L Low o Lun o Lon Lig
Ly Ligy = Lo o Logy L,

In the matrices, the elements with subscripts a, b, ¢, r and 7,
represent stator's three phases, rotor bars and rotor end ring related
entries, respectively (see (8)) . Under the symmetrical condition,
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QRy+r)  —Ry 0 0
-R, 2Ry+r)  -R, 0

0 -R,  2Ry+r1) -R,
Ry = : : : :
0 0 0 0
-R, 0 0 0

—Te —Te —Te —Te

the last rows and columns containing only end ring resistance and
mutual inductances can be neglected, because the net current in the
end ring is zero, but it can lead to a problem of singularities in the
simulation, while taking the inverse of the matrices. Moreover,
they can be used to simulate end ring related asymmetries and
faults.

For the ease of implementation, all these matrices can be
grouped together:

V= [Vas Vbs Vcs]T )

I = [izzs Ups ics]T (l 0)

I, [irl 2 - ire]T (11)
L L

L= 12

ILm L"l (2

Leading to the matrix equation:
Vs R, 0 IS
+
0 0 R,

From where currents and torque are calculated as:

e AT Rl e

.= 1 Lo (15)

(13)

d L:% L:r
dt|L, L,

Lﬂs L:r

In the matrices form:

T I

It is worth mentioning here that the derivatives of Ly, and L,, are no
longer zero as they are the functions of air gap which is changing
with rotor position.

The rotor bar and stator phase resistances are calculated by
using the formula:

R= (%’) a7

where p is the resistivity, 4 is the effective slot area and / is the slot
length.

The per turn length () of stator coil is calculated by adding the
length of the end winding (L) with the effective length (/) of the
machine.

bt =1+ Loy (18)

The dynamic equation of the rotor is given by:

J dde“"" =T.—T.—- B, (19)
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0 - 0 —R, —re

0 0 0 —re

[( 0 0 —re

: : : : : (®)
0 - 2Ry+r) —R, —re

0 - -R, 2Ry +r1e) —Te
—re —re —re nple

where B is the friction coefficient, w,, is the rotor angular speed, J
is the rotor's moment of inertia, 7, and 7 are the generated and
load torques, respectively.

3 Block diagram and description

The implementation strategy can be divided into two steps: offline
calculations (Matlab script) saved as 3D lookup tables and online
calculations (Simulink), as presented in the block diagram shown
in Fig. 1. In the offline calculations, the geometry and
corresponding stator and rotor winding functions are considered as
input parameters. The slots geometry is used to calculate the
resistances matrices by considering the number of conductors, area
of slot and filling factor, which is 0.60 in this case. The rotor and
stator leakage inductances are calculated using analytical equations
discussed in [43]. The stator end windings are compensated by
increasing the per turn length as given in (18) and by including the
end winding leakage inductance L, (0.34 mH) which is calculated
using (37) in Appendix.

Since the inductances are the functions of the air gap, which
changes with the change in the rotor position, the rotor's
mechanical angle (27) is divided into (n X Q, X n,) steps, where 7 is
an integer while Q; and n, are the number of stator and rotor slots,
respectively. All the parameters are calculated at each position of
stepping rotor.

The calculated data at each rotor position corresponds to a 2D
matrix as shown by (5)—(8). All those 2D matrices are stacked in a
3D lookup table, which are called as a function of rotor position
and performance parameters, such as currents, fluxes, torque and
speed, are calculated. The integration of the rotor speed gives the
new rotor position, which is used to change the index of the lookup
table to for the corresponding 2D matrix.

4 Air gap permeance function

The air gap permeance function P(6, @) can be defined as:

1

PO.0 = O+ 500

20)

where g((0), g(0,a), g(0)+ g0, a) and P(0,a) are air gaps
associated with the stator, rotor, equivalent and the inverse air gap
function in stator frame of reference, respectively. Moreover, @ is
the angle of stator from any fixed reference point and « is the rotor
angle in stator reference frame.

The stator and rotor linked air gaps are calculated in the way
that the centre of the machine's air gap is taken as a reference line.
In this way, the total air gap can be divided into stator and rotor
associated air gaps. The slot opening without any conductor of
winding on the stator side is used to change the air gap as a
function of the stator's mechanical angle. This change is in the
form of increase in the air gap, equivalent to the height of the slot
opening without winding. Similarly, rotor bar depth is used to
change the rotor's associated air gap. Both air gaps are added
together to get the equivalent air gap at each rotor position. These
air gap functions for one stator and rotor slot can be defined as
follows:

rg+h.| 0<60<By,

$(0) = 21
. Ty B, <0< (B + By @
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0<0<B,
By <0< (Bi+ By

ro+ I
a@m =" " 22)

Ty

where By, By, By, By, hiy and hy, are the width of the stator slot
opening, stator tooth tip, rotor slot opening, rotor tooth tip, stator
slot depth without winding, and the rotor bar depth, respectively as
given in Fig. 2. Fig. 3 shows the stator and rotor associated air gaps
until (27) electrical angle, which is equivalent to half of the
mechanical geometry, since the machine is four-pole. The net air
gap with its inverse function at a particular position is also shown
in the figure, where the distinguished (extended) lines are
representing the points where rotor and stator slots overlap with

For a more accurate representation of radius, (23) can be modified
as follows:

850) + g6, 2)

. 4

rg(@,a) = r+

5 Winding function and inductances calculation

The inductances are dependent on the air gap permeance P(6, @),
which is not a constant but a function of stator and rotor slot
openings as described in (20)—(22). The winding function can be
described as [37]:

each other. r; is the average air gap radius and can be calculated as P
_ (Pr;)
NA(G) - n[(e) - <P> (25)
Dg — D,
where n;, N; and P are the turn function, winding function and the
air gap permeance function, respectively. For a p pole machine, the
< S .
; \
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1
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Fig. 1 Flowchart diagram of modelling and simulation
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Fig. 2 Slots dimensions of the machine under investigation
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average or mean value of any function f(6.) can be calculated as

shown below:
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The stator and rotor winding functions are shown in Fig. 4, which
are calculated using conditional analytic expressions (38). Each
stator slot contains 17 conductors with a coil pitch equivalent to 12
slots. The rotor winding function is calculated by considering one
conductor per slot. The winding function based inductances, while
considering constant radius, can be calculated using the following
equation:

Lij(0) = p,rl f 2”P(H, N0, (0, a) dO 27

This equation can be written as a mean value function as in (26):
L;ij0) = Zﬂﬂorl<P(0, Q)N{(0, )n (0, a)) (28)
or in the form of turn functions:

Lij(0) = 2, ri[{P(0, a)ni(6, a)ni(0, )

(PO, (8, ) (PO, D) (0, @)) (29)
(PO, )

If the average radius of air gap is considered as (24) then:
Lij(0) = 2zp,[(ry(0, )P(0, @)N(0, a)n(0, a)) (30)

Equation (30) describes that the inductances are the function of
average air gap radius, air gap permeance function and winding
functions and all of them depend upon the relative position of
stator and rotor. Unlike most of the inductance equations in
literature, the elimination of integrators with mean value function
as in (30) (32-35) further reduces the complexity and increases the
ease of its implementation. Various inductances, such as stator—

1727



0.122

Laa (H)

01215

60 90 120 150 180
Rotor position (fe)

Lar (H)

-1.5 . . :
120 180 240
Rotor position (fe)

60
c

Fig. 5 Calculated inductances

(a) Stator to stator self (L,,),

(b) Stator to stator mutual (L),

(c) Stator to rotor (L,,),

(d) Rotor to rotor (L) with respect to the rotor position

stator self, stator—stator mutual, stator—rotor mutual and rotor—rotor
self, are shown in Fig. 5.

All these inductances are calculated with a considerable number
of rotor steps (10 X nj, X Q) to improve the resolution, where ny,
and Qg are 40 and 48, respectively, taken from machine under
investigation. The corresponding derivatives of the inductances
shown in Fig. 5 are presented in Fig. 6. The rate of change of
inductances with respect to rotor position (derivative) is no longer
zero. It oscillates across the zero lines and increases with the
increase in the air gap variations. The calculated results for
inductances, their derivatives and inverses are saved in matrices
generating three 3D lookup tables each having a dimension of
(44 x 44 x 19200). The resistances and leakage inductances are
calculated based on geometry and number of turns on stator and
rotor side as given in Fig. 2.

6 Simulation results

For the online simulation, the pre-calculated inductances and
resistances are used to calculate various performance parameters of
the motor. The 2D matrices are called as a function of rotor
position from 3D lookup tables using their index value.

The broken bars are simulated by adding a series resistance of
1 MQ in-circuit editor of FEM in a commercial software called
Infolytica with a considerable number of mesh elements with the
inclusion of additional resistance and reactance to compensate the
end windings. The same is done by increasing the resistance of the
bar related entries (31) in the resistance matrix of the proposed
model, which is made using the equivalent rotor circuit model, as
shown in Fig. 7. Since the inductances do not depend upon the
resistance of the rotor bar, they do not need to be calculated again.
The only change in the respective elements of the resistance matrix
can simulate the broken bar case, which reduces the simulation
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time. The rotor speed under healthy and broken rotor bar
conditions is shown in Fig. 8.

Both FEM and analytical simulations are performed at rated
load conditions with motor specifications given in Table 2 and the
results are shown in the steady-state regime.

Both speed and torque waveforms, calculated using FEM and
proposed analytical model, are in good agreement with each other.
The visible oscillations under healthy conditions are because of the
winding and the rotor slot harmonics. Under the broken rotor bar
cases, the increase in the amplitude of speed ripples with the
increase in the number of broken rotor bars is evident in both cases.
This oscillation is responsible for generating the right side
harmonic (RSH) in the current spectrum. The 2D FEM model is
solved for 2 s, equivalent to 100 periods, with a time-stepping of
0.033 ms, corresponding to a sampling frequency of about 30 kHz.
It takes about 0.7 s to calculate each step and about 12 h for a total
of 60,000 time steps with the computer specifications given in
Table 3. The proposed analytical model calculates all parameters in
just 3 min including both offline and online calculations with the
same sampling frequency. The FEM model needs to be simulated
again each time for each broken rotor bar case. However, in the
proposed model only the change in the resistance matrix is enough,
which reduces the complexity considerably. Moreover, most of the
faults can be simulated in the online portion without going through
the offline calculations again. By exploiting these facts, the model
speed can be increased considerably which is very crucial for
diagnostic algorithms.

7 Practical measurement setup

For practical measurements, two similar machines are connected
back to back on a common mechanical foundation as shown in
Fig. 9. One motor acts as a loading machine, which is being fed
with an industrial inverter for better accuracy and slip
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controllability. The load side inverter is working under scalar mode
to have less impact as in the case of direct torque control (DTC)
mode. The motor under investigation is fed from the grid, while
using the star connection scheme. The rotors with broken bars are
prepared by drilling radial holes of equivalent length and width in
them. The stator phase currents are measured with a sampling
frequency of 10 kHz until 60 s for better frequency resolution. The
measurements are taken under healthy, one, two and three broken
bar cases.
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8 Validation of results using the frequency
spectrum

For wvalidation, the frequency spectrum of the stator current
simulated using the proposed model, FEM and measured from test
rig, is compared. The harmonics visible in the motor current
spectrum are caused by various reasons but the most prominent
causes are: the winding distribution, the stator and rotor slot
openings, asymmetry due to any fault, non-linear material
characteristics and the supply. These harmonics give rise to the
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Fig. 8 Simulated speed and torque under healthy and broken rotor bar cases using FEM (left) and the proposed model (right)

Table 2 Motor specifications

Parameters Symbol Value
rated speed Nr 1400 rpm @ 50 Hz
rated power Pr 18 kW @ 50 Hz
connection — Star (Y)
power factor cos@ 0.860
number of poles P 4
number of rotor bars Nb 40
number of stator slots Qs 48
Table 3 Comparison of the simulation time

Model Computer specs Simulation time
MWFA Intel(R) Core(TM) i7-7500 CPU 3 min

FEM 12 h (1-time step/0.72 s)

Digital Signal
I Recorder | | e | | Be |

[ l

4 o E|—_"‘jmquonc,
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Tested Machiy Loading Machine

I 1
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Fig. 9 The test-bench and data acquisition setup

(a) Laboratory setup for measurement,

(b) Block diagram of the test rig
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no-load cases

speed and torque ripples, increase eddy current and hysteresis
losses and decrease efficiency. Since majority of the higher-order
harmonics are slip dependent, they can be used constructively for
sensor-less speed estimation at least under steady state regime. The
harmonics until 450 Hz are presented in Fig. 10.

Since the winding configuration is stepped distributed, the odd
multiples of fundamental components are clearly visible and are in
good agreement with FEM and measurement-based results. In the
case of experimental measurement based spectrum, some
additional components are apparent because of the grid fed
harmonics [3]. Similarly, the frequencies from 750 to 1500 Hz are
presented in Fig. 11, where the winding harmonics at 850, 950,
1150 and 1250 Hz are evident in case of all analytical, FEM and
practical measurements. These frequencies are present mainly
because of the rotor slot harmonics, also called principal slot
harmonics (PSHs).

Since these results are at no load under healthy conditions, all
components are at odd multiples of fundamental frequency and
tend to move with the change in load. The development of the left
side harmonic (LSH) at 43.4 Hz and the RSH at 53.5 Hz is due to
broken rotor bars at rated load conditions, as presented in Fig. 12.
The fault-based frequency components can be defined using the
(36) in Appendix.

In case of FEM, the RSH is absent since the measurements are
based on a 2D model, where the effect of speed ripples is
neglected. Similarly, the frequency spectrum related with principle
slot harmonics at rated load and broken rotor bar conditions is
shown in Figs. 13 and 14. The comparison of frequency spectra
from the perspective of fault diagnostic reveals that the utilisation
of higher-order harmonics can be a better choice for the condition
monitoring of the machine.

This is because of the fact that the fundamental component,
being the strongest, has the largest spectral leakage as compared to
the higher-order slotting harmonics. This means that under low-
speed conditions the RSH and LSH are more likely to be buried
under the fundamental component. This impact is small in case of

IET Electr. Power Appl., 2020, Vol. 14 Iss. 9, pp. 1722-1734
© The Institution of Engineering and Technology 2020

PSH, which makes the model more suitable for fault diagnostic
algorithms. The frequency spectra are studied using simple discrete
time Fourier transform with a sampling frequency of 30 kHz. The
spectral leakage is reduced by exploiting the benefits of Hamming
window.

9 Conclusions

In this study, a detailed time-stepping analytical model of a SQIM
using MWFA is presented, with following attractive features:

Unlike most of the papers cited previously, where only low
order harmonics are taken into account in the form of Fourier
summation of certain sinusoids having specific frequency and
amplitude, the actual stator and rotor winding functions are defined
in the form of conditional analytical expressions. This approach
makes the model independent of the selective number of frequency
components and do not limit the spectrum bandwidth.

The air gap is made as a function of rotor and stator slot
openings, which includes the spatial harmonics. Moreover, the
inclusion of the air gap as a function of stator and rotor angles,
makes the model suitable for the implementation of air gap related
faults, such as eccentricity.

The inclusion of rotor slot harmonics makes the model suitable
for sensor-less speed drive systems. The fact that these harmonics
have less spectral leakage as compared to the fundamental
component, makes them a potential candidate for fault detection,
even under fewer load conditions.

The model is so generic that most of the fault types, such as
broken rotor bars, static and dynamic eccentricity, and stator short
circuits, can be simulated.

The very small simulation time, as compared to that used by
FEM, makes the model suitable for advanced diagnostic
algorithms, such as iterations based estimation of design
parameters, hardware-in-the-loop, inverse problem theory and
other model-based diagnostic procedures.
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The model is also suitable for the iterative optimisation of
various design parameters, such as winding functions, slot
openings, and air gap, etc. The achieved results are in good
agreement with the ones taken from the FEM model and laboratory

measurements.

The separate modelling and simulation parts can further reduce
the complexity and calculation time in the way that once the
inductances are calculated, almost all kind of faults can be
simulated by making corresponding changes in them.
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11 Appendix

The broken rotor bars can be simulated by changing the resistance
values of the related entries in the resistance matrix. The red
elements in the equation shown below represent the values need to
be changed to simulate second rotor bar. (see (31)) The conversion
of integral based equations into mean functions as in (32)—(35),
makes their implementation easier.
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Since the definition of mean function is

(=7 [ s@-ao (34)

Therefore,
Li/(6) = 2mrl{P(6, a)Ni(6, a)n (6, @) (35)
fer = fox2ksfs, k=1,2,3,... (36)
where fpg, fs and s are the broken rotor bars based frequencies,
supply fundamental frequency and the slip, respectively.
The leakage inductance of end winding can be calculated as

[43]

L= %q(%)zuozwzw (37)

where O is the number of slots, Z, is the number of conductors per
slot, m is the number of stator phases, a are the number of parallel
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paths per phase, ¢ is number of slots per pole and phase, y, is the
permeability of free space, I, is the average length of winding
outside of the stator and A, is the permeance factor which is 0.20
for motor under investigation.

The stator and the rotor turn functions can be defined as

Zy %1, i=1:1:0p
16 = Zy % Qpps i=(Qpp+ D:1:3% 0y, 38)
’ ZQpp— 1), 1= Qp+1:1:4%0p,
0, i=(4%Qp+ 1D:1:2%0p

1, ;<a.<0;+a

(@) = 0, 0;>a.>0+a 9

where Z, is the number of conductors per stator slot, Qp, is the
number of slots per pole and phase, Q; is the total number of stator
slots and i is the integer. This conditional analytical function can be
used to generate the turn function of stator phase winding. The
remaining two turn functions can be produced by shifting it to
(27/3) and (47x/3), respectively. While, the rotor turn function can
be represented as in (39), where ; is the starting angle of rotor bar
from a reference point and «; is the angular displacement between
two consecutive bars.
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Abstract: Since electrical machines are the largest consumer of electricity worldwide, their fault diagnostic at the incipient stage
and condition monitoring is essential for better reliability, economy, and safety of operation. Out of several condition monitoring
techniques, motor current signature analysis is gaining heightened popularity because of its non-invasive nature, the least
number of sensors required and versatility of compatible algorithms. In this study, the best characteristics of infinite impulse
response (IIR) filter are exploited to observe the broken rotor bar (BRB) frequencies with good legibility in current and voltage
spectrum of the grid and inverter-fed motor, respectively. The causes of various harmonics in the stator current spectrum are
first investigated for better understanding. The results are taken based on simulation and measurements taken from the
laboratory setup. It is observed that a better tuning of IIR filters can make diagnostic algorithms capable of detecting the
frequencies of interest by effectively attenuating the fundamental component and reducing its spectral leakage. Moreover, in
case of direct torque control-based industrial inverter-fed motors, the current cannot be a good candidate for fault diagnostics

rather the phase voltage can be effectively used for the detection of BRBs.

1 Introduction

The indispensable role of electrical machines in modern day
society can be witnessed everywhere ranging from domestic to
industrial applications. They are the key elements of the
conventional power generating stations in the form of synchronous
generators and doubly-fed induction generators in case of wind
energy generating systems. As a load, electrical machines
particularly induction motors are consuming more than 50% of
total generated energy worldwide. Electrical machines especially
induction motors are being used as a workhorse in domestic and
industrial applications, such as water pumps, fans, ship propulsion,
conveyer belt movers, cranes, and electric vehicles etc.

Squirrel cage induction motors (SQIM) are the most popular
among various types of electrical machines because of their simple
and rugged structure, easy maintenance, low cost and high torque
per weight ratio. On account of their prolonged duty hours and
associated moving parts, these machines remain at risk of failure.
The faults can be classified into stator and rotor associated faults.
The stator faults are mainly related to electrical domain, such as
inter-turn short circuit, phase drop, voltage unbalance and earth
faults. The mechanical faults make the biggest proportion of
overall faults in the form of damaged bearings, broken rotor bars
(BRBs), static and dynamic eccentricity and cracked end rings etc.
These faults are degenerative in nature, making diagnostic
algorithms important for their detection at the incipient stage to
avoid any catastrophic situation, to improve the reliability of
operation and to get economic benefits of reconditioning over
replacing with a new machine. A detailed cost comparison of
rewind versus recondition of different size motors is presented in
[1].

In sophisticated industrial control systems, the need of better
controllability and the requirement of multiphase motors to exploit
their benefits such as reduced torque ripples, high power density,
high efficiency, and reliability is increasing day by day. The
different power rating of machines, their versatile structures, the
safety of operation and machine itself, different nature of
applications and reliability of operation increase the need for power
inverters as the input source.

IET Electr. Power Appl., 2019, Vol. 13 Iss. 12, pp. 2005-2014
© The Institution of Engineering and Technology 2019

These inverters are accountable for the conversion of a standard
three-phase grid supply system into the desired number of phases
with different amplitude, and frequency. There are a variety of
inverter-based drive systems with a control system ranging from
simple scalar (v/f; v/f2, v/\/f) to complex control systems such as
direct torque control (DTC), field-oriented control (FOC), model
predictive control, and sliding mode observer etc. The presence of
inverter and various control methods as an integral part of the drive
system can lead to the failure of the diagnostic algorithms due to
the inverter induced frequency components.

A variety of condition monitoring techniques are available in
literature, such as, electromagnetic field monitoring, noise and
vibration  monitoring, infrared recognition,  temperature
measurements, radio frequency emission monitoring, chemical
analysis, acoustic noise measurement, motor current signature
analysis (MCSA) and most advanced artificial intelligence-based
techniques, such as fuzzy logic and neural networks etc. [2]

The MCSA is gaining increasing popularity among all the
above-mentioned techniques because of its non-invasive nature, the
least number of sensors required and a variety of compatible
diagnostic algorithms. In simple words, the measurement of either
voltage or current profile of the machine opens the entire field of
signal processing for its analysis to detect the cause and severity of
the fault.

It has been observed that each kind of fault leaves certain
specific frequency components in the current or voltage spectrum.
The detection of those components can be used as a potential
indicator of fault nature and its severity [3]. In case of the electrical
machine, there are three main sources of generated harmonics; (i)
motor itself, (ii) input supply, (iii) fault if any. The motor generated
harmonics are dependent on non-sinusoidal winding distribution,
non-uniform air gaps permeance associated with stator and rotor
and non-linear materials. The stator and rotor anisotropies such as
the slot openings and non-uniform air gap because of small
eccentricity even under healthy condition lead to the principal slot
harmonics (PSH) or rotor slot harmonics [4].

The supply harmonics are small in number in case of grid fed
motors, but they are much more in case of inverter fed machines.
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The amplitude and frequency of inverter fed harmonics depend
upon the switching frequency and modulation technique used by its
control algorithm. The switching frequency of inverter solid-state
switches makes a tradeoff between efficiency and amplitude of low
order harmonics.

The increase in switching frequency attenuates the low order
harmonics but at the cost of an increase in the losses of the inverter.
The strong low order harmonics increase torque ripples, torsional
vibrations, and consequent mechanical deformation that tend to
increase with time. Since the BRBs-based lower and upper side
band (LSB, USB) frequencies are very close to the fundamental
component, the low order harmonics are highly likely to bury them
by an increase in the spectral leakage with resultant failure of
diagnostic algorithms. For the sake of efficiency, the maximum
switching frequency in the range of one-kilo hertz to generate a
voltage supply of 50-60 Hz are reported in [5-8], although in case
of DTC it can range up to 40 kHz for power up to 100 kW.

Various kind of control algorithms to reduce both switching
frequency and losses can be found in literature such as [9, 10] used
discontinuous pulse width modulation (DPWM) which reduces
switching frequency (fg) up to two-thirds of fy, of continuous
PWM strategies, sine-triangle PWM-based DPWM can be found in
[11]. The authors in [12, 13] used space vector-based DPWM and
modified DPWM can be found in [14] while space vector-based
synchronised DPWM is presented in [5].

The Fourier analysis and its variants, responsible to segregate a
signal into its component sinusoids, has revolutionised the field of
signal processing. Having different types for various kinds of
periodic, aperiodic, stationary, and non-stationary signals, it is
being extensively used in literature to find out the frequencies of
interest. The production of specific frequency components by
different electrical equipment and faults in current and voltage
spectrum makes Fourier analysis inevitable for condition
monitoring, power quality estimation, and fault diagnostics. In the
case of electrical machines, the fault representing frequencies can
be traced in current, voltage, speed, torque, and flux profiles. For
grid fed machines, the frequency spectrum analysis of line current
is comparatively easy because only a few frequencies are being
injected from the grid side. The rest of the frequencies are either
machine-generated itself or because of the fault, making them easy
to segregate. In the case of inverter fed machines, there are several
frequency components coming from the inverter side. It makes it
challenging for the diagnostic algorithm to detect the frequencies
of interest particularly when they are weak enough as compared to
the low order harmonics. Moreover, with the growing complexity
of inverter control algorithms and modulation techniques, the
inverter fed frequencies become difficult to define using some
specific rules and mathematical equations. For example, in the case
of stochastic control algorithms and machines working in closed
loop control systems, the frequencies become load-dependent. So,
it becomes highly likely that the faulty components will be either
attenuated by drive controller or they will be buried under the
inverter-based nearby frequencies. Owing to this fact, the
diagnostic algorithm should not rely on the same signal for all
cases as it is proved in the results that, in case of DTC controlled
motor current is not a reliable diagnostic signal.

Being the most powerful frequency, the fundamental
component is the profound cause of the spectral leakage problem.
Moreover, in case of low switching to fundamental frequency ratio
of the inverter, the low order harmonics are powerful enough to
make the spectral leakage problem worst.

The majority of MCSA-based techniques rely on fast Fourier
transform (FFT) of signal, e.g. in [15], the authors used the FFT on
active and reactive currents of a motor to investigate the BRBs and
load oscillations. Authors of [16] used the FFT in conjunction with
Park's vector to make artificial ants clustering technique for the
fault diagnostics of induction motor. In [17], the autoregressive
method is relying on discrete-time Fourier transform (DTFT) and
Notch filter. Researchers in [18] used the FFT to prove that the slot
harmonics can be used as potential indicators to detect the BRBs.
However, this technique has a drawback that the principle slot
harmonics (PSH) are not present in the motor for all combinations
of pole pairs and number of rotor bars. In [19], the authors used an
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adaptive notch filter and FFT for BRB fault diagnostics of
induction motor. Authors of [20] used the FFT on simulations and
practical results to investigate the BRBs and mechanical vibrations.
In [2], the authors used the FFT extensively to study the frequency
spectrum of the stator current for different fault conditions.

Since the measured signal has a finite duration and FFT
algorithm is designed for an infinitely long-time period, the
spectral leakage due to signal truncation is a major complication.
This problem becomes worst for the fundamental frequency
component because it carries most of the power as compared to the
rest of the harmonics. It also invites the logarithmic scale to make
low amplitude spatial and fault frequencies visible in the spectrum.
Moreover, at low slip conditions, the left-hand side (LHS) and
right-hand side (RHS) frequencies are very near to the supply
frequency, making them nearly buried under the fundamental
component.

In this paper, an infinite impulse response (IIR) filter is used for
the attenuation of the fundamental component for its better
transition band, low passband ripples, and low order needed. The
effective tuning of this filter can improve the legibility of the
frequency spectrum and makes the detection of BRB frequencies
easy. The technical portion of this paper can be divided into three
sections. In the first section, the SQIM is simulated using a finite
element model (FEM) and line currents are calculated. The
frequency spectrum gives a very good picture to understand the
harmonics due to non-sinusoidal winding distribution, non-uniform
air gap permeance function due to slot openings and BRBs. In the
second section, the results measured form a grid fed motor are
investigated to validate the simulation results and the additional
grid fed harmonics. Finally, the machine is fed with industrial
inverter under healthy and BRB conditions. Unlike [21, 22] where
authors have used FOC-based close loop system, the measurements
are taken from industrial inverter working under DTC mode. To
decrease the torque ripples, it tends to smooth the currents making
them unsuitable for fault detection. The change in current is
produced by a change in the phase voltage which can be tracked
for fault detection.

2 Mathematical background

Majority of MCSA-based techniques exploit the fact that every
fault in electrical machines leaves certain specific frequency
components in the current spectrum. The effective detection of
those harmonics can lead to a good diagnostic algorithm, capable
to detect the fault even at the incipient stage. The machine
anisotropies such as constructional unbalances can produce PSH in
stator current spectrum. Moreover, the irregularities in rotor such
as high resistance connections, broken end rings, BRBs can be
discovered by detecting the following frequencies:

fer = fex2ksfs, k=123, .. (1)
where f; is the supply frequency, s is the motor slip, and & is an
integer representing the order of harmonics. With growing &, the
frequency of harmonics increases but amplitude decreases. The
first harmonic is the strongest and the most important to detect the
BRBs. This harmonic has two sideband frequencies, the lower
sideband (LSB) or left-hand side (LHS) and upper sideband (USB)
or RHS having frequencies (fis, =fs—2sfs) and (fusp =fs + 25f5),
respectively. The LSB is generated due to unbalanced flux
distribution caused by BRBs and RSB is because of resultant speed
oscillations [23].

Similarly, some other prominent rotor associated faults such as
eccentricity, damaged bearings, and inter-turn short circuit faults
can be discovered by segregating following frequencies
respectively [24]:
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fwf;[%(l —s)ik], k=1,23,... @)

where £ is an integer, ny, is the number of rotor bars, (nqg=0) for
static eccentricity and ng=1, 2, 3, ... in case of dynamic
eccentricity, s is the slip, v=1, 2, 3, ... represents the supply
harmonics and p is the number of pole pairs, ny, is the number of
bearing balls, f; is the rotor's mechanical frequency, m is a positive
integer, pq is the bearing pitch diameter, by is the bearing ball's
diameter, and @ is the angle between ball and races.

The harmonics presented in (4) are the inter-turn short circuit in
case of wound rotor, which is converted to BRB frequencies in
case of a cage rotor as described in (1). Since the rotor is circular
and any fault such as BRB changes its mechanical symmetry, the

fault modulating signal can be described by a cosine function as
follows:

laf(1) = [1 4+ m(D)]ia(t) (&)

m(t) = Mcos(4rsfi + ¢) 6)

iyf(1) = [1 + Mcos(4nsft + p)liy(1) (7)

iye(1) = [1 + Mcos(dnsfit + p)limsin(wt) (8)

i) = TsinQQrf ) + (%)[sin@n F(1+25) + ) ©

+sinQzf(1 = 25) + P)]

where M is the modulation index, depending upon the number of
BRBs (V) and a total number of rotor bars (V) and w, = 2z f,, is
the fault characteristic frequency and depends upon the nature of
the fault and the slip of the machine. The modulation index M can
be approximated as a ratio of the number of BRBs and the total
number of bars as in [25]

(10)

The need for harmonics detection for fault diagnostics based on the
FFT algorithm need the increase of their segregation according to
the cause of their production. A quick review of the harmonics
presents in the current spectrum of an induction machine is given
below.

3 Harmonic description
3.1 Winding and slot harmonics

Unlike the ideal machine, where the winding is assumed to be
sinusoidally distributed, in practical machines it is a stair-cased
approximation. Moreover, the air gap permanence is not smooth
but becomes a function of stator and rotor slots opening. Owing to
these factors, the stator-to-stator inductances are not constant but

Number of turns (Ns)

360 540
Angle (fe)

180

Amplitude (dB)

720

change with the change in rotor position as shown in the following
equation:

"

L40) = erl [ P ONG.ON (b, 0)d0 (n
0

where Ly (0) is the inductance, 4, is the permeability of free space,
r is the radius of motor, / is the effective length, P(0, ¢) is the air
gap permeance function, and N(@, ¢) is the winding function for
any phase as shown in Fig. 1 along with its spectrum.

Similarly, the stator to rotor inductances are not pure sinusoid,
but act like a trapezoidal function. These changing inductances
produce high-frequency components in the current spectrum called
the winding harmonics and PSH or RSH, respectively. The PSH
harmonics are important in the way that, they can be used for
sensorless speed estimation, eccentricity, and BRB fault
diagnostics. It is shown in the results that the BRB fault
frequencies also appear around fundamental PSH just as they
appear around fundamental supply frequency component. The fact
that the PSH is not strong enough as compared to the fundamental
supply component, leads to the less spectral leakage making the
detection of BRB frequencies easier. The eccentricity and PSH
frequency can be represented by (2) as described previously.

However, the only flux having pole pairs equal to the pole pairs
of the stator winding itself can induce a voltage in a balanced
three-phase stator. In other words, the PSH spectrum will be
produced if the pole pair number (n, + np) is equal to that
produced by the stator winding-based space harmonics. The
authors of [4], made a rule that if a number of rotor slots will
satisfy the (11), the PSH will appear otherwise not

np, =2p[3(m+q) +r] (12)

where m +¢=0,1,2,...and 7=0or 1.

3.2 Supply harmonics

The harmonics coming from the supply side range from simple odd
multiples of fundamental components in case of grid fed system to
a high bandwidth of frequencies coming from the inverter side. For
better controllability, precision, accuracy, reliability, efficiency, and
versatile nature of the load, the inverter becomes an integral part of
modern-day drive systems. Along with the mentioned advantages,
these inverters are also responsible for increasing cost, switching
losses, iron losses, torque ripple, and radiated electromagnetic field
interference [26], acoustics noise [27], and high-frequency
components for which the machine is not designed for. These
drawbacks persuade researchers to find out good drive control
algorithms and switching techniques [27-30] but at a cost of
random distribution of harmonics in current spectrum.

The measured grid and industrial inverter-based line voltage
along with their corresponding spectrum containing some powerful
harmonics are shown in Fig. 2. For better resolution, the sampling
frequencies in case of the grid and inverter are 10 and 100 kHz,
respectively. To improve the legibility of the spectrum, the
fundamental component is attenuated using the IIR filter. The total
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Fig. 1 Per phase stator winding distribution function and corresponding frequency spectrum
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harmonic distortion (THD) for the grid is calculated using a
rectangular window and considering the first 70 harmonics. It is
—32.7 dB which is equivalent to 2.31%, however, it changes with
the change in power quality. For inverter produced line voltage the
THD of —21.7 dB which is equivalent to 8.2% is calculated using
the Kaiser window while considering first 700 harmonics. This
value changes with a change in switching frequency and control
strategy being used.

3.3 Motor as a filter

The inverter fed harmonics are highly likely to bury the fault
frequency components, particularly the higher-order harmonics
because of their small amplitude. Since the inverter is feeding a
number of frequencies, it is necessary to investigate the bandwidth
of importance. The motor frequency magnitude response is helpful
in this regard, which can be approximated by taking equivalent per
phase current transfer function as given in the following equations:

i 1

Vas (R + (R9)) + iDLy + L)’

(13)

where Rg (0.15 Q) is the stator per phase resistance, R, (0.63 Q) is
the rotor per phase resistance as referred to stator side, s (0.067) is
the slip, w, is the synchronous speed, Lis (0.003 H) is the stator
leakage inductance, Lj, (0.002 H) is the rotor leakage inductance as
referred to stator side, i,s and v,g are per phase current and voltage,
respectively.

The natural frequency magnitude response is shown in Fig. 3,
where it is evident that the motor attenuates the harmonics having a
frequency higher than 1 kHz. This magnitude response changes
with change in the motor design parameters. This frequency
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response has less significance in case of grid fed machines because
the high-frequency components are due to either the slotting effects
or faulty condition, however, the most significant components
remain within a bandwidth of 2 kHz.

4 Fourier transform and its resolution

The effective tuning of the FFT becomes essential in case of an
inverter-based signal where there are a number of minima, maxima
points, and discontinuities in the signal. The famous formula of
DTFT can be represented as

—1
X, = ";Oxne’iz”k"w, k=0,1,2,3,...(N= 1) (14)

where x, is the discrete sampled signal and N is the number of

samples, which should be a number in power of 2, i.e. N = 2" for
less computational time with acceptable resolution.

For FFT of converter-based signal, the phenomena like spectral
leakage and resolution are really necessary depending upon the
parameter shown in the following equations and FFT windowing

function:
tig =t; X N = N/f (15)
df = 1ty = fJN = BW/SL (16)
SL=N/2 (17)

where fg is the measurement or acquisition time of the signal,
and f; represent the sampling frequency, N is the total number of
data samples, BW is the bandwidth, df'is the frequency resolution
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Table 1 Motor specifications

Parameters Symbol Value

rated speed N 1400 rpm @ 50 Hz
rated power Pr 18 KW @ 50 Hz
connection — Star (Y)
power factor cos ¢ 0.860
number of poles p 4

number of rotor bars Nor 40
number of stator slots Ng 48

Shaded Plot
|B] smoothed
1: 1100ms

248457
223812

+ 1.98767
173922
2 1.49078
124233
0.993882
0.745424
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0.24854
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[Shaded Piot |
|B] smoothed
1: 1100ms
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204424
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ot 153319
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3 0511097
0255574
5.03916e-05

Fig. 4 Magnetic flux distribution and density for healthy (upper) and faulty (lower) motor

or frequency difference between two adjacent frequency bins and
SL is the total number of spectral lines.

Owing to their better transition band the low pass band ripples
and low order required, the IIR filter can be preferred over finite
impulse response (FIR) filter. Out of a number of windows
available in the literature, the Hamming window is used which has
less spectral leakage making less impact on supply neighbouring,
fault frequencies even in the case of the inverter fed machine.

5 Case study

For better understanding and performance analysis, the FEM-based
simulation is performed for SCIM having parameters given in
Table 1. The cage is made up of typical cast-aluminium rotor slots
without skew. As compared to the analytical models, the FEM
modelling is preferred for its better accuracy and ability to handle
various constraints such as non-linearity and material characteristic
etc. To reduce the computational time, only 2D field analysis is
performed for the calculation of various performance parameters.
Addition series resistances and reactance help to compensate for
the neglected end windings. The coils are made up of parallel
stranded conductors for uniform distribution of current density. The
simulation is performed under rated load conditions with constant
speed. After simulating it under healthy condition, one and two
BRBs cases are taken into consideration. For accuracy and better
resolution, a good number of mesh elements of 5328 are taken into
account and simulation is done for 2's with a sampling rate of
0.033 ms at stator and rotor temperatures of 120 and 140°C,
respectively.

It is clear in Fig. 4 that flux density function does not remain
the same for all bars under faulty condition but increases across
broken bars which increases induced current in adjacent bars
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putting them under increased magnetic stress. This makes the
motor to break more bars in time if the fault is not diagnosed and
repaired at an incipient stage. Owing to this change in flux
distribution, the total flux linkage with bars do not remain zero and
starts modulating stator current with a frequency dependent on the
slip as shown in previous equations.

It is worth mentioning here that all specifications of the motor
under simulation are the same as that of the practical motor. The
2D FEM calculation id done for the complete geometry of motor as
it is no longer symmetrical because of the faulty condition.
However, in Fig. 4 only one sector containing broken bar is shown
for better visibility of flux distribution.

6 Practical setup

For practical measurements, two similar machines are connected
back to back on a common mechanical foundation as shown in
Fig. 5. One motor acts as a loading machine, which is being fed
with industrial inverter for better accuracy and controllability of
slip. The load side inverter is working under scalar mode to have
less impact as in the case of DTC mode. The motor under
investigation is first fed with the grid while using the star
connection scheme. The phase currents are measured with a
sampling frequency of 10 kHz for good resolution. In the second
case, the test motor is fed with industrial inverter working under
DTC mode while both line currents and phase voltages are
measured at a sampling frequency of 100 kHz. All these
measurements are taken under healthy, one, two, and three BRB
cases.
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Fig. 6 Simulated line currents and corresponding spectrum with attenuated fundamental component for healthy and BRB cases from top to bottom

7 Results and discussion
7.1 Simulation results

The FEM-based line currents and their corresponding spectrum for
healthy and BRBs are shown in Fig. 6. The calculations are done at
rated load condition with a step size of 0.033 ms which
corresponds to a sampling frequency of 30.3 kHz. The windings
are balanced and connected in star scheme being fed with pure
sinusoidal line voltage. To investigate the causes and the position
of the harmonics, the fundamental component is attenuated using
IIR band stop filter of order 2. Since the input does not have any
harmonics, the frequency spectrum contains odd multiples of
fundamental frequency induced by the stepped distributed winding
function and PSH as the number of rotor bars (40) satisfies (12). At
rated slip (0.066), the PSHs are present at 883 and 1083 Hz. The
BRB frequencies are strong enough around the fundamental
component where the left side harmonic (LSH) 46.7 Hz gets
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powerful with an increase in the number of broken bars. The RSH
develops due to the resultant speed oscillations which are not
present in the spectrum because those oscillations are not taken
into account. It is evident in Fig. 7 that the BRB frequencies are
spread in the complete spectrum making their contribution around
winding and PSHs.

7.2 Experimental results

Fig. 8 shows the measured currents and their respective spectrum
in case of a grid fed machine. Both RSH and LSH are clearly
visible around fundamental component while its attenuation
improves their legibility such that the fault is easily detectable even
in case of one BRB. The results are in good agreement with the
simulation results in a way that the BRB harmonics are present
around the odd multiples of the fundamental frequency. The PSH is
shown in Fig. 9 for both healthy and faulty cases where its slight
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movement on the frequency axis is due to the change in slip
because of the change in the average generated torque and change
in the rotor itself for different measurements.

In the case of DTC-based inverter-fed motor, the current cannot
be a reliable signal for fault detection. This is because of the fact
that BRBs increase current distortion with a resultant increase in
torque and speed ripples. While, the controller of the DTC drive is
designed to change the reference control signals to decrease the

torque and speed ripples by making current smoother. This is
achieved by changing applied voltage as a function of load and
fault, making it a potential candidate for BRB detection. Fig. 10
shows the current envelope of the grid fed healthy and faulty
machines being fed with grid and inverter, respectively. For better
clarity and similarity with grid-based current, the inverter-based
current is passed through a low pass IIR filter and only frequency
components till 1500 Hz are considered.
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Fig. 8 Measured line currents (top left) with distorted envelope (top right) and corresponding spectrum with attenuated fundamental component, for healthy

and BRB cases from top to bottom in case of grid fed motor
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Fig. 10 Current envelope for grid and DTC-based inverter fed motor with
three BRBs

Still, the change in the envelope for inverter-fed current is
barely visible as compared to the grid-based system. The slight
change is visible because of low order harmonics until 1500 Hz. As
shown in Fig. 11, the current spectrum is not changing with BRBs.
The fault frequencies are so small that the controller of DTC drive
system easily attenuates them to reduce resultant torque and speed
ripples. The impact of the controller is so strong that even the side
band frequencies are no longer present in the spectrum. This makes
a correlation between current and voltage in a way that if the
machine is no longer symmetric and current is approximately
constant then certainly voltage changes with the change in fault.
This change in applied voltage is shown in Fig. 12 with the
corresponding frequency spectrum in Fig. 13. It is observable that
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Fig. 11 Frequency spectrum of DTC controlled inverter-based measured
currents which shows no significant change under healthy and BRB
conditions
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Fig. 12 DTC controlled inverter-based generated phase voltage for motor
under healthy and BRB conditions

with BRBs the supply starts injecting odd third multiples of
fundamental frequency such as (150, 450, 750, and 1050 Hz) etc.

8 Conclusions

The fact that the BRB increases the magnetic flux density and
magnetic forces on the subsequent bars making them vulnerable to
break as well increases the need for its detection at the incipient
stage. Out of several fault diagnostic techniques, MCSA is gaining
more popularity because of its non-invasive nature and
compatibility with many diagnostic techniques. In this paper, the
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Fig. 13 The generation of odd third multiples of fundamental frequency in spectrum of phase voltage for DTC based inverter fed healthy and faulty motor

complete current spectrum of a three-phase induction motor is
investigated under healthy and faulty conditions and the following
conclusions can be made.

in

The generation of odd third multiples of fundamental frequency
spectrum of phase voltage for DTC-based inverter fed healthy

and faulty motor.

i

ii.

iii.

iv.

IE

The IIR filter is a good choice over FIR and Hilbert filter for
the attenuation of the fundamental component because it
requires low order and possesses good transition band.

The second-order IIR filter along with Hamming window have
improved the legibility of frequency spectrum to a good extent.
The total harmonics can be divided into three categories such
as, the winding distribution based, non-uniform air gap
because of stator and rotor slot openings, the non-symmetries
due to fault and supply fed. In simulation results, the faulty
frequencies appear near fundamental supply component and
PSH. These results can be taken as a benchmark for the
segregation of frequency components of the practical motor.
The results taken from grid-based measurements are in good
agreement with the simulation results. Since the faulty
frequencies are very close to the fundamental and PSH, they
can be detected effectively by attenuating the fundamental
component and can be verified by their presence around PSH.

T Electr. Power Appl., 2019, Vol. 13 Iss. 12, pp. 2005-2014
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V.

vi.

vi

vi

The day-by-day increase in the need for industrial inverter
makes the supply fed harmonics a big issue for the fault
diagnostic algorithms. The harmonics coming from the supply
side depend upon the inverter control strategy and switching
frequency. However, due to the low pass nature of the motor
itself, the currents are much smoother. The drive control
methods such as DTC work to change the current according to
the demand from the load side. These feedback control
methods potentially hide the faulty frequency components in
the current spectrum by changing the voltage accordingly.

The BRB fault increases the torque ripples and distorts the
envelope of the stator current. The drive system tends to
decrease those ripples by changing the phase voltage and
maintaining the current smooth. Hence, in the case of inverter
fed machines, the current spectrum can mislead the diagnostic
algorithm. So, the phase voltage can be used as a potential
signal for diagnostic rather than the current in this case.

In case of inverter fed system, it is noticed that with the
increase in the number of broken bars, the odd third multiples
of fundamental component become stronger which can be a
potential indicator to detect them.

All the results are taken in an offline environment, however,
the practicality of this method in real-time environment is not a
challenging task and can be performed easily. For this purpose,
an updated algorithm could enable the processor to take the
measurement after specific intervals of time and perform
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[
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[13]

analysis. The time required to perform the analysis is quite
manageable for the real-time requirements.

For a better understanding of the frequency spectrum, the
current and voltage signals are measured in a steady-state
condition. However, the method can be extended for non-
stationary signals measured under variable load conditions
using short-time Fourier transform or wavelet approach.

The method works well for all kind of control strategies such
as scalar, FOC or DTC. However, for DTC controlled motor
the signals such as currents, torque, or speed can mislead
making phase voltage as a potential candidate for diagnostics.
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Abstract — In this paper, the harmonic contribution of the
broken rotor bar of an induction machine is investigated using an
effective combination of the fast Fourier transform (FFT) and a
band stop filter. The winding, spatial, grid fed and fault-based
harmonics are investigated. Since the fundamental component is
the most powerful component as compared to the other
frequencies, it decreases the legibility of spectrum, making
logarithmic scale inevitable. It also remains a potential threat of
burying the fault representative side band frequencies because of
its spectral leakage. In this paper, a band stop Chebyshev filter is
used to attenuate the fundamental component, which makes the
spectrum clearer and easier to understand even on the linear scale.
Its good transition band and low passband ripples make it suitable
for attenuating the main supply frequency with low impact on the
neighbouring side band frequencies. To study the impact of fault
on magnetic flux distribution, simulation is done using finite
element method with good number of mesh elements and very
small step size. The line current is calculated and frequency
spectrum is investigated to segregate the spatial and fault
frequencies using the proposed technique. The results are further
validated by implementing the algorithm on the data measured in
the laboratory environment including the grid fed harmonics.

Keywords — Digital filters; Fault diagnosis; Fourier transform;
Induction motors.

I. INTRODUCTION

From the start of the second industrial revolution, induction
motors have become the key element of modern-day industry due
to variety of their applications ranging from generation to
consumer domains. In the form of doubly fed induction
generators, they make an integral part of renewable energy
resources, such as wind power plants, and in the form electrical
to mechanical energy converters, they are driving the cycle of
industry making an impact on a nation’s economy. They are also
being extensively used in commercial and domestic applications,
such as electric vehicles, fans, water pumps, etc. There are many
machines that can convert electrical energy to mechanical energy,
but simple structure, good efficiency and ease of maintenance of
induction motors have made them the most common among all.
They are the biggest consumer of electricity, consuming about
50 % of the total generated energy worldwide [1].

These machines always remain vulnerable to faults because
they contain mechanically moving parts. These faults can be

* Corresponding author.
E-mail: biasad@ttu.ee

broadly classified into electrical and mechanical. Electrical faults
are mainly associated with the stator, such as voltage imbalance,
phase drop, inter-turn short circuits and earthing faults, etc.
Mechanical faults make the biggest proportion of overall faults,
such as damaged bearings, broken rotor bars, broken end rings
and eccentricity faults, etc.

These faults are directly or indirectly related with each other
and are degenerative in nature. Hence, it is very important to
detect them at an incipient stage in order to avoid extensive
economic loss and time-consuming repair processes.

Fig. 1 shows both the energy consumed by induction motors
as a percentage of the total used energy and a comparative
difference between recondition and rewind costs of different
power induction motors as proposed by Penrose in [2]. Due to the
above-mentioned facts, the field of fault diagnostics is becoming
as important as the field of machine design and control.
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Fig. 1. Worldwide energy usage by electrical machines (a), and a comparison
of rewind vs. recondition costs (b).

©2019 Bilal Asad, Toomas Vaimann, Anton Rassdlkin, Ants Kallaste, Anouar Belahcen, M. Naveed Igbal.
This is an open access article licensed under the Creative Commons Attribution License 1

(http://creativecommons.org/licenses/by/4.0), in the manner agreed with Sciendo.



Electrical, Control and Communication Engineering

2019, vol. 15, no. 1

Motor current signature analysis (MCSA) based fault
diagnostic techniques are extensively used in research, because
these techniques are mostly non-invasive in nature and require
simple measurements. After the current measurement, an entire
domain of signal processing techniques may be used to estimate
the nature and the severity of the fault.

Fourier series has laid the foundation for almost all kinds of
modern signal processing techniques. The majority of signal
processing-based fault diagnostic techniques depend on Fourier
analysis due to the need to investigate the frequency spectrum.
This is so, because every kind of fault leaves some specific
harmonics in the frequency spectrum of the stator current. The
majority of MCSA based techniques depend on the fast Fourier
transform (FFT) of the signal, e.g. in [3], the authors used the
FFT on active and reactive currents of a motor to investigate the
broken rotor bars and load oscillations. The authors of [4] used
the FFT in conjunction with Park’s vector to develop artificial
ants clustering technique for the fault diagnostics of induction
motor. In [5], the autoregressive method relies on discrete time
Fourier transform (DTFT) and notch filter. Researchers in [6]
used the FFT to prove that the slot harmonics can be used as
potential indicators to detect the broken rotor bars. In [7], the
authors used an adaptive notch filter and FFT for broken rotor
bar fault diagnostics of the induction motor. The authors of [§8]
used the FFT to analyse simulations and practical results to
investigate the broken rotor bars and mechanical vibrations. In
[9], Nandi used the FFT extensively to study the frequency
spectrum of the stator current for different fault conditions. [10]
used the FFT along with the band stop filter for detection of
broken rotor bar frequencies.

The spectral leakage of the fundamental component is the
most profound problem associated with the FFT. The
fundamental component contains more power than the other
higher order harmonics, such as the spatial and the fault baring
harmonics. Therefore, the logarithmic scale is usually preferred
for better legibility of the spectrum, but spectral leakage remains
and is likely to hide the frequency components near the
fundamental component. In addition, at low slip conditions,
spectral leakage problem becomes severe, because in case of
most of the rotor-associated faults the frequencies depend on the
slip. Some techniques can be found in literature, in which the
researchers have tried to reduce the problem of the spectral
leakage. The authors of [11] have used the Hilbert transform to
get the envelope of the signal containing potential information
about the faults. The authors in [12] used the fractional Fourier
transform to recover the faulty frequencies from a non-stationary
signal. In [13], the authors used the sliding discrete Fourier
transform for detection of broken rotor bars. [14], [15], [16] used
wavelet technique to improve the accuracy, but it led to
complexity of algorithm.

In this paper, the Chebyshev filter is used due to its better
brick wall characteristics compared to other filters, such as
Butterworth, Hilbert, etc. In contrast to most of the papers, which
focus mainly on the frequency spectrum containing faulty
frequency harmonics on the logarithmic scale, while neglecting
the supply fed harmonics, in this paper the entire frequency
spectrum on the linear scale is studied, using the motor currents
taken from both finite element-based simulations and
experiments. Moreover, the grid fed harmonics are also tracked
to make the picture clearer. It is shown that the proposed filter

makes the spectrum much more legible and effectively removes
the fundamental component without disturbing all other
harmonics.

II. MATHEMATICAL BACKGROUND

A. Slots and Broken Bar Harmonics

In case of a healthy motor, the frequency spectrum of the
stator and rotor current contains a number of harmonics because
of the distributed nature of rotor and stator windings, even if the
supply is taken as ideal. These harmonics can be represented
with the help of stator current linkage and the winding factor by
the following equation [1]:

MMF (6,00 = 2 (*25%) e @), )
sin? N
Kyt = o Zp=1C0S Xp, 2)

where N is the number of conductors per phase, kwr is the
winding factor, p is the number of pole pairs, v is the harmonic
number, N is the total number of slots and a is the angle of the
corresponding slot.

Every fault modulates the stator current with a specific
frequency and modulation index, depending on the severity of
the fault. These fault frequencies can be described
mathematically as a function of the geometrical and electrical
parameters of the rotor and stator. Extensive mathematics
representing these faults can be found in [9], [11]-[19] and the
simplified version — in [20]. The detection of the broken bar at
an incipient stage is necessary, because when one bar breaks, its
consecutive bars come under more thermal stress that leads to
their breakage. These faults produce the following harmonics in
the frequency spectrum [21]:

fer = fs £ 2ksfs 3)
fon =1(5) A =9) £51f, )

where k=1, 2, 3, ..., /s is the supply frequency, p is the number
of pole pairs and s is the slip of the machine. The lower sideband
appears due to the broken rotor bar and the upper sideband due
to the resultant speed oscillations. The dependency of these
harmonic frequencies on the slip makes them more likely to be
buried under the spectrum of the fundamental component. This
problem becomes most severe under small and no-load
conditions. In addition, the amplitude of these frequencies
depends on the number of broken bars and is relatively small
compared to the amplitude of the supply frequency.

B. Fourier Transform

The FFT is used in almost every field of science, as it provides
the possibility to segregate a non-periodic random signal into
sinusoids having specific frequency and amplitude called the
harmonics. The amplitude of these harmonics usually attenuates
as they travel along the frequency axis, making the fundamental
component the most significant one. The discrete Fourier
transform (DFT) and its inverse can be represented by the
following formulas:
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X = YN dx, e72mn/N g =0,1,2,..,(N=1); (5

X, = %zg;g X, e @mkn/N =012 . (N—1), (6)
where N is the number of samples, 7 is the current sample, x,, is
the value of the signal at time n, £ is the current frequency and
Xk 1s the resultant bin of the DFT. Frequency resolution is very
important for a complete and accurate frequency spectrum,
which depends upon the measurement time of the signal and the
sampling frequency, as shown in the following equation:

Ale/Tm:fs/N:BW/SL:Z-BW/N, )

where Af'is the frequency difference between two consecutive
frequency bins, N is the number of samples, B} is the bandwidth
and SL is the number of spectral lines.

Since the taken signal is of a finite length and the length of the
signal may not be an integer multiple of all frequency
components, this will lead to a problem of spectral leakage.
Being the most significant component, fundamental component
can have a larger tendency of spectral leakage, amplifying the
need of an attenuation filter.

C. Chebyshev Filters

Digital filters are mathematical algorithms, which are capable
to reduce or enhance certain parameters of a signal. Because of
their diversified nature, they may be of many types and are
extensively used in almost every signal processing-based
application.

The Chebyshev filters are well known for their better step
response as compared to the Butterworth filter. Its gain response
as a function of frequency ® can be represented as:

Gr(w) = 1/ 1+ 2T (@ /w,), @®)

where ¢ is ripple factor, w,is cutoff frequency and 7, is its
polynomial of n™ order.

5 T T T T

0 A A YAAARNNAL

—— Butterworth
~—— Chebyshev1
Chebyshev2

Attenuation (dB)

25 1

30 F 1

-35 \

40 . L .

0 0.5 1 1.5 2 25 3
Frequency (Hz)

Fig. 2. Step response of the Butterworth and Chebyshev filters.

Fig. 2 shows a comparative analysis of the Butterworth and
Chebyshev typel and typell filters for the same tuning
parameters. It is evident that the Butterworth filter is flat in its
passband interval but has a bad roll-off, which can be fatal for

fault frequencies lying very close to the fundamental component
in case of a broken rotor bar. The Chebyshev filters have a very
good transition band but have ripples in the passband in case of
type I, and stopband in case of type II.

D. Finite Element Method for Motor Simulation

The mathematical modelling and simulations of induction
motors are extremely important, as they provide the basis for
design and control procedures. The more accurate the
mathematical model of the machine is, the more accurate its
practical design and control would be. The analytical method is
the most common method of modelling found in literature. This
method consists in describing the system with the help of
integra-differential equations. Analytical models usually neglect
the complex nonlinear behaviour of the system to make it
simpler. With the increase in computational power, the
numerical models such as FEM are gaining more popularity in
the field of modelling and simulations. These models are good
approximations of an actual system, as they consider all possible
parameters, but at the cost of complexity and long computational
time. The numerical model of the induction motor relies on the
Maxwell’s equations:

0B

VxE= -2, ©)
VxH=]+2; (10)
H=vB; )
J=oE, (12)

where E is the electric field strength, B is the magnetic flux
density, D is displacement current, D is electric flux density, H
is the magnetic field strength, J is the current density, v is the
magnetic reluctivity of material and ¢ is its electric
conductivity.

By assuming that the magnetic field lies in an x-y plane,
varies sinusoidally in time and induces currents in the z-
direction, the vector potential A distributes in the machine
according to the following equation [22]:

FG) e+ () E - snen+ =0.

(13)

If the conductivity of the rotor and stator laminations is taken
as zero, and the reluctivity of conducting regions as that of the
vacuum, the electric scalar potential and voltage equation of a
conductor can be represented as [8]:

Vo= —Te,, (14)

u=iR+R §o 2. ds. (15)

III. SIMULATION RESULTS AND DISCUSSION

The FEM-based simulation of a three-phase induction motor
with the parameters shown in TableI is performed under
healthy, one, and two broken rotor bar conditions. Since the
simulation is performed using 2D field analysis, the ignored end
windings are compensated by adding additional resistances and
inductances in the series with coils. The per phase stator coils
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are series and parallel connections of copper strands making
current density uniformly distributed.

Fig. 3. Normalized magnetic field density of healthy and broken rotor bar
motors.

The simulation is performed at rated load under constant
speed. The flux distribution under healthy and two broken rotor
bar conditions is shown in Fig. 3. It is evident that the flux

density increases across broken bars, putting the adjacent bars
under increased magnetic stress. The increase in the current of
the neighbouring bars makes the machine vulnerable to breakage
of more bars in time, if the fault is not timely diagnosed and
repaired.

Fig. 4 shows the motor simulation results for stator currents
and frequency spectrum under healthy and broken rotor bar
conditions from top to bottom. In the first graph, zoomed stator
current is shown, which is calculated using a step size of
0.033 ms at the rated load condition using FEM. The simulation
is performed for two seconds with 5328 mesh elements at stator
and rotor temperatures of 120 °C and 140 °C, respectively. The
current seems distorted because of time and slot harmonics. The
second graph represents the positive side of the current and its
envelope under two broken bar condition.

The envelope clearly represents the effect of the broken rotor
bars and the modulation of the motor current. The ripples in the
envelope of the current increase with the increase in the
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Fig. 4. Simulation results; three phase current in top left, per phase current and its envelope for three broken bars in top right, frequency spectrum for healthy,
1 broken and 2 broken bar cases from top to down; zoomed comparison of harmonics for healthy and faulty motors in bottom two graphs.
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modulation index, which depends on the number of broken bars.
The distribution of the harmonics in the frequency spectrum of
the stator current is shown in the next three graphs for healthy,
one broken bar, and two broken bar cases, respectively. The
fundamental component of the supply voltage is attenuated,
making the spectrum legible on the linear axis. The frequency
components can be easily differentiated due to the spatial and
broken rotor bar harmonics. In the last two graphs, the frequency
spectrums in the range of 0-80 Hz and 170400 Hz are plotted
on the same window for healthy and faulty cases for a
comparative analysis. It is clear that the faulty frequencies
increase in amplitude with the increase in the number of broken
bars.

IV. EXPERIMENTAL SETUP

The measurement setup consists of two same type motors
with the parameters shown in Table I. One machine is under
investigation and the other one is acting as load. Both machines
are mounted on the same mechanical base and coupled through
their shafts, as shown in Fig. 5(a). The loading machine is fed
through the inverters to improve its controllability for various
load levels and the machine under investigation is fed by grid
supply containing some harmonics as discussed in results
section. The stator currents and voltages are measured using the
Dewetron transient recorder. The sampling frequency of the
measured signals is 10 000 samples per second and the
measurement time is 70 seconds, giving a very good resolution
of the frequency spectrum. Fig. 5(b) shows the block diagram of
the test setup.

Digital Signal
Recorder Pe

I RPM

L | —
L2 GRID
L3 Converter

Frequency

Loading Machine

Tested thhiy

| 1
VAV A A AV AV A A A e e
Mechanical Support Fastened to the Base

Fig. 5. (a) Experimental setup; (b) Schematic of the experimental setup.

TABLE I
MOTOR PARAMETERS
Parameter Symbol Value
Number of poles P 4
Number of phases 0 3
Connection Y-A Star
Stator slots N, 48; non-skewed

Rotor slots N; 40; non-skewed
Terminal voltage Vv 333 V@50 Hz
Rated slip S 0.0667

Rated power P, 18 kW @ 50 Hz

V. RESULTS AND DISCUSSION

Fig. 6 shows the cycles of the input phase voltage and the
corresponding spectrum. For better visibility of the grid fed
harmonics, the fundamental component is attenuated using the
proposed filter which removes it effectively without having any
influence on the rest of the harmonics.
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Fig. 6. Grid fed voltage and respective frequency spectrum.

The supply harmonics are mainly odd harmonics and can be
represented by the following equation:

fsu = kfs, k=1,35,... (16)

Fig. 7 presents the experimental results. The top two graphs
represent the stator three-phase and single-phase currents. The
envelope of current is also represented using the Hilbert
transform to show the impact of the broken rotor bars. The
current is smoother than the current taken from simulation,
because the skewness of rotor bars has suppressed the slot
harmonics considerably. The next graphs show the frequency
spectra for healthy, one, two, and three broken bars, respectively.
The fundamental component has been attenuated successfully,
making the harmonics discoverable without using the
logarithmic scale. It is evident in the results that under healthy
condition the only prominent harmonics are supply harmonics,
which will be many in case of inverter fed machines. These
harmonics can be a misleading factor in diagnostic algorithms if
not addressed properly. The last two graphs provide a
comparative analysis of all four cases in the same window,
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Fig. 7. Experimental results: three phase current — top left, per phase current and its envelope for three broken bars — top right, frequency spectrum for healthly, one,
two, and three broken bars cases from top down; zoomed comparison of harmonics for healthy and faulty motors at the bottom.

where it can be seen that the amplitude of the fault harmonics is
increasing with the increase in the number of broken bars.

VI. CONCLUSIONS

The MCSA is the most common technique used for fault
diagnostics of induction motors, due to its simplicity and non-
invasive nature. In this paper, harmonic spectrum of an induction
motor for healthy and broken rotor bar cases using signals from
the simulation and experiments has been studied.

The FEM based simulations reveal that the rotor bars next to
the broken one come under more magnetic and thermal stress
making them vulnerable to breakage, increasing the severity of
fault with the passage of time. Hence, it is very important for
diagnostic algorithm to be able to detect the fault at the incipient
stage. The accurate attenuation of the fundamental component
can lead to very accurate results.

The use of the Chebyshev filter for the attenuation of the
fundamental component reduces its spectral leakage
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considerably. This filter has a good transition band and makes
less impact on the upper and lower sidebands of the broken rotor
bar frequencies. Also, the fewer pass band ripples in case of
type Il filter reduce the impact of filter on the frequency
spectrum.

Since the most powerful component is filtered out, it improves
the legibility of the spectrum even at the linear scale. From the
simulation results, the broken rotor bar and high frequency slot
harmonics are easily readable on the same graph. In case of the
experimental setup, since the load motor is supplied from an
inverter, hence the slip of test motor is carefully controlled to
investigate the location of fault frequencies.

The supply harmonics should be treated carefully, particularly
in case of inverter fed machines in order to avoid false fault
indications. It can be noticed that the slot harmonics are
considerably suppressed by the skewing factor of the rotor.
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Abstract — Electrical machines, induction motors in particular,
play a key role in domestic and industrial applications. They act as
a work horse in almost every industry and are responsible for a
big proportion of total generated electricity consumption
worldwide. The faults in induction motors are degenerative in
nature and can lead to a catastrophic situation if not diagnosed
earlier. The failures can cause considerable financial loss in the
form of unexpected downtime. Broken rotor bar is a very common
and frequently occurring fault in most of industrial induction
motors. To select a better, more accurate and reliable fault
diagnostic technique, this paper presents a comprehensive
literature survey on the existing motor current signature analysis
(MCSA) based fault diagnostic techniques. Different well-known
MCSA based fault diagnostic techniques are summarized in the
form of basic theories, considering complexity of their
implementation, merits and demerits.

Keywords — Fault diagnosis; Induction motors; Rotors.

1. INTRODUCTION

Induction motors are acting as a work horse in domestic and
industrial applications because of their high power to weight
ratio, rugged structure, low price, easy maintenance and
reliability [1]. They play a significant role in about 80% of
industries such as transportation, petroleum industries, mining
industries, ship propulsion, acrospace, nuclear plants and many
other [2].

Because of mechanically moving parts and rough industrial
environment, induction machines are always vulnerable to
faults. These faults are usually degenerative in nature, i.e. they
tend to increase with time. Hence, it is very important to detect
them at their early stages to avoid any catastrophic situations
like shut down of the entire process [3]. In addition, detection
of faults at the carly stages gives a lot of advantages like
reliability of operation, increased motor life and economic
benefits [1]. When motor starts becoming faulty it tends to
change some of its parameters, such as mechanical vibrations
[4], [5], electromagnetic field distributions [6], 7], temperature
[8], stator’s current [9]-[11]. Since induction motors are
proportionally among the biggest energy consumers worldwide,
their proper maintenance and early fault diagnostics will
increase efficiency as well. The bar charts in Fig. 1 show energy
usage by induction motors in different sectors per hour
downtime cost and comparison of rewinding versus recondition

* Corresponding author.
E-mail: Anton.Rassolkin@ttu.ce

of motors as investigated by [12]. In this paper, the author
analyzed a paperboard plan with 485 motors having two
operating production lines with an average downtime cost of
$6375 per hour and concluded that preventive maintenance
program costs $73 900 per year and gives a total saving of
$569 360 per year having a payback period of as short as 1.6
months. It is evident considering the figure that induction
motors are a major consumer of total generated electricity and
can lead to a major economic loss if faults are not timely
diagnosed and repaired effectively.
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Fig. 1. Worldwide energy usage by electrical machines (a), an average loss due
to failures (b) and a comparison of rewind vs. recondition cost (c).
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Fig. 2. Importance of fault diagnostics as reflected in the annual scientific research and publications.

It is also claimed in [12] that with preventive maintenance
programs total motor rewinds reduced from 85 % to 20 % of the
total motor repairs. A lot of research is being done on earlier
fault diagnostics of induction motors with regard to the above-
mentioned advantages. The graphs shown in Fig. 2 as taken
from Scopus describe annual trends in scientific research
published each year on fault diagnostics of induction machines.

II. TYPES OF FAULTS AND DIAGNOSTIC TECHNIQUES

A variety of faults found in literature can be divided mainly
into three categories as shown in [13] and presented in Table I.
Faults in electrical machines can be broadly divided into three
categories:  electrical, mechanical and  external or
environmental. Electrical faults are mainly associated with
stator side and can be easily detected and controlled using some
simple protective devices which can monitor the condition of
supply voltage and loading conditions. Moreover, some flexible

AC transmission systems (FACTS) device-based control of
various parameters like voltage balancing, reactive power
control can also be found in literature [14]. Mechanical faults
make a big proportion of overall faults and they are
degenerative in nature, i.e. they tend to increase with time. The
early diagnosis of these faults is very important in order to avoid
any catastrophic situations like shutdown of the entire industry
or some portion of industry leading to a major economic loss
[15]. These faults are difficult to detect at the early stages, but
it is equally important. The main fault diagnosis technique
found in literature is mainly associated with signal processing
and pattern recognition using motor stator current signal or
mechanical vibration signal.

In this paper, some commonly used techniques used for
broken rotor bar fault diagnostic of induction machines are
reviewed and comparison is done to consider advantages and
drawbacks of each technique.

TABLE I
CATEGORIES OF MOST COMMON FAULTS, TYPES AND THEIR DIAGNOSTIC METHODS
Sr. No. Category Types Loca;;c:ll;t:f the Common diagnostic methods
e Unbalanced supply voltage
e Over or under voltage .
X . e  Relays & Switches
1 Electrical e Phase reversal Mainly stator
L e MCSA

. Inter-turn short circuit fault

. Earth fault

. Broken rotor bar

e Broken end rings e Mechanical vibration detection
2 Mechanical e Eccentricity fault Mainly rotor e  MCSA

. Bearing fault . Finite Element Analysis

. Rotor winding failure

e Ambient temperature
3 Environmental ° External moisture Both . Sensors and protective devices

. Vibrations due to bad foundation,

ete.
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A. Envelope Detection (Hilbert Transform)

Hilbert transform converts a real valued signal into a
complex analytical signal. It can be used to find out the
envelope of a signal, which is useful in many respects, e.g. in
demodulation of an amplitude modulated (AM) signal. It can be
considered as a filter which shifts phases of all frequency
components of its input signal by 7/2 radians. Implementation
strategy of Hilbert transform to get current envelope is shown
in Fig. 3.

Mathematically, it can be defined as the convolution of given
signal with not integrable function 1/(nt), as follows,

_ 1 @
H(E) =117 10 gy, (1)
The analytical signal can be obtained as,
A() = f(©) +jh(0). 2
This can be expressed in polar coordinates as,
A(t) = B(t)el*® 3)

where B(f) — envelope of analytical signal and ¢ — phase of
analytical signal.

As discussed earlier, the harmonics produced by broken rotor
bar (BRB) in stator current spectrum depends on slip. Under
very low slip and no-load conditions the frequency of these
harmonics becomes very close to the frequency of the
fundamental component. This fact makes it very difficult to
detect harmonics because of spectral leakage of fundamental
one [16]. In other words, those harmonics are usually buried
under the spectrum of the fundamental component.

This problem can be solved by using some filters to remove
fundamental component. The filters commonly found in
literature are notch filters [17], Hilbert transform [16], etc.
Some techniques like Hanning window and Bartlett
periodogram [18], shifting to DC level [19], quad demodulation
[20], Park’s vector [21], air gap torque and swing angle [22],
[23], etc. have been proposed to avoid this problem. To
overcome this problem some literature suggests a minimum
percentage of load for experiment. Also, high frequency
resolution is required for successful separation of sideband
signals. The same kind of problem has also been reported in
cases when load changes during the sampling time.

Speed changing devices such as gear boxes also give the
same kind of side band frequencies which can be separated by
taking a set of two motor current signature analysis (MCSA)
tests at entirely different load references. [16] used a simple
Hilbert transform to get analytical signal of stator current, found
its envelope and by doing its spectral analysis proved that the
main frequency component was successfully eliminated, and
fault harmonics were clearly readable.

MCS

Analytical

S5 signal
Hilbert Transform — — igna

of MCS

of AS

In [16], the number of samples required to get a minimum
spectrum resolution of 0.01 was (5 - 10%) by using the formula
N = Tyf.. But [24] proposed a reduced stator current envelope
taking only one sample per cycle rather than using high
sampling frequencies to reduce aliasing effects in conventional
Fourier analysis based techniques. In this paper, the authors
used the points at 0(t) = 2km (k =0,1, ...) of current
envelope and found that the number of samples required was
reduced to (4997) instead of (5 - 10°) giving similar results.
They used a large industrial and a lab-based machine to validate
the results and showed that the proposed method is able to
segregate fault harmonics from the overall spectrum very
efficiently. The authors also claimed that due to a smaller
number of samples required, this technique can be easily
implemented on simple available computational hardware like
digital signal processor (DSP) or field-programmable gate array
(FPGA).

In [25], the authors proposed that any fault, such as broken
rotor bar, produces a series of harmonics having frequencies
integral multiple of fundamental fault component frequency.
These harmonics are distributed in the entire frequency
spectrum as shown by the following equation for the broken
rotor bar.

fasym = f1 + 2ksfi, k= +1,£2,43, .., 4)

where, fasym = f1 £ 2sf; is
component.

It is proposed that if fault current spectrum is taken by
considering harmonic order k as an independent variable rather
than frequency, the fault can be detected and analyzed more
easily and will require less memory and computational power.
In the proposed technique the authors took stator current,
shifted it to rotor frame of reference, performed its spectrum
analysis and rescaled it on harmonic order axis.

The authors also mentioned some drawbacks of this
technique, for example, slip should be accurately measured,
high frequency resolution is required, and some mechanical
vibrations may damage the result.

Fast Fourier transform (FFT) based MCSA successfully
gives fault pattern when machine is in the steady state condition
but it has certain drawbacks in transient intervals [26]. Some
methods like short term Fourier transform (STFT), wavelet
transform (WT), Gabor transform (GT) can be regarded as
extension of MCSA suitable for transient conditions.

However, the above-mentioned approaches give very
complex time frequency patterns. These complex 3D patterns
require a huge amount of hardware memory, computational
power and trained staff to deal with. In [26], the authors
proposed a simplification technique in which firstly they

fundamental harmonic

Modulus
Current

Envelope

Spectrum
Analysis

>

Fig. 3. Implementation strategy of Hilbert transform to get current envelope.
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transformed stator current to rotor side and then obtained a re-
scaled spectrogram using harmonic order tracking analysis.

B. Park’s Vector Approach

Induction motor models are complex because of their mutual
and varying inductances as a function of rotor position, also
three circuits are required to represent a three-phase machine.
This three-phase model can be transformed into an equivalent
two-phase circuit as shown in figure with ds-g; as direct and
quadrature axis of stator and d;-¢: as direct and quadrature axis
of rotor. Using this approach, the number of circuits and hence
the number of equations is reduced but the problem of varying
inductances still exists.

In 1920, R. H. Park proposed a technique to resolve this issue
by transforming stator variables to a fictitious winding rotating
with rotor at synchronous speed, hence made stator inductances
static with respect to rotor. Afterward, some other
transformations were also proposed, such as H. C. Stanely
transformed rotor variables to a fictitious stationary winding,

G. Krone transformed both rotor and stator windings to a
fictitious winding rotating with rotating magnetic field.

Since then these transformed models have made a very
significant contribution towards modeling [27], analysis [28],
drives [29], fault diagnostics [30], [31] and design of various
kinds of electrical machines.

Park’s vector is a plot between d and q components of
machine’s rotor or stator currents, voltages or fluxes. For
healthy machine, this plot is a perfect circle distributed
uniformly across the center, but for faulty machines this pattern
changes depending upon the severity of the fault. The modulus
of Park’s vector is known as extended Park’s vector (EPV) in
literature, it can be in continuous time [21] or discrete domain
[32]. The analysis of this pattern opened new ways in fault
diagnostics of induction and some other machines. This
technique can be used for fault diagnostics of rotor faults [33],
stator winding faults [21]-[34], winding faults in transformers
[35], faults in motor drives [36], wind turbines [37], and power
converters [38], etc.

TABLE II
DIFFERENT METHODS TO DETECT BROKEN ROTOR BARS IN INDUCTION MOTORS
Technique Grou!) and assisting Sp§ed . Mathelqatlcal Mem.ory References | Attributes
techniques estimation | calculations required
Active and reactive MCSA | FFT No Medium Medium | [39] Noninvasive, can segregate load vibration
currents effects
Ant clustering MCSA | Park’s vector, FFT | No Large Large [40] If\;i?tlsnvaswe, difficult to segregate different
ﬁ:ﬁﬁzedgresswe MCSA | DTFT + Notch No Low Low [2] Noninvasive, steady state current
Information entropy . . . . .
and fuzzy inference MCSA | Fuzzy logic No Medium Large [41] Noninvasive, requires steady state current
Holmog'cnexty MCSA | FPGA No Low Medium | [42] Nomn.vas%ve, transient current, segregation of
estimation faults is difficult
Noninvasive, unbalanced power supply, speed
Slot harmonics MCSA | FFT yes Large Large [43] ripples, segregation of different faults is
difficult
Hamonlc order MCSA | Gabor transform | yes Low Medium | [26] Nomn\{amve, capablg to segregate faults and
tracking nonstationary conditions
Envelope detection Noninvasive, steady state analysis, segregation
using Hilbert MCSA | Hilbert transform | Yes Low Low [16] of different faults is difficult, problem of
transform varying load conditions
Noninvasive, suitable for diagnostic on low
Reduced envelope | MCSA | Hilbert transform | Yes Low Low [24] slip, suitable to implement on DSP and FPGA
kits, Segregation of different faults is difficult
Adonti ich Noninvasive, suitable for diagnostic on low
ﬁlt:f 1Ve note MCSA | FFT Yes Low Low [17] slip, difficult under varying load conditions,
Segregation of different faults is difficult
Parameters Noninvasive, can be more accurate, under
estimation MCSA | Analytical Yes High High [44], [45] steady state conditions, can be used to
: segregate faults
Pendulous Noninvasive, suitable to implement under low
o MCSA | Analytical No Medium Low [22], [23] slip conditions, under steady state conditions,
oscillation
can be used to segregate faults
Noninvasive, suitable to implement under low
Power spectral slip conditions, cab be applied under varying
densit P MCSA | STFT, wavelet No Medium Medium | [46] load conditions, can be used to segregate faults,
i accurate sampling rate and selection of mother
wavelet required
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Technique Grou!) and assisting Spged . Mathem.atlcal Mem.ory References | Attributes
techniques estimation | calculations required
X Noninvasive, suitable to implement under low
Spectrum synch Local band synch, slip conditions, difficult to implement under
pectr MCSA | central kurtosis Yes Medium Medium [47] o >
technique . varying load conditions, can be used to
analysis
segregate faults
Zero sequence Noninvasive, suitable for constant load
volta ,eq MCSA | Analytical No High High [3] conditions, segregation of different faults is
2 complicated
Noninvasive, sampling rate and selection of
Wavelet transform | MCSA Time frequency Medium Medium | [48] mother wavelet is important, can be qsed to
analysis segregate faults, can be used for varying load
conditions
TABLE IIT
SOME VARIANTS OF PARK’S VECTOR APPROACH
Noninvasive, suitable under
Extended Park’s FFT, Gabor No Medium Medium [34], [49] nonstationary load 4c0ndmons, high|
vector transform sampling rate required, problems
of unbalanced power supply
Noninvasive, suitable to study
Park’s vector Double park’s vector [FFT No Medium Medium [50] various fault conditions, high
(MCSA) sampling rate required.
Reduced modulus of Sampling rate can be reduced, can
extended Park’s FFT No Low Low [32] be implemented on FPGA and
vector DSP kits
Multiplier Park’s FFT No Medium Medium [51] Sfagregatlon of different faults is
vector difficult

The drawback of conventional extended Park’s vector
analysis (EPVA) is that all three phase currents are required for
its pattern development and FFT analysis. First, samples of all
three phase currents are taken with high sampling rate to avoid
aliasing and, second, a long acquisition time is required to
improve resolution. This may lead to a huge amount of data for
processing and analysis, hence making memory and
computational power of hardware questionable [32].

In [21], a technique is proposed to reduce the data required
for fault diagnosis. It is claimed and sounds good that if samples
are taken of one phase only at points where other phases are
zero, the results can be as good as for conventional techniques.
The authors called this technique reduced Park’s vector analysis
(RPVA) and claimed that due to less data required for spectrum
analysis it can be easily implemented on simple DSP and FPGA
kits.

III. CONCLUSION

Conventional MCSA and Park’s vector analysis techniques
are suitable for fault diagnosis of induction machines operating
under steady state conditions, because these techniques are
mainly dependent on slip and require exact measurement of
speed. [49] proposed a speed sensorless method for BRB fault
diagnostic of wound rotor induction motor (WRIM). The
authors used Park’s vector of modulus of WRIM’s rotor current
[52] for time frequency (¢-f) analysis and proposed a technique
of rescaling frequency axis which makes its free from speed
measurement, plots the same frequency spectrum and requires
less memory and computational power. Based on above
analysis and discussion the following conclusions can be made.

(1

e MCSA is the biggest group of most common
diagnostic techniques.

e Itis easy to understand and implement.

e Itrequires less computational power.

e  All techniques are directly or indirectly dependent on
each other providing ample opportunities to exploit the
benefits of each other.

e Mainly they rely on the presence of some specific
faulty frequencies in the spectrum.

e  These faulty frequencies can be misleading if there are
some external factors such as bad power source;

e  MCSA usually ensures a trade-off between simplicity
of algorithm and accuracy of results.

e It becomes problematic if there is more than one fault
in the same machine.

e The complexity level increases in case of inverter fed
machines.

e It provides a very good platform for the
implementation of more advanced techniques such as
inverse problem theory, parameter estimation and
intelligent techniques.
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Abstract — Digitalization of the industrial sector and Industry
4.0 have opened new horizons in many technical fields, including
electrical machine diagnostics and operation, as well as machine
condition monitoring. This paper addresses a selection of
electrical machine diagnostics methods that are applicable for the
use in the perspective of Industry 4.0, to be used in hand with
cloud environments and the possibilities granted by the Internet
of Things. The need for further research and development in the
field is pointed out. Some potentially applicable future approaches
are presented.

Keywords — Fault diagnosis; Induction motors; Inverse

problems.

1. INTRODUCTION

It is claimed that with preventive maintenance programs
total motor rewinds reduced from 85 % to 20 % of the total
motor repairs [1]. Moreover, the proper, reliable, accurate and
efficient fault diagnostic techniques are becoming more and
more essential as the world is moving towards Industry 4.0
standard. Industry 4.0 is the next industrial revolution, which is
taking place. This industrial revolution has been preceded by
three other industrial revolutions in the history of mankind [2].

The first revolution was the era of mechanical engineering,
it started in the middle of the 18th century and intensified
throughout the 19th century. During the second revolution,
electrification and scientific management, known as

Mechanical

" ~1870-1969
Production
Facilities
ot &
A
l 1st Industrial - ‘2_nd .

Revolution |

~1784-1870

Taylorism, evolved. The invention and implementation of
advanced electronics and information technology initiated the
third revolution at around the 1970s, which is now called the
Digital Revolution. The term “Industry 4.0” was proposed by
the German government in 2011 at the Hannover Fair. The
architecture first recommended by the Industry 4.0 Working
Group is based on three components: The internet of things
(IoT), cyber physical systems (CPS) and smart factories [2].
The detailed description of different industrial revolutions is
presented in Fig. 1.

Industry 4.0 standards are promising due to their advantages,
which include the increase in industrial efficiency because of
the decrease in labor and increase in automation of the
processes. It will accelerate industrial processes; deeper
understanding of both product and process design will bring
more innovation in the industry, and the costumers will get
better services due to availability of deep information. After the
initial investment, Industry 4.0 will lead to lowering the costs
because of fewer human related manufacturing problems and
lower operating costs. All these advantages will lead the
manufacturer towards increasing revenues.

It goes without saying that with such massive change of the
paradigm in the industrial sector, different technical fields also
have to change and adapt in order to be applicable within the
new concept of industry. The diagnostics and condition
monitoring of electrical machines is one of these fields.

LZOII to Date
-

. e

Fig. 1. Trends of industrial revolutions.
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II. CONVENTIONAL TECHNIQUES

The key role played by the induction motors in the industry
has made its condition monitoring very important. A variety of
fault diagnostic techniques can be found in the relevant
literature, such as the intelligent techniques, chemical analysis,
acoustic measurements, infrared recognition, radio frequency
emission, motor current signature analysis (MCSA),
mechanical vibration signal analysis, etc. [3] Out of all main
diagnostic areas, the MCSA is gaining more and more
popularity, because most of its variants require only a clamp
meter to detect the stator’s current. In addition, almost all
MCSA based diagnostic techniques are non-invasive in nature,
making them suitable for online fault diagnostics without any
disturbance in the process, also requiring less computational
cost [4]. However, with the development of Industry 4.0
standards and cloud computing, the benefits of inverse problem
theory, parameter estimation and artificial intelligent
techniques can be exploited. In the following sections, an
overview of some well-known conventional and advanced
techniques is presented in the perspective of their pros and cons
for fault diagnostics of induction motors.

A. Notch Filter

The notch filter is a band stop filter and can be used to
attenuate fundamental component having high energy
spectrum as compared to sideband harmonics due to the broken
rotor bar. A general second order band pass filter (BPS) can be
represented by the following transfer function [5],

_ kwgos
BPF(s) = s2+ kwos+od )
and
NF(s) =1 — BPF(s). 2)

The authors of [5] proposed a modified adaptive notch filter,
named the second order generalized integrator adoptive notch
filter (SOGI-ANF), which is capable of rejecting DC offset
from the quadrature signal. This DC offset can result in the
errors in drives and phase lock loop used for synchronization
purposes, etc. The proposed filter can be represented by the
following equations:

Xo = kowe, 3)
X, = —wx, + kwe, @)
X, = WXy, %)

W = —Yyex,, (6)

where e is the error between actual and estimated signal, xo is
the DC offset signal, k and y are the positive valued constants
controlling different performance parameters, such as accuracy
and convergence speed. A complete analysis of the improved
second order generalized integrator-based quadrature signal
generator (SOGI-QSG) can be found in [6].

PN (X) 2

L o/ L &
u e +_ X1
X

Fig. 2. Schematic diagram of the notch filter.

The authors of [7] used the second order generalized
integrator-adaptive notch filter (SOGI-ANF) for envelope
detection of stator currents both in the steady state and transient
intervals. The author claimed the SOGI-ANF to be more
accurate than Hilbert transform because of its adaptive nature.
In [8] it is proposed that the sampling rate can be reduced by
using digital notch filter with discrete time Fourier transform
(DTFT) along with auto regressive spectrum analysis method.

B. ESPIRIT and MUSIC

Estimation of signal parameters via rotational invariant
technique (ESPRIT) was first proposed by R. Roy et al. [9]—
[12]. It is a technique to estimate the parameters of cisoids
(complex sinusoids) observed in noise. As opposed to
Pisarenko’s algorithm, which was designed to deal with
uniformly sampled data [13], ESPRIT is equally applicable to
non-uniformly sampled data. Later on, the multiple signal
classification (MUSIC) [14] algorithm generalized Pisarenko’s
method by relaxing the uniform sampling restriction.

The authors of [15] used ESPIRIT for the analysis of the
modulus of the analytical signal (envelope signal). The authors
claimed that the frequency domain and frequency-time domain
analysis techniques, such as FFT, subdivision FFT, zoom FFT
and discrete wavelet approach (DWT), are inefficient for fault
diagnosis because of limitations like spectral leakage of
fundamental component. Moreover, to get high resolution,
measurement time needs to be increased, which means that the
steady state condition required for FFT analysis will not exist
in reality. This spectral leakage problem can be removed by
using Hilbert transform as in [16], but the conflict between
measurement time and resolution becomes a problem. For high
resolution, a long measurement time (100 s in [16]) is required,
which may lead to speed and slip variations. To eliminate the
above-mentioned problems, [15] used Hilbert transform in
conjunction with estimation of signal parameters via rotational
invariance technique (ESPRIT) rather than FFT.

The main objective of many signal processing techniques is
to find out the set of parameters upon which the signal depends,
such as the maximum likelihood (ML) [17] proposed by Capon,
and maximum entropy [18] proposed by Burg. Pisarenko
extended these techniques to get further benefits by removing
some limitations, such as sensitivity. Later, Schmidt developed
a complete model to obtain a reasonable solution in the
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presence of noise. The resulting algorithm is known as MUSIC
and is used in literature extensively for signal processing. More
precisely, MUSIC is an extension of Pisarenko’s algorithm and
it can estimate frequency contents of a signal using the
eigenspace method.

The authors in [19] used the MUSIC algorithm along with
the discrete resampling method to compute the time frequency
response of motor’s stator current having one broken rotor bar
(BRB) at different load conditions. They claimed that this
approach can give a better resolution and is feasible to detect
BRB at a very low slip, under transient conditions and in
inverter fed machines.

The authors of [20] used high resolution spectral analysis
techniques, also known as subspace techniques, i.e. MUSIC
and ESPRIT, for detection of bearing and BRB related faults of
the induction motor. The proposed method was accomplished
in four steps: model order selection, frequency estimation,
amplitude estimation and fault severity criterion. In [1], the
authors proposed Spectral-MUSIC or Root-Music for
frequency estimation of a faulty machine. In [21] spectral
MUSIC and finite impulse response filter bank were used to
separate the original current and vibration signals into different
fault related bandwidths. This technique can be used for BRB
and bearing fault detection of the induction motor. The author
of [22] used the short time MUSIC algorithm to get high
resolution time-frequency pseudo representation for BRB
detection. A modified version of MUSIC algorithm, based on
fault characteristic frequencies, has been proposed in [23], as
well as amplitude estimator and fault indicator has been derived
for fault severity measurement.

C. Speed Sensorless Methods (Magnetic Field Space Vector
Orientation)

In the majority of MCSA based fault diagnosis schemes of
induction motors, speed or slip estimation is a fundamental
element of diagnostics, because the fault harmonic frequencies
are directly related to the slip. The accurate measurement of
slip or speed may produce errors whether it is sensors-based
measurement or mathematical equations-based estimation.

The authors of [8] proposed a method to diagnose rotor
broken bars based on rotor magnetic field space vector
orientation. The authors used the stator current and voltage to
compute and observe the rotor magnetic field orientation and
showed that with BRB, the rotor’s magnetic field orientation
shifts at some angle from its actual position at any particular
time. The magnitude of this angle depends on the number of
broken rotor bars. Moreover, they proved that as time ¢
progresses, the rotor’s MMF will be continuously changing and
its magnetic field orientation vector will start swinging around
the actual magnetic axis of the healthy machine. The authors
claimed that it is a good method to detect BRB faults even at
very low slip conditions.

In [24], the authors have investigated the effect of load
changes on pendulous oscillations of the rotor magnetic field
orientation. In [25] slip independent BRB fault diagnostic
technique using discrete wavelet approach was proposed and
the authors claimed that the squared stator current magnitude
and the squared stator current space vector magnitude are good
indicators of fault in low frequency bandwidth. The authors of
[26] proposed a novel differential magnetic field measurement

(DMFM) method by placing two measurement coils in the
stator of a motor and calculating the potential difference
between both. In a healthy machine, the potential difference
was found to be zero, because the same voltage is generated in
both coils, but under faulty conditions, the induced voltages are
different, which gives a value of some potential difference.
Stator transient current was used in [27] and the authors studied
its homogeneity as the classification index. The author used the
field programmable gate array (FPGA) for online homogeneity
estimation, because of its suitability for rapid prototyping, high
performance and low cost as claimed.

D. Wavelet Approach

Fourier transform converts a signal form time domain to the
frequency domain, or, in other words, it decomposes the signal
into sine and cosine functions having different frequencies and
extending till infinity. This leads to a problem of resolution just
like Heisenberg’s uncertainty principle, that is, when one tries
to be sure about time, s/he will increase uncertainty in the
frequency and vice versa. Unlike the Fourier transform,
wavelet transform decomposes a signal into wavelets of the
same shape but different in scale being added together and
gives the time frequency analysis of the signal. The wavelets
are short waves, which quickly die after appearance unlike sine
and cosines of the Fourier transform. There are many types of
wavelets used for the signal decomposition but most common
are Haar, Shannon, Gaussian, Biothogonal and Mexican Hat,
etc. Due to the problems of poor resolution and spectral leakage
in the Fourier transform, wavelet approach is used extensively
in literature for fault diagnostics of the induction motors. A
continuous wavelet transform can be represented by the
following formula;

xw(oB) = [, 2(0) ¢ (57) dt, %)
where b is the shift of the mother wavelet in time, a is the

scaling factor, — ensures energy normalization and @(t) is

1

va
called the mother wavelet, its purpose is to generate daughter
wavelets, which are simply translated and shifted versions of
the mother wavelet.

Discrete wavelet transform can be represented as,
iln] = Aln] + S, D] = S af of [n] +

foa 2 dl W), ®)
where @ and ¥ are the scaling factor and the mother wavelet
at level £ and j, respectively.

Paper [28] proposed a method to detect BRB by doing
transient analysis of the motor startup currents using the
wavelet approach. In [29], BRB diagnostics using wavelet
under varying load conditions is proposed in a specific
frequency band. The authors of [30] applied the discrete
wavelet transform on instantaneous reactive power of BRB
fault baring induction motor, operating under the time varying
load conditions. In [31], stationary wavelet transform (SWT)
was used and the authors claimed that the drawback of the
invariant translation as mentioned in [32] can be avoided using
SWT, rather than the discrete wavelet transform (DWT). The
authors further used three modular neural networks (MNN) for
fault classifications. The first MNN is used to detect the supply
unbalances, sudden load changes, under voltage and stator
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phase faults, etc. The second one is used to identify the stator
winding phase faults and the third one is used to classify stator
inter-turn faults.

In [33], a 2-D wavelet transformation based on Shannon
mother wavelet is used and it is claimed that this approach is
more efficient for analysis of non-stationary and non-
deterministic vibration signals. The created 2-D gray level
images are used to generate global neighborhood structure
maps to extract global image features. The authors compared
the proposed approach with five conventional algorithms,
proposed by [34]-[38], and proved that the proposed technique
is better in terms of accuracy. The authors claimed that the
proposed technique is equally accurate in noiseless and noisy
environment.

The authors in [39] proposed a model based fault diagnostic
system, in which the measured stator current is compared with
the estimated current using actual speed and voltage. The
model uses recurrent dynamic neural networks for transient
response prediction. The estimated and actual current signals
are then analyzed using the wavelet transform to segregate
different harmonic frequencies. The accuracy of the model is
very much dependent on the accuracy of the healthy machine
model.

In [28], DWT was used for transient analysis of motor
startup current to get the characteristic component. This
continuous valued signal is then converted into discrete signal
and an intelligent icon-like approach is applied to condense the
relative information into a representation that can be easily
manipulated by the nearest neighbor classifier. The tests are
carried out for perfectly broken bar case only where there is no
contribution of other faults or some external factors. [40]
proposed a technique called the discrete harmonic wavelet
transform (DHWT) to perform analysis of stator current in the
transient regime with the cost of a single FFT. The author
claimed that this technique is capable to eliminate the inherent
drawbacks of DWT, such as dependency of sampling rate and
frequency bands, spectral leakage due to non-ideal nature of
filters, and computation cost.

III. ADVANCED TECHNIQUES

As the computational power of computers is increasing day
by day, the researchers are focusing on the implementation of
advanced fault diagnostic techniques. These techniques may
contain some artificial intelligence-based algorithms, such as
neural networks [41], [42] and Fuzzy Logic [43], etc., or some
analytical algorithms, such as the finite element analysis [44]—
[47] and the inverse problem theory [48]. Unlike conventional
forward model-based fault diagnostic techniques, these
advances algorithms can lead to more precise and accurate
results, but at the same time they require more sophisticated
hardware for implementation.

The authors of [46] used the time-stepping coupled finite
element state space (TSCFF-SS) model for predictive non-
invasive BRB fault diagnosis of the induction motor. The
authors used the model to predict characteristic frequency

component, which can be used to diagnose rotor bar and
connector breakages. [44] used TSCFE-SS model and time
series data mining technique for detection and categorization of
dynamic/static eccentricities and bar/end-ring connector
breakages in squirrel-cage induction motors. In [49], the author
used a commercial finite element package to simulate the BRB
faults. The simulation results were then compared with the
experimental results to validate the model. In [50], the author
used time-stepping coupled finite-element approach for BRB
fault diagnostics. [51] presented a study on the feature
signatures for the induction motor internal faults by utilizing
coupled circuit-FEM and DWT. The motor behavior was
investigated under both sinusoidal and non-sinusoidal voltage
supplies.

Artificial neural networks (ANN) are computing systems
mimicking the brain to analyze and learn a specific task without
a priori knowledge and task specific programming. In the field
of machine fault diagnostics, the researchers are trying to
implement ANN as artificial intelligent technique to get better
and more precise results. In [52] the authors use ANN to prove
the possibility of fault detection through smartphone recorded
sound files. [41] proposed ANN along with wavelet packet
decomposition (WPD) for detection of BRB and claimed that
this method is better in accuracy, exact measurement of slip is
not required, and diagnostics can be performed with reduced
load conditions.

In [42] the authors claimed that multiple discriminant
analysis (MDA) and artificial neural networks (ANNs) provide
appropriate environments to develop BRB fault-detection
schemes because of their multi-input processing capabilities.
The authors have proposed that multiple signature processing
is more efficient than single signature processing. In [53], the
authors proposed a novel approach to detect and classify the
comprehensive fault conditions of induction motors using a
hybrid fuzzy min-max (FMM) neural network and
classification and regression tree (CART) and claimed that the
hybrid model, known as FMM—CART, exploits the advantages
of both FMM and CART for data classification and rule
extraction problems. Successful implementation of these
advanced schemes can offer a promising solution for fault
diagnostics but at the cost of the required high computational
power and storage memory.

IV. INVERSE PROBLEM THEORY

In almost all fault diagnostics techniques mentioned above,
the forward problem is used. In the forward problem theory,
one usually moves from the input towards the output as shown
in Fig. 3. In conventional techniques of fault diagnostics, the
current signature of machine is compared with the current
signature of the healthy machine using some signal processing
techniques or algorithms, as discussed earlier. Since there are
many types of faults and every fault can change the pattern of
the current signature, the conventional techniques are not good
enough to get to the root cause of the fault.
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Fig. 3. Schematic diagram of the conventional forward model for fault diagnostics.
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Fig. 4. Schematic diagram of the proposed inverse model for fault diagnostics.
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The process of parameter estimation using the system model
and data from a set of observations (output in case of forward
model) is called the inverse problem theory [48]. Successful
implementation of this approach can lead us to the
approximation of the faulty parameter of motor, as shown in
Fig. 4.

Inverse problem theory has been implemented in various
fields like medical sciences [54], geosciences [55], disaster
preparedness of infrastructure, signal processing [56] and
electrical machine design. [57]-[62] used the inverse problem
theory to determine the magnetic induction in the air gap of a
machine by measuring the external magnetic field. In [63],
inverse problem theory is used to determine the magnetic
material characteristics of a wound field synchronous machine.
It was shown that the magnetization characteristic can be
constructed using core loss and no-load curve measurements.

The author claimed that this method is applicable even
without any prior knowledge of magnetization curves, if
parameter ranges can be defined by some other means. In [64]
the inverse problem theory is used in conjunction with neural
networks for optimal design of the switched reluctance motor.
The authors of [65] used the inverse problem approach to
evaluate the homogenized -electromagnetic and thermal
characteristics of stator winding of asynchronous motor.

In Table I, a comparison of some advanced fault diagnostic
techniques is presented and the main attributes are highlighted.

V. CONCLUSIONS

Below, the authors of the given paper propose some
solutions for electrical machine diagnostics in the context of
Industry 4.0. In the light of above-presented discussion, the
following key points can be highlighted.

The main objective of almost all fault diagnostic
techniques available in literature is the reduction of
computational cost in terms of hardware.

This leads to a trade-off between simplicity of the
algorithm and the accuracy of results.

The conventional, so-called harmonic analysis
techniques fail to give a complete picture of the faults
in the presence of some other harmonics due to some
secondary internal or external factors.

The picture becomes even more blurred when there
are more than one kind of faults or there are some
external noise factors, i.e. the segregation of faults is
almost impossible.

Most of techniques are always vulnerable to wrong
fault alarms.

The coming trends of cloud computing and IoT in
Industry 4.0 have considerably contributed to solving
the problems related to hardware.

The algorithms are no longer needed to be
implemented in DSP kits or just in drives besides the
motor.

The diagnostic algorithms can be placed and solved in
some powerful hardware anywhere in the world using
cloud computing.

Unlike forward diagnostic techniques, inverse
problem theory can give a very good picture of faults
in terms of parametric values rather than harmonics,
etc.

Almost every kind of complicated diagnostic
algorithms can be implemented without any need for
simplification.

TABLE I
SOME ADVANCED FAULT DIAGNOSTIC TECHNIQUES
Technique Group and Assisting Speed Mathematical | Memory References Attributes
Techniques Estimation | Calculations Required
Sliding mode MCSA + FFT No High High [66]-[68] Noninvasive. Can be used for faults
observer analytical segregation. Difficult to implement under
varying load conditions
Datamining MCSA Wavelet No High High [69], [70] Noninvasive. Can be used for faults segregation
Fuzzy Logic, MCSA FFT + Yes High High [71],[72] Noninvasive. Can be used for faults
Neuro-Fuzzy ANFIS segregation. Sophisticated hardware required
Neural MCSA WPD Yes High High [41], [42] Noninvasive. No need for exact measurement
Network of slip, high accuracy, can be problematic
under increasing fault situations and
segregation of various faults.
Kalman Filter MCSA + State Yes High High [68] Noninvasive, dependent on accuracy of the
analytical | estimation system model, the complexity of states
estimation increases with the increase in
different types of faults.
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Abstract -- Condition monitoring of electrical machines is
essential in industrial operations for improving workplace safety
and ensuring reliable and economical exploitation of the
machines. Motor current signature analysis (MCSA) monitoring
technique is gaining heightened popularity due to the simplicity
of its algorithms and the least number of sensors required. In this
paper, the harmonic spectrum of industrial inverter fed
induction motor is investigated for the detection of broken rotor
bars. To improve the legibility of the spectrum, the fundamental
component is attenuated using infinite impulse response (IIR)
filter because of its good transition band, less passband ripples
and low order. The results are first taken from finite element
method (FEM) based simulation, where the motor is fed with
pure sinusoidal current and only faulty and spatial frequencies
are investigated and used as a benchmark. The practical results
are based on the measurements taken from the laboratory setup,
where the motor under investigation is fed through an industrial
inverter working under scalar control mode. The data
acquisition is done with a good sampling rate of 100 kHz for
better resolution.

Index Terms--Fast Fourier transform,
harmonic analysis, induction motors.

fault diagnosis,

1. INTRODUCTION

NDUCTION motors are playing a vital role in our

domestic and industrial life. Since the second industrial
revolution, their presence can be witnessed everywhere in the
form of generators such as doubly fed induction generators
and in the form of electrical to mechanical energy converters
such as in electrical vehicles, ship propulsion, fans and pumps,
etc. As a load, they are responsible of consuming about 60%
of'total generated energy worldwide [1]. This fact makes their
control, efficiency and health, to have a direct impact on
reliability of operation and economy.

Although three phase induction motors are acting as the
workhorse for industry, researchers are working on
multiphase motors to exploit their advantages, such as high
efficiency, reduced toque ripples high power density and
reliability, etc. Their versatile structures, power ratings,
different nature of applications, reliability and safety of both
operation and machine itself, increases the need of inverters as
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an input source [2]. These inverters are purposely designed to
control the motor according to the load requirements and
responsible to convert standard grid AC-to-AC supply with
the desired number of phases, amplitudes and frequencies.
While working as a closed loop control system, these drives
can better control machine ranging from simple scalar (v/f,
v/f2, v/sqrt(f)) to complex vector control, such as field-
oriented control (FOC), direct torque control (DTC), model
predictive control (MPC) and sliding mode observers (SMO),
etc.

Although these drives improve the safety and reliability of
operation, they also inject many harmonics into the motor. The
amplitude and frequency of these harmonics depend on the
modulation technique and the switching frequency of the
solid-state switches of the inverter, making a tradeoff between
efficiency and amplitude of low order harmonics. The increase
in modulation frequency increases the inverter losses but
attenuates low order harmonics. The low order harmonics are
dangerous in the sense that they produce more torsional
oscillations, pulsating torques and consequent deformations
such as damaged shaft and broken rotor bars. For the sake of
efficiency, the maximum switching frequency in the range of
less than 1 kHz for a maximum stator frequency of 50 or 60
Hz is reported in [3][4][5][6]. For high speed motors having
modulation frequencies in the range of 167-1500 Hz, the
switching frequencies in the range of few kilo hertz (up to 16
kHz) can be found in [7][8].

The researchers are trying to reduce the required switching
frequency and switching losses with different control
strategies, such as [9], [10] used discontinuous pulse width
modulation (DPWM) which reduces the switching frequency
(fsw) up to two-third of fsw of continuous PWM strategies,
sine-triangle PWM based DPWM can be found in [11]. The
authors in [12], [13] used space vector based DPWM and
modified DPWM can be found in [14], while space vector
based synchronized DPWM is presented in [3].

In the field of fault diagnostics, the most common approach
to detect the nature and severity of the fault is through the
detection of faulty frequency components in the frequency
spectrum of the stator current, etc. This detection is simple in
case of grid fed machines, as there are only few frequency
components based on grid supply and motor itself, which are
easy to segregate. However, in case of inverter fed machines,
there is always a mess of frequency components, making a
challenging task for diagnostic algorithms to detect
frequencies of interest. These inverter fed frequencies
sometimes cannot be defined using some specific rule, such as
in case of inverters, being controlled by stochastic control
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algorithms and working in a feedback control manner, making
frequencies dependent on load. Also, in case of low switching
to fundamental frequency ratio of the inverter, the low order
faulty frequencies are highly likely to be buried under the
frequencies coming from the inverter side. Moreover, as most
of'the drives work in closed loop control system, the influence
of drive controller on harmonics is inevitable.

In this paper the frequency spectrum of an industrial
inverter fed three phase induction motor is investigated and
broken rotor bar components are tried to recover using infinite
impulse response (IIR), band stop filters. The fundamental
component being the strongest frequency is first attenuated to
improve the legibility of the spectrum and then the rest of
frequencies are studied on the linear scale. This paper is the
extension of [15], where the spectrum of a grid fed motor was
investigated under healthy and broken rotor bar conditions.
The motor harmonics are studied using finite element-based
simulation and used as a benchmark for the comparison with
actual spectrum.

II.  HARMONICS DESCRIPTION

A.  Slots and Broken Rotor Bars

The harmonics in line current of the motor are due to three
factors: 1) the harmonics coming from supply side, 2) the
harmonics generated by the motor itself and 3) the harmonics
produced by faults in the motor. The motor generated
harmonics are called rotor slot harmonics (RSH) or principal
slot harmonics (PSH). These harmonics are present due to the
non-sinusoidal nature of the stator and the rotor winding
functions and continuous change in air gap due to their slot
permeance. This change in the air gap changes all stator and
rotor self and mutual inductances, as shown by the modified
winding function formula:

Ly 0) = porl [Z7 P(0, OIN,(p, OIN,(,6)d0 (1)

where r is the average radius of the air gap, / is the effective
length of the stator core, P is the inverse air gap distribution,
N; and N; are the winding functions of ith and jth phase of the
motor.

The power of PSHs depends upon the saturation of the core,
which changes the effective air gap, skewing of stator and the
rotor slots, which tend to reduce them. Moreover, machine
asymmetries and unbalanced power supplies can also produce
some of them. The RSHs or PSHs can be described by
following analytical expression as in [16].

fon = [Geny 1) (55) £ v ?)

where np, are the number of rotor slots, ng is for the dynamic
eccentricity, s is the slip, p is the number of the fundamental
pole pairs and v is the order of slot time harmonics. The first
two harmonics are the most powerful components as
compared to the rest of them and can be used for sensor less
speed estimation if ny and p are known.

It is well known that each kind of fault modulates the motor
line current with some specific frequencies, which can be

detected for fault diagnostics. Deformations in the rotor, such
as the broken end rings, broken rotor bars or high resistance
connections can be detected by the following frequencies in
the spectrum:

fsr = fs * 2ksf;, k=1,23,.. 3)
where f; is the supply frequency, s is the slip of the machine
and £ is the order of harmonics. These harmonics decrease in
amplitude and increase in frequency as their order increases in
the spectrum. The first two harmonics at (i, = fs — 2sf;) and
(fuss = fs + 2sf;) are called the upper side band (USB) and the
lower side band (LSB) respectively. The LSB is emerging due
to broken rotor bars, while USB is present due to the
subsequent oscillations in the speed. The fundamental fault
frequencies are more powerful components than the rest of the
fault harmonics and are highly likely to be buried under the
supply frequency due to its spectral leakage, if the resolution
of FFT is not appropriate, particularly under the low slip
conditions.

B.  Inverter Supply

The presence of inverters in the drive systems cannot be
neglected in modern day industries. Along with various
advantages, such as precision, accuracy and safety of
operation, inverters bring various drawbacks, such as increase
in cost, torque ripples, switching losses, increase in iron
losses, radiated electromagnetic field interference [17],
acoustic noise and high frequency harmonics, for which most
of machines are not designed. Moreover, as it is previously
mentioned that there is a tradeoff between power of low order
harmonics and efficiency as switching frequency increases.
Out of various control strategies of inverter switches, pulse
width modulation (PWM) is the most common because of its
simplicity and many types as well as having different
advantages. For example, authors in [18] used random PWM
(RPWM) to reduce the acoustic noise in motor drive systems.
Authors of [19] have used four different PWM modes to
investigate the iron losses of a salient stator permanent magnet
machine. The authors in [20] used minimum torque ripple
PWM technique with reduced switching frequency for
medium voltage motor drive systems, while [21] tested an
induction motor for its efficiency, powered from three
different PWM drive systems. The radiated electromagnetic
field interference due to the switching frequency in PWM
motor drives is investigated in [17].

The output line and phase voltage measured from ABB
industrial drive system with a sampling rate of 100 kHz is
shown in Fig. 1.

C. Motor’s Behavior as a Filter

Since the inverter fed motors are subjected to many high
frequency components, it is important to discuss its frequency
magnitude response. Using equivalent circuit model, the per
phase transfer function of the three phase induction motor can
be approximated as:

las _ 1

3)

Vas J(Rs+ ?)2"' w3(Lis + Lip)?
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Fig. 2. Motor’s current gain magnitude response.

where igs, Vas, R, Ry, ®c, Lis and L;. are the motor phase current,
voltage, stator per phase resistance, rotor’s equivalent per
phase resistance, synchronous speed, stator’s and rotor’s
leakage inductances respectively.

The natural frequency response is shown in Fig. 2 from
where the low pass nature of the induction motor is evident.
Hence, for fault diagnostic, the low frequency components are
very important and the performance of machine will improve
when low order harmonics are less powerful, because the high
frequency components will be attenuated by the motor itself.

D.  Fourier Transform and its Resolution

Fourier transform has proven its importance in almost
every field of engineering and is the tool to understand the
nature of a signal. It was invented as Fourier series,
responsible to convert a single time domain signal to n time
domain sinusoids, having different amplitudes and
frequencies. However, the need of the analysis of aperiodic
and non-stationary signals leaded us towards its variants such
as continuous time Fourier transform (CTFT), discrete time

Fourier transform (DTFT) and short time Fourier transform
(STFT), etc. The fast Fourier transform (FFT) is an efficient
algorithm to solve DFT represented by the following formula:
N-1
X, = Z xp e ZMN K012 (N=1) (4
n=0
where x,, is the discrete sampled signal and N is the number
of samples, which should be a number in power of 2, i.e. N =
2%,

The frequency resolution is very important for signal
analysis, particularly in case of inverter fed machines, where
there are a number of frequencies and it is important to
segregate fault frequencies. It is the difference between two
adjacent frequency bins and can be described by the following
equation [22].

tsig =t XN = N/fs (5)
df = Ve, =PIn =W/, ©
sL="N/, ()

where, 7, 1s the measurement or acquisition time of the signal,
t; and f; are representing the sampling frequency, N is the total
number of data samples, BW is the bandwidth, df is the
frequency resolution or frequency difference between two
adjacent frequency bins and SL is the total number of spectral
lines. It is obvious that the frequency resolution depends upon
the length of measured signal, also called acquisition or frame
time of the signal. Since the measured signal is of finite
duration, the frequency resolution can also be improved by a
technique called zero padding or spectral interpolation. In this
technique, the length of the signal is artificially increased by
adding zeros before and after it.

E.  Infinite Impulse Response Filters

Filters have many applications in data acquisition and
analysis. They can be used to remove or amplify certain
frequency components, anti-aliasing, noise reduction and
offset removal, etc. They can be broadly classified into two
types, called the finite impulse response (FIR) and the infinite
impulse response (IIR) filters. Unlike FIR, IIR filters use some
of their outputs as inputs, making them recursive functions.
This fact reduces their computational time, filter order and
accuracy, as compared to the corresponding FIR filters.
However, their closed loop nature makes them more unstable
than the FIR filters. In this paper, a low order IIR filter is tuned
to attenuate the fundamental component, which is more
powerful as compared to the rest of the harmonics. This
attenuation increases the legibility of the spectrum on linear
scale and makes the faulty frequencies easily detectable.

III. CASE STUDY

The modeling, simulation and analysis is always been very
important for design, control and diagnostics of electrical
machines. The most common types of modeling found in
literature are analytical and numerical such as finite element
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TABLE I
MOTOR SPECIFICATIONS

Sr. No. Parameter Symbol Value
1 Rated speed N, 1400 rpm@50 Hz
2 Rated power P, 18 kW@50 Hz
3 Connection Y,A Star (Y)
4 Power factor cosp 0.860
5 Number of poles P 4
6 Number of rotor bars Ny 40
7 Number of stator slots Ns 48

method (FEM) based models. Out of these techniques, FEM
based models give good approximation of actual systems but
at the cost of complexity and long computational time.

The FEM-based simulation of a three-phase induction
motor, with the parameters shown in Table I, is performed
under healthy, one, and two broken rotor bar conditions. Since
the simulation is performed using 2D field analysis, the
ignored end windings are compensated by adding additional
resistances and inductances in series with coils. The per phase
stator coils are series and parallel connections of copper
strands, making the current density uniformly distributed. The
simulation is performed at rated load under constant speed.
The flux distribution under healthy and two broken rotor bar
conditions is shown in Fig. 3. It is evident that the flux density
increases across the broken bars, putting the adjacent bars
under increased magnetic stress. The increase in the current of
the neighboring bars makes the machine vulnerable to break
more bars in time, if the fault is not timely diagnosed and
repaired. The obtained results can be used as a benchmark to
differentiate between harmonics due to motor itself (slot
harmonics), due to a fault, such as broken rotor bars, and due
to inverter. In Fig. 4, simulated three phase currents for the
healthy case and frequency spectra for the healthy and the
broken rotor bars is presented. The attenuation of the
fundamental component with the help of IIR filter improves
the legibility of the spectrum and makes the segregation of
various harmonics easy. The simulation is performed for two
seconds with 5328 mesh elements at stator and rotor
temperatures of 120°C and 140°C respectively.

BRB ,-
[}

Fig. 3. Motor’s flux distribution under healthy and broken rotor bar
conditions.

The detailed description of these specific harmonics can be
found in [15], where the harmonic spectrum analysis is done
for a grid fed induction motor with broken rotor bars.
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Fig. 4. Simulated stator currents and corresponding frequency spectrum
for healthy, one, and two broken rotor bars respectively from top to bottom.

IV. PRACTICAL SETUP

The measurement setup consists of two same type motors
with the parameters shown in Table 1. One machine is under
investigation and the other one is acting as the load. Both
machines are mounted on the same mechanical base and
coupled through their shafts as shown in Fig. 5(a). Both
machines are fed through the inverters to improve the
controllability of the loading motor and investigate the
harmonic spectrum of the machine under investigation. The
stator currents and voltages are measured using the Dewetron
transient recorder. The sampling frequency of the measured
signals is 100000 samples per second and the measurement
time is 70 seconds, giving a very good resolution of the
frequency spectrum. Fig. 5(b) shows the block diagram of the
test setup. The ABB industrial frequency converters is used in
scaler control mode, preferable for the smaller size motors.
Moreover, the modulation scheme is simple sinusoidal pulse
width modulation (SPWM), as it can directly control the
inverter output voltage and output frequency according to the
sine functions. The modulation frequency is in the range from
2 kHz to 16 kHz and can be tuned manually for selected
models.
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Fig. 5. (a) Hardware setup, (b) block diagram.

It is important to know that the motor under investigation is
working under scalar control mode, because in DTC the faulty
frequencies are highly likely to be attenuated by the drive
controller.

V. RESULTS AND DISCUSSION

Fig. 6 shows a few cycles of the inverter fed phase voltage
with the corresponding frequency spectrum up to 400 Hz and
25 kHz respectively. The fundamental component is
effectively attenuated with the second order IIR filter with
stopband attenuation 0f 45 dB and sampling frequency of 100
kHz.

In Fig. 7, the experimental results are presented. The
topmost graph is representing the actual three phase currents
drawn be motor from the inverter, which are much smoother
than their corresponding supply voltages, because of the motor
filtering effects. In the rest of graphs, the spectrum for healthy,
one, two and three broken rotor bars are shown. The
elimination of 50 Hz component by proper tuning of IIR
bandstop filter makes faulty frequencies discoverable even
when only one out of 48 rotor bars is broken. The motor under
this test is working under rated load conditions and the total
harmonic distortion is calculated before attenuation of the
fundamental component.
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Fig. 6. Inverter’s generated phase voltage and corresponding frequency
spectrum up to 400 Hz and 25 kHz respectively with attenuated fundamental
component.

VI. CONCLUSIONS

The MCSA is the most common technique used for the
fault diagnostics of induction motors, because of its simplicity
and noninvasive nature. As an extension of [15], in this paper
harmonic spectrum of an inverter fed induction motor for the
healthy and broken rotor bar cases using signals from the
simulation and experiments is studied.

FEM-based simulations reveal that the rotor bars next to
the broken one come under more magnetic and thermal
stresses making them vulnerable to break, increasing the
severity of the fault with the passage of time. Hence, it is very
important for diagnostic algorithm to be able to detect fault at
incipient stage. The accurate attenuation of the fundamental
component can improve the legibility of spectrum for
detection of the frequencies representing broken rotor bars.

The use of the IIR filter for the attenuation of the
fundamental component reduces its spectral leakage
considerably. This filter has a good transition band and makes
less impact on the upper and lower sidebands of the broken
rotor bar frequencies. Less passband ripples reduces the
impact of filter on frequency spectrum. Moreover, the low
order IIR filters can give more accurate results as compared to
the correspondent finite response (FIR) filters.
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Fig. 7. Measured phase currents and corresponding frequency spectra for health, one, two and three broken rotor bars respectively.
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Abstract— In this paper, a detailed analytical model of
a three-phase squirrel cage induction motor is derived.
The geometrical parameters of the motor are considered
and couple magnetic circuit theory is used for the
calculation of inductances, resistances and other
performance parameters. Although analytical models are
not as accurate as numerical models, their lower
calculation time makes them important in the field of
performance analysis and fault diagnostics, particularly
in hardware-in-the-loop environment and inverse
problem theory implementation. The model is made
general for any number of rotor bars even if they are not
integral number per pole and stator geometry considering
the end ring parameters, leakage inductances, slotting
and end winding effects.

Keywords—Analytical model, induction motors,

diagnosis

Sfault

1. INTRODUCTION

Electrical machines, particularly induction motors, are
playing a key role in modern day society. This argument can
be supported by the fact that they are consuming more that
60% of total generated energy worldwide [1]. The induction
machines are dominating all other types of electrical
machines, working as motors such as squirrel cage induction
motors and as generators such as doubly fed induction
generator [2]. This is because of their simple structure, high
efficiency, easy maintenance, efficient controllability, high
torque and ability to work in rough industrial environment.
This increasing importance of the induction motors make
their fast and accurate mathematical models equally
important. These models are very important for performance
analysis [3], fault simulations under transient and steady state
conditions [4], parameters estimations [5], hardware-in-the-
loop environment [6], design of electrical machine drives[7],
etc.

Since these motors are associated with mechanically
moving parts, they are always subject to failures [8]. The
faults in electrical machines are degenerative in nature,
inviting fast and accurate diagnostic algorithms, to avoid any
catastrophic situation. Although finite element analysis based
numerical models are more accurate, they are not suitable for
diagnostic algorithms, where the mathematical model of the
system is necessary. This is so because numerical models

978-1-5386-9453-4/19/$31.00 ©2019 IEEE

Anouar Belahcen

Dept. of Electrical Engineering and Automation
Aalto University
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require more computational time and memory as compared
to analytical models. Moreover, the conventional d-q models
are not always suitable to be used in diagnostic algorithms,
because they neglect the effect of spatial harmonics. The time
and space harmonics have impact on speed, torque, currents
and other performance parameters of electrical machines. The
faults at the incipient stage are so small that any
approximation can lead to failure in their detection.

In this paper, a detailed analytical model of squirrel cage
induction motor is derived. Unlike the conventional
mathematical models, as presented in [9][10][11][12], the
stator slots opening effect on the air gap is considered, the
stator and rotor electrical parameters are computed using their
geometrical dimensions, the stator end winding and rotor end
ring parameters are calculated using analytical functions. The
model is presented in a systematic manner for ease of
understanding and implementation.

II. FLOW CHART DIAGRAM

Induction motor is a complex system where a number of
parameters are interrelated with each other. It is
recommended to follow a systematic way while making its
mathematical model. To avoid complexity the entire
parameters can be divided into rotor, stator and mutual
parameters as shown in fig. 1.

On the stator side the electrical parameters such as number
of phases, voltage, connection scheme, frequency and the
mechanical parameters such as number of slots, dimensions
of'slot and winding configuration are taken as input and stator
per phase resistances and leakage inductances are calculated.
The stator self and mutual inductances are calculated using
winding function approach as discussed in subsequent
section.

Similarly, on the rotor side, the bar and end ring
resistances and the leakage inductances are calculated based
on the geometry of rotor slots. The self and mutual inductance
among various rotor loops are calculated using winding
function approach.

In order to consider the slotting effect the air gap is t taken
as a function of rotor and stator angles and their mutual
inductances are calculated using winding function approach.

All inductances and resistances are calculated in the form
of matrices for ease of implementation. At the end, the
performance parameters like torque, currents, speed and rotor
position is calculated. The calculated rotor position is used in
feedback manner to calculate air gap and mutual inductances.
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Fig. 1. Flow chart diagram of mathematical model

III. MATHEMATICAL MODELING

A.  Air gap

Because of the fact that stator and rotor slot openings
generate frequencies in current spectrum called spatial
harmonics, the careful calculation and implementation of air
gap is very important. If these slot frequencies are not
considered effectively, they can become a potential candidate
for errors in diagnostic algorithms. The total effective flux
crosses the air gap to generate air gap flux linkage and
connects different parts of machine. It means that the air gap
and slot openings of stator and rotor have an impact on total
flux linkage, torque, radial and tangential forces, speed and
current. The total air gap of motor can be divided into two
parts, the constant air gap gc and slot air gaps variable with
stator and rotor geometry (¢) and relative position (6) as
shown in equation 1.

g=9gc+9(p0) ()

The calculation procedure is shown in fig. 2, where
distance between rotor outer and stator inner surface is taken
as constant gc. The stator slots based air gap, shown by solid
line, is calculated from geometry of stator and slots. Since the
motor is squirrel cage, its rotor surface is smooth having no
effect on physical air gap.

\

Sta'ltor Surface l g,

Amplitude

Rotor Surface

Mechanical Angle
Fig. 2. Physical air gap

B.  Leakage Inductance

In electrical machines, total flux can be divided into two
parts, the magnetization and leakage flux. The magnetization
flux (¢,,,) is responsible to generate air gap flux linkage (¥,,)
between rotor and stator and participates in energy
conversion. The leakage flux (¢;) creates leakage flux
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linkage (¥;) and is associated with both stator and rotor as
stator leakage flux (¢;) and rotor leakage flux (¢,;). This is
a common perception about leakage flux that it has a negative
role in electrical machines due to increase in losses which is
not always true. This argument can be justified by the fact
that the transient inductance of induction motors depends
mainly on leakage inductances as shown by following
equation.

Ly = Lg+ Ly 2

These leakage inductances should be calculated carefully
because any error in their calculation can lead to wrong
transient analysis of motor.

The leakage induction of a machine can be divided into air
gap leakage inductance Lg, slot leakage inductance L, tooth
tip leakage inductance L, end winding leakage inductance
L, and skew leakage inductance Ly, as shown by the
following equation.

Ly=Lg+Lg+ L+ Ley + Ly 3)
In case of asynchronous machines
Lew >Lg>1Lg>Le > Ly 4)

The detailed analytical formulas of these inductances can be
found in [13].

C. Resistance Calculation

The per phase stator resistance is calculated by counting
the number of turns per phase, the resistance and length of a
single turn along with the number of parallel paths.

The effective slot area As, can be calculated by multiplying
the actual area of slot 44 with filling factor Kras shown in
equation below.

As =44 XK; 4
The cross sectional area of conductor can be calculated by
dividing effective slot area with number of conductors (Nc)
in it as given by following equation.

A=A [ Nc (6)

The average length of a single turn can be calculated using
analytical expression as discussed in [13].

ly ~ (2L + 2.4W + 0.1)m )

Where [ is the effective length of the machine and W is the
average coil span. The per phase stator resistance can be
calculated as,

Ry = Ns(play/adc) ®)

Where, a is the number of parallel paths and Ns is effective
number of series turns per phase, which is the function of total
number of series turns per phase (Nf) and winding factor Kw
as described by following equations.

Ng = K,KiK;N; 9)

Where Kp, Kd and Ks are pitch, distribution and skewing
factors respectively.

The rotor bar resistance is also calculated in a conventional
way by calculating the slot area whereas, the end ring
resistance is calculated and divided by number of rotor bars
(nb) to calculate the resistance of a sector between two
consecutive rotor bars.

s = Re/my (10)

D. Inductance Calculation

The self and mutual inductances associated with various
coils are calculated using conventional winding function
approach [14].

Ly (®) = orl " g7 (@, O)Ni(0, OIN;(9,0)d6 (1)

Where 6 is rotor’s angular position with respect to some
reference point, ¢ is some point along air gap, g~*(¢, ) is
the inverse air gap, N;(¢@, 6) is the winding function of ith
coil and can be calculated by using following formula,

Ni(9,68) = n;(p,0)— <n;(9,0) > (12)

Where n;(¢, ) is turn function of coil, which is spatially
distributed along stator or rotor surface and < n;(¢, 8) > is
the average of this turn function. Since the shape of the turn
function depends upon the reference point, hence it is
advisable to make it in such a way that it fulfills following
conditions,

N;(6) = N;(—6") (13)
JEN(8") d6" = 0 (14)

Where 68* = 0 is the unique angle for which N;(0) has a
maximum value and condition shown by equation (13)
ensures even symmetry of function.

i Stator Inductances

For a full pitch sinusoidal distributed stator winding shown
in fig. 3, the winding function can be calculated using
equation (12) as given below.

Ni(6,) = 7 cos(0.) (15)

For constant air gap the magnetization inductance can be
calculated using equation (11) as,

orl (2m [ Ns 2
Ln = " fo”(%cos(ee)) de, (16)

Upon integrating.

L, = “T” (%)271 (17)
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Fig. 3. Winding function of single phase sinusoidally distributed winding
in stator of p poles machine

In addition, the self-inductances can be calculated by
adding magnetization inductance (16) and leakage
inductance (3).

Laa =Lpp = Lcc = (Liy + Lis) (18)

—NAe)
—NB(0e)

Ns/p ¢

Amplitude (Turns)
(=)

-Ns/p f ‘ ‘ T
0 27/4 4r/4 67/4
Electrical Angle (6e)

Fig. 4. Winding function of two phases for sinusoidally distributed
winding in stator of p poles machine

2

Since phase windings are o (27/3) electrical radians apart
from each other as shown in fig. 4, the mutual inductance can
be calculated as follows.

_ Worl p2m Na Np
Lip = " ] ( 4 cos(8,) ~Z cos(9, + ©)d6,  (19)
After integration and simplification
Lag = “‘;” Nal¥s v cos(6,) (20)
Uorl NgoNp T L.
La- -SRI G
So far a symmetrical three phase system
— — — _Im
LAB - LBC - LCA - _7 (22)
il. Rotor Inductances

The turn function of one rotor loop can be represented by
an analytical function given below.

1, GiS96S9i+ar

n(9) = {0, 0,>0,>0,+a (23)
<n(@) >= i fg?i*“r 1.d6,
e (24)

21

Where a, = i—’; , is the angle span between two

consecutive rotor bars. The following equation shows the
winding function of single loop analytically shown in fig. 5.

- 0<6,<6;

a
Nr(99)={1—ﬁ, 0;<6,<6;+a, (25)
| %, 6i+a <6, <2

1-ar/27 - __—Nri(ee) 1
= —>| |
L3
=]
2
&
g
<
-ar/279 -

L >

el L L L
0 27/4 4r/4 om/4 2w

Electrical Angle (6e)

Fig. 5. Winding function of a single rotor loop

The following equation shows how to calculate self-
inductance of rotor’s kth loop.

L = 22 [T (N.(6.))"d6, 26)
= “"”[ —ﬁ de, +f9+“r( —:—;)zdee+
ot (—22) a0, @7

Lo = 22 o 1 -2 (28)

The equation (28) can be modified as a function of
magnetization inductance (17) as follows.

a] 14

2T stn

Lol NZN, % (29)

|
g T

Ly =

4 (V)2 v
2 Ge) e [1 =5 (30)

Fig. 6, shows the winding function of any two rotor-loops
i and j. While the mutual inductance can be calculated using
following equations.

Ly =
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Fig. 6. Winding function of two rotor loops placed at arbiterary locations.

Horl

Lrni = fozn( Nrn(ge))( Nri(ee))dee

= et [ -2) () ae+ 10 (
(1 =50 (=52 a0 + Gt (-5

(3D
2

ar

;) do, +

dee] (32)

_ porl [
Lrni = g _;

(33)

After modification as a function of magnetization inductance
(17), equation (33) can be represented as.

4 (Ny ai
(NS) L [ 2m
This equation shows that the mutual inductance between

any two rotor loops does not depend on the angle between
them.

(34

Lrni =

1ii. Rotor and Stator Mutual Inductances

The mutual inductance between rotor and stator is the
function of rotor’s angle and can be calculated as follows.
The graphical representation of mutual inductance using
winding functions is shown in fig. 7.

Ns/p — Nas(Be)

@ —Nri(0e)
£

=

=
3 o f

2 >
= 0i

g

<

-Ns/p ‘ ‘ ‘
0 27/4 4r/4 67/4 2w

Electrical Angle (0)
Fig. 7. Winding function of a stator winding and ith rotor loop

Lg_sTi = ﬂ;"l fozn( Nas(ge))( Nri(ee))dge (35)

P )cos(@)d@ +f9+ar(

ﬁ) cos(6,) db, + fg?ﬁx (_

J7 (-55) cos(6.) a6, +f( )cos(ﬂ)de] (36)

_ HorlNs [fe.-(
- 0

ﬁ) cos(6,)d6, +

orl Ny ) .
= %N; [—sin§; + sin(6; + )] 37

= ”Zrl% [sina,.cos 6; — sin 6;(1 — cos a,)] (38)

For a two-pole machine, this equation can be simplified
using trigonometric identities as in [15].

Sm( D) 4

Ns - meos(H + (- Do, +

Ly =

D 69

The mutual induction between itk rotor loop and phases b
and c¢ can be calculated in same way by shifting phase a by
+ 120 degrees.

E.  Speed and Torque

The final equations in matrices form can be shown as;

- [ =l

From where currents can be calculated as

[1] = LSTI[VS 1-[% R][,”dt (1)

E Pl I

d
Te = IST(ELT'S)IT (42)

In matrices form it is very easy to implement the model in
Matlab environment.

[1 ] [L er] [1 ] “3)
d
0 —L
| PR |
E s 0 r
T d T d
= 1] Lyl + 1T S LI,
= 2T, (44)

The generated torque becomes double using the matrices
approach hence it should be divided by two to get actual
result.

_ Te1
T, =—

: (45)
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Finally the speed and angular displacement of motor can
be calculated using following equation where 7e is generated
torque, 77 is load torque, B is friction coefficient J is moment
of inertia of rotor and Wm is motor’s electrical speed.

d
]_wm: TE_

o T, — Bwy,

(46)

CONCLUSIONS

A detailed systematic approach to make the mathematical
model of squirrel cage induction motor is presented in this
paper. Unlike pre-calculated values of resistances, leakage
and magnetization inductances; the motor’s geometry and
winding configurations are used to calculate all performance
parameters analytically.

The air gap of motor is proposed as a function of rotor
position and stator angle. The inclusion of slots opening
effect is very important for mathematical models designed for
fault diagnostics. This is so because slot openings produce
high frequency components in current spectrum, which
should be handled carefully. Although for the sake of
simplicity, it is taken as constant for various inductances
calculations however, it can be easily handled using Taylor
and Fourier series. This is a general model for any number of
rotor bars regardless to the integral number of bars per pole.
Moreover, this model can be used for any number of poles,
parallel paths and number of conductors per slot.

It is good to study transient and steady state response of
system and simulate common types of faults such as broken
rotor bar, stator short circuit and eccentricity.

The equations are compiled in the form of matrices, which
reduces the complexity while implementing them in
computer program.

The non-sinusoidal distribution of rotor circuits improves
the accuracy of model. The equations work good for two pole
machine while they can be updated for general p pole
machine by multiplying L, with (p/2) and changing L and
Li: correspondingly.
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Broken Rotor Bar Fault Diagnostic of Inverter
Fed Induction Motor Using FFT, Hilbert and
Park’s Vector Approach

Bilal Asad, Toomas Vaimann, Anouar Belahcen, Ants Kallaste

Abstract --In this paper, fast Fourier transform, Hilbert
transform and extended Park’s vector algorithms are
implemented for broken rotor bar fault diagnostics of a 22 kW
inverter fed induction motor. The mentioned algorithms are
initially explained in their mathematical point of view with the
help of simulations and then implemented on the phase currents
taken from laboratory setup of inverter fed healthy and faulty
machines containing one, two and three broken rotor bars. The
effects of faults and inverter-based harmonics are studied and a
comparison of the techniques in some major attributes is
presented.

Index Terms--Fast Fourier transforms, fault diagnosis,
harmonic analysis, induction motors.

1. INTRODUCTION

N almost every domain of industrial and domestic life,

induction motors are playing a vital role. They are acting
as the working horse in almost every sector, such as fans,
water pumps, washing machines, traction, textile mills,
process industries, ship thrust systems, robots, conveyor belts
etc. In a survey done by Penrose [1], it is claimed that
induction motors are the major consumers of electricity,
consuming about 60% of the total generated electric energy
distributed between different sectors as shown in Fig. 1.

The popularity of induction motors is due to their simple
and rugged structure, low cost, high torque per weight ratio
and easy maintenance. Since these machines are associated
with mechanically moving parts, they are always subject to
failures. The faults in the induction motors are usually
degenerative in nature; hence, their detection at incipient stage
is very important to avoid any catastrophic situation. No
doubt, the failure of the motor will affect the reliability of
operation, economy and motor’s life itself. The rotor and
bearing associated faults always make a big proportion of the
total faults because of the mechanical and magnetic stresses
acting on them. The percentage contribution of different types
of faults is shown in Fig. 2 [2], where other faults may consist
of supply related or external faults.

The key role of the induction motors in industry has made
its condition monitoring very important. A variety of fault
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Fig. 1. Overall electric energy consumption by induction motor and

percentage of it in different sectors.

diagnostic techniques can be found in the literature, such as
the motor current signature analysis (MCSA), the mechanical
vibration signal analysis, etc. Out of all main diagnostic areas,
the MCSA is gaining more and more popularity, because most
of its variants require only a current sensor to detect the
stator’s current. In addition, almost all MCSA based
diagnostic techniques are non-invasive in nature, making them
suitable for online fault diagnostics without any disturbance in
the process.

Fig. 2.
motor.

Types and percentage contribution of various faults in an induction

These techniques also require low computational power
and memory to save the intermediate and final results, making
them suitable to be implemented on a digital signal processing
(DSP) system or a field programmable gate array (FPGA) kits,
as compared to some advanced techniques like neural
networks, fuzzy logic, etc.

Researchers are struggling to make diagnostic algorithms
more accurate, fast, reliable and cheap in the sense of
hardware cost. The research presented in [3] proposed a
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Hilbert transform to reduce the problem of spectral leakage
and frequency resolution, without considerable increase in the
sampling rate or data acquisition time. In [4], a reduced
envelope of the stator current is introduced, to decrease the
size of data, making it suitable to implement in embedded
devices. The harmonic order tracking analysis is proposed in
[5], giving a high frequency resolution in time-frequency
domain. In parallel with these harmonic analysis based
techniques, Park’s vector is also gaining popularity. It was
proposed by Cardoso et. al. in [6], [7] and is a potential
candidate in the field of diagnostics. Many variations of Park’s
vector based diagnostic algorithms can be found in the
literature, such as the extended Park’s vector approach
(EPVA) [8], [9], the reduced modulus of Park’s vector
(RMPV) [10], etc. The researchers in [11] have introduced
faults diagnostics using the finite element analysis and [12]
proposed diagnostic in some remote location using cloud
computation, both of which can be paired for better results
with any of the above mentioned technique.

In this paper, three common diagnostic techniques, called
the discrete Fourier transform, Hilbert transform and Park’s
vector are implemented to detect broken rotor bars of a 22 kW
inverter fed induction motor. These techniques are extensively
used in literature but have not been very much used in
conjunction with frequency converter supplied motors. In this
paper, we have implemented the above-mentioned algorithms
on real data taken from laboratory where both drive and load
motors are fed with frequency converters with a switching
frequency of 10kHz and working under the state vector control
(SVC) based direct torque control (DTC) mode.

II.  ROTOR ASYMMETRIES AND FREQUENCY SPECTRUM

Most of the MCSA based techniques are related with the
detection of harmonics in the motor’s current spectrum. It has
been shown that each kind of fault modulates the stator current
in a specific manner resulting in specific harmonics. The
detection of these harmonic components can lead to the cause
of the fault even at incipient stage. Irregularities in the rotor,
such as broken rotor bar, broken end rings and high resistance
connections, can be detected by detecting the following
modulating frequencies [13]:

fer = fs * 2ksf;, k=1,23,.. @)

where, f; is the supply frequency and s is the slip of the
machine. With an increase in the order £, the frequency of
harmonics increases but the amplitude decreases. Hence, for
simplicity, only the first harmonic can be taken as fault
indicator, because it contains more energy than the rest of the
higher order harmonics. This first harmonic will have two
frequencies around the supply frequency component, called
the lower side band (LSB) and the upper side band (USB),
having frequencies (fix = f5 — 2sfs) and (fusp = f5 + 25f5)
respectively. Since these fault frequencies depend on the slip,
the spectral leakage of the supply frequency becomes a major
problem under small and no load conditions. This problem can
be solved by filtering out the fundamental component using
signal-processing tools.

The eccentricity fault can be detected with the help of

harmonic frequencies, described by the formula [14]:
1-
focee = [km + 1) (55) £ v | fs )

where £ is any integer, n, 1s the number of rotor bars, (nqs = 0)
for static eccentricity and ns = /, 2, 3... in case of dynamic
eccentricity, s is the slip, v = /, 2, 3... represents the supply
harmonics and p is the number of pole pairs. More precisely,
mixed eccentricity faults harmonics can be represented as [5].

fecce = f1 Tkfr, k=1,23,.. 3)

Broken bearings can be diagnosed by detecting the
harmonic frequencies as shown in the following equation [14]:

focee = fs & (P22E) (1 24cos0))| 4)

where 7, is the number of bearing balls, f. is the rotor’s
mechanical frequency, m is a positive integer, pq is the bearing
pitch diameter, by is the bearing ball’s diameter and 0 is the
angle between ball and races. For n, between 6 and 9, the
above equation can be simplified as in [5]:

fobo = fs £ 04knyf,  k=123,.. (5)

fovi = fs £ 0.6knyf;,

where f3s, and fp; are the harmonic frequencies in case of outer
race and inner race defect respectively.

In case of short turn faults, the emerging harmonics can be
found according to the following equation:

k=1,23. (6

fa=f[2a-9 tk], k=0135..

These harmonics also appear in the spectrum under the
unbalanced rotor conditions, hence they can also be used as a
general fault diagnostic indicator when precision is not
required [14]. In subsequent sections only broken rotor bar
cases are emphasized.

III. MATHEMATICAL BACKGROUND AND SIMULATIONS

A.  Broken Rotor Bars Current Amplitude Modulation

The phase currents of an ideal healthy machine can be
described as follows:

io(t) = I, sin(wt) 8)
ip(£) = I, sin (wt + %) ©)
i.(t) = I, sin (wt - 2?”) (10)

where /,, is the peak current and w is its angular frequency.
When a rotor bar breaks, it starts modulating the healthy
current to generate a faulty signal:

lgp (£) = [1 +m(D)]ig(t) an

where m(?) is the modulating signal, having a modulation
index M, which depends on the number of broken bars (/Vs)
and the total number of rotor bars (N:). Since the rotor is
circular and symmetrical, the modulating signal is also
sinusoidal, i.e.:

m(t) = M cos(w,t + @) (12)
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where wo = Zmf,, is the fault characteristic frequency and
depends upon the nature of the fault and the slip of the
machine. In case of broken rotor bars, the characteristic fault
frequency is at 2sf;:

fo=2sf;

m(t) = M cos(4msfit + @) (14)

and w, = 2n(2sf;) (13)

iqr(t) = [1+ M cos(4msfst + @)]iq(t) (15)
lar(t) = [1+ M cos(4nsfst + @)Ly, sin(wt) (16)

iaf(t) = Ly sin(2nfst) + (%) [sin(2rfs(1 + 2s)t +

@) + sin@uf,(1—2s5)t + ¢)] 17)

where the modulation index M can be approximated as a ratio
of the number of broken rotor bars and the total number of bars
asin [15]:

~Nb
M~ "/

(18)

B.  Discrete Fourier Transform

Fourier series is a very powerful tool to convert a signal
from the time domain to the frequency domain. Fourier series
deals with periodic signals but non-periodic signals can be
segregated into its frequency components using the Fourier
transform. A very good overview and history of Fourier
transform can be found in [16]. Fast Fourier transform (FFT)
is an algorithm to solve the discrete Fourier transform (DFT)
represented by the formula:

N-1
—i2mwkn/N ,

X,= ) x,e k=0,1,2.,(N—-1) (19

n=0

where x,, is the discrete sampled signal and N is the number
of samples, which should be a number in power of 2, i.e. N =
2*. For better understanding, a very simple Hann window
based FFT analysis of faulty machine current given in (17) is
shown in Fig. 3. The results are representing at three different
load conditions with five broken bars out of a total of 40 bars.
It is evident that the sideband frequencies are moving away
from the fundamental supply frequency with the increase in
the load or slip. In addition, the amplitude of the harmonic
frequencies depends on the number of broken bars.

60 T T T
| | === Spectrum for slip 0.02
|| | ==Spectrum for slip 0.04
Spectrum for slip 0.06
240 | P P
g \
s |
£ |
<20 ‘ | X:5201  X:56
Y:7.338  Y:7.008
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0 IJ'J AAAAAAAA L L‘L '

40 45 50 55 60
Frequency (Hz)

Fig. 3. Frequency spectrum of a faulty signal with five broken bars at the
slip of 0.02 (blue), 0.04 (red), (0.06) yellow.

Almost every kind of signal processing technique depends on
the frequency resolution when the knowledge of harmonics
becomes essential. It is a separation between two adjacent data
points of DFT and can be defined using the following
equations:

tyg =t XN = N/f (20)
af =y, =PIy ="/, @1
sL=N/, (22)

where df is the frequency resolution, f; is the sampling
frequency, BW is the bandwidth, SL is the number of spectral
lines, #, 1s the measurement or acquisition time of the signal
and N is the number of data points used in FFT or the total
number of samples. It is evident that frequency resolution can
only be increased by increasing the measurement time, also
called the acquisition or frame time, of the signal. Frequency
resolution can also be increased by zero paddings of the signal
called the spectral interpolation.

C.  Hilbert Transform

Hilbert transform converts a real valued signal into a
complex analytical signal. It can be used to find an envelope
of a signal, which is useful in many ways, such as the
demodulation of an amplitude modulated (AM) signal. It can
be considered as a filter, which shifts the phases of all
frequency components of its input signal by —m/2 radians.
Mathematically, it can be defined as the convolution of a given
signal with a non-integrable function (//zt) as follows:

H(t) = lf AW

T)_t—x

Fig. 4 (a) is representing the envelope of a faulty motor current
carrying the information of a faulty harmonic modulating
stator’s current. The frequency spectrum of this envelope for
three different load conditions is shown in Fig. 4 (b), where it
does not contain a fundamental component, reducing the
problem of spectral leakage.

: (23)
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Fig. 4. Envelope detection of phase current using Hilbert transform and its

frequency spectrum at different slips.

D.  Modulus of Park’s Vector

Park’s vector is a complex analytical representation of three
phase currents into two phases proposed by R.H. Park in
1929 [17]. The transformation of abc phases to equivalent d-¢
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phases reduces the number of equations and mutual
inductances, making it a very popular tool in the field of
electrical machines modeling [18], control [19] and
diagnostics [20]. Researchers in [7] used the Park’s vector of
current, voltage and flux for diagnostic purposes on a current
source inverter fed induction motor. Park’s space vector can
be constructed by adding vectors to the corresponding single
phases as:

L) = = (ias(®) + alys(t) + a?igg(D)  (24)
L =12 (fas(t) +(=2472) i) + (-2
iZ) am) (25)
L5(t) = Tas () + jigs(t) (26)
PVM, = \m =1, 27)

Similarly, the modulus of the faulty machine with broken rotor
bars can be calculated as shown below. It is evident that Park’s
vector modulus of the faulty machine is no longer a constant
number, but becomes a sinusoidal function of time.

PVMy(t) = [iZs; + ides

= [p[1+ M cos(4nsfst + ¢)] (28)
jam jam
wherea = €3 = —l+jﬁand a=es = —l—jE
2 /2 2 /2

As proposed by [21], the modulus of Park’s vector can be very
useful to diagnose the faults. With the increase in the number
of broken rotor bars, distortion in the modulus of Park’s vector
increases, as shown in Fig. 5.

% H ” 0
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" S
-50 l l l l ] =50
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(a) (b)
62 Park's Vector Modulus
50
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< 5% \ A A A A
= Lt:) 56
=50 54
%0 IdSO(A) 30 0 Timg‘(SSec) !
(©) (d)
Fig. 5. (a) Motor current with three broken bars, (b) Park’s vector of the

healthy motor, (c¢) Park’s vector of the faulty motor with three broken bars,
(d) Park’s vector modulus of healthy (blue), 1 (red), 2 (yellow) and 3 (purple)
broken rotor bars motor.
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IV. EXPERIMENTAL SETUP

The methods under study are applied to the experimental
measurement results of a 22 kW, three-phase squirrel-cage
induction motor, the parameters of which are shown in
Table 1. The motor is fed with three-phase supply through an
industrial frequency converter with a switching frequency of
10kHz and it is mechanically loaded by an identical machine
fed from a frequency converter to ensure the correct loading
level. The stator currents are measured with the Dewetron data
acquisition device, as shown in Fig. 6. The current samples are
taken for healthy as well as one, two and three broken rotor
bar induction motors under no-load and rated load conditions.
The measurement time is 100 sec with the sampling frequency
of 1000 Hz.

TABLE I
MOTOR SPECIFICATIONS
Sr. No. Parameter Symbol Value
1680 rpm@60 Hz;
1 Rated speed N, pm@
1400 rpm@50 Hz
22 kW@60 Hz;
2 Rated power P,
18 kW@50 Hz
3 Connection Y, A Star (Y)
4 Power factor cosQ 0.860
5 Number of poles P 4
6 Number of rotor bars Ny 40
7 Number of stator slots Ns 48

| Digital Signal
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Recorder | Pe |
[ Rem |
L1
L2 |4 Frequency — GrD Frequency
L3 oH Converter |— Converter

Loading Machine

Tested Machi7

[ 1
S SL S
Mechanical Support Fastened to the Base

(b)

(a) Hardware setup, (b) block diagram.

Fig. 6.
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V. RESULTS AND DISCUSSION

The motor current signature of a phase A for healthy, one,
two, and three broken bar cases taken from laboratory setup is
shown in Fig. 7. The effect of broken rotor bars on the
envelope of the current signature is clearly visible where the
current axis is zoomed in to make signal’s variations more
legible.
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Fig. 7. Motor’s phase current for healthy, one broken bar, two broken bars
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induction motors.

The frequency spectra of the currents shown in Fig. 7 are
presented in Fig. 8. It is clear in the Fig that at rated load
corresponding to a slip of 0.053, the faulty harmonic
frequency appears at 55.3 Hz, having the lower side band at
44.7 Hz. The amplitude of harmonics is increasing with the
increase in the number of broken rotor bars.
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Fig. 9. Current signature and envelope of motor with three broken bars,

Frequency spectrum of motor’s current envelope for healthy, one broken bar,
two broken bars and three broken bars cases respectively from top to bottom.

In Fig. 8, it is evident that most of the power is in the
fundamental component, which is the supply frequency and
leads to the spectral leakage. Since the power of faulty
frequencies is very small as compared to the supply frequency,
it is very difficult to detect the faulty harmonics under no load
and low slip conditions. This problem can be solved by
performing the FFT analysis of the current envelope, taking
advantage of the fact that the envelope always contains the
modulating frequencies. Fig. 9 shows the detection of the
envelope of motor phase current with three broken using the
Hilbert transform and the frequency spectrum of the detected
envelope for one, two and three broken rotor bar cases.

Fig. 10 shows the Park’s vector plots of motor currents
presented in Fig. 7. It is evident that for healthy case it is not
perfectly circular because the supply is from an inverter and
the width of the circumferential line is increasing with the
increase in the number of broken rotor bars. The modulus of
all the above-mentioned Park’s vectors is shown in Fig. 11.
For better legibility, only oscillating component across zero
line are shown by subtracting the mean value. The fluctuations
in the case of the healthy motor are due to the harmonics
injected by the inverter.
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TABLE II
COMPARISON OF TECHNIQUES
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Fig. 11. Oscillating components of the modulus of Park’s vector of motor
current for healthy and the broken rotor bar cases.

The total harmonic distortion (THD) of Park’s vector
modulus (PVM) shown in Fig. 11 are -12.6092, -12.3144, -
13.8261 and -12.6410 dB respectively. Since these values are
not increasing in a specific manner, the THD cannot be used
as fault indicator and frequency analysis is inevitable. Fig. 12
presents the FFT analysis of Park’s vector modulus, where it
is evident that spectral leakage is not a potential problem and
faulty harmonics are easy to detect.

Table II gives an insight into different features of
techniques under study, where the second column represents
the time, elapsed for the computer to solve the algorithm in
Matlab, and gives a comparative analysis of techniques in
terms of complexity level.

Tech. Time Attributes

Non-invasive

Slip estimation required

Single phase measurement is enough
Simple to implement

Spectral leakage

Segregation of other faults and noise is
difficult

Bad results under low slip conditions

3.64
mSec

FFT
e o o 0 0 o

Non-invasive

Slip estimation required

Single phase measurement is enough
Simple to implement

Spectral leakage is no more a problem
Comparative good results under low slip
conditions

e Segregation of other faults and noise is
difficult

7.136
mSec

e o o o o o0

Hilbert

e Non-invasive

e Slip estimation required

e Measurement of minimum two phases is

required

An open platform to try various signal

processing tools

e Segregation is somehow possible as
compared to FFT and Hilbert

e Some techniques like RPVM can reduce

9.266 .
mSec

EPVM

sampling rate

VI. CONCLUSIONS

With the growing dependency of industry on induction
motors, their fault diagnostic at incipient stage has become
very important to avoid any time consuming catastrophic
situation. Among a variety of faults diagnostic techniques
found in literature, MCSA based methods make the largest
portion because of the requirement of the least number of
sensors and non-invasive nature. The use of variable
frequency converters to control the induction motors is
increasing day-by-day, making diagnostic techniques more
complicated due to the injected harmonics by power
electronics circuits.
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In this paper, three fault diagnostic techniques, such as FFT,
Hilbert and modulus of Park’s vector are applied on the same
signals taken from an inverter fed three-phase induction motor
running at rated load and broken rotor bar fault conditions.
Since all techniques are using FFT for frequency analysis
hence computational time gradually increases. However, the
Park’s vector approach is more informative and can be used as
a potential indicator even without doing frequency analysis.
Also the effect of inverter fed harmonics is very prominent in
Park’s vector modulus. Almost all industrial inverters being
used as drive of induction motors have built-in closed loop
control systems, which causes the suppression of slot
harmonics. Hilbert transform can be used to attenuate the
fundamental component but still the effect of its spectral
leakage is visible in frequency spectrum. A simple comparison
of studied techniques is presented in table II.
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Abstract— In this paper, the dynamic state space model of a
three-phase induction motor with the inclusion of magnetic
saturation effect is presented. Mathematical modelling is a very
important tool for design and analysis of a system. In case of
electrical machines, its importance becomes twofold, because of
its involvement in design and control algorithms. Since more
and more sophisticated control algorithms are coming forward,
the accurate mathematical modelling is becoming essential.
Unlike the conventional linear magnetization inductance-based
models, in this paper, magnetization inductance as a nonlinear
function of flux is used. Park’s transformation-based equations
are prepared and simulated in Matlab/Simulink environment.
Different motor parameters in transient and steady state
intervals are studied both under on and off load conditions.

Keywords—Mathematical model, saturation magnetization,
induction motor, simulation, dynamics.

L INTRODUCTION

In almost every field of domestic or industrial life, the
presence of induction motors cannot be neglected. They have
many applications, such as fans, textile mills, water pumps,
robotics, computer applications, wind power generation, ship
propulsion, etc. Hence, their control, monitoring and
protection are very sensitive issues, which should be
addressed properly, in order to avoid any kind of time-
consuming and catastrophic fault situations. Although their
simple and rugged structure make them feasible to work in
rough and tough industrial environments, at the same time
their design and control becomes difficult, because of the
variety of its system variables, which are directly or indirectly
dependent on each other.

Currently, majority of induction motors are dependent on
power electronics-based switching devices, which are able to
convert more power at higher frequencies than previous
technologies. However, these advancements are making
adverse effects on the performance of induction motors in the
form of generated harmonics. A lot of work is being done on
power supply based harmonic impact analysis of induction
machines as in [1]-[4].

With the invention of more advanced power electronics-
based power supplies, mathematical tools, solution

This work was supported by the European Regional Development Fund
under Mobilitas Pluss programme returning researcher grant MOBTP13.

Anouar Belahcen
Dept. of Electrical Engineering and Automation
Aalto University
Espoo, Finland

algorithms,  calculating  hardware ~ (FPGA,  DSP
Microprocessors), and hardware in the loop strategy, electrical
machines are becoming more and more dependent on their
accurate mathematical model. Although mathematical
modelling of induction machine has a very old history, there
is still a lot of work needed to be done, to model a good replica
of the original machine. There is a variety of papers, in which
mathematical model of induction machines is proposed and
used. For example [5] has used it for the analysis of AC drive
systems, [6], [7]-[10] have used the induction machine models
to analyze different faults, occurring in induction machines, in
[11] author used different equations of induction motor for its
flux level control, [12] used extensive mathematical equations
to predict the behavior of a system, etc.

A reliable electrical motor depends on its accurate design
and perfect control system. The basic engineering design steps
to build any system are the schematic diagram, the circuit
diagram and the mathematical equations representing that
system. Moreover, the control of electrical machines also
depends on its perfect mathematical model, because the
control equipment uses it, for states estimation and
comparison with the actual one in most of sophisticated
drives. It means that mathematical modeling is a very basic
and key step to get an efficient and reliable electrical machine
and its control system. The more accurate the mathematical
model is the more efficient and reliable the motor and its
control will be.

In this research paper Park’s transformation based state-
space model of three phase induction motor is made and its
critical analysis in MATLAB/Simulink is done. Moreover,
unlike linear magnetization inductance based models, L, as
a nonlinear function of flux is used making it more suitable
for hardware in the loop like environment.

II.  MATHEMATICAL MODELING

A. State Space Model of Induction Motor

The state space model of a physical system is its
mathematical representation using first order differential
equations in the following format:

x = Ax + Bu 1
y=Cx+Du (1)
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Fig. 1. Per phase equivalent circuit diagram of an induction motor.
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As presented in per phase equivalent circuit diagram in
Fig. 1, the induction machine is just like a transformer with a
rotating secondary winding, where R; is representing the
copper resistance, Lj the leakage inductance, Ly is the
magnetization component, I. and I, are the working and
magnetization components of no load current respectively,
and I, is the rotor current.

Both schematic and mathematical modeling of induction
motor starts from basic electromagnetic equations based on
Faraday’s, Ampere’s, Lenz’s law and Maxwell equations as
discussed in [13] and ends at complex states pace model of
order 6x6. This mathematical model always has a room for
extension, because it can never represent the system ina 100%
accurate manner because of non-linear behavior of some
parameters. The presence of these nonlinearities has invited
many other mathematical tools for modeling and state
estimation of electrical machines, such as neural networks as
in [14], fuzzy logic [15] predictive controllers and many more
intelligent algorithms. However, the base of all these
advanced mathematical techniques is the fundamental
mathematical model of an induction motor. Hence, the
improvements in this model can lead to the improvement of
control, operation and protection of induction machines.

Another aspect, towards which the researchers are
focusing, is the reduction of the number of equations, as the
conventional models need a lot of time to be solved by
controllers, introducing a phenomenon of delay time in
hardware in the loop environment [16]. In order to reduce the
number of equations, a three-phase induction motor can be
represented by a two-phase machine as shown on Fig. 2. In
1920, R. H. Park proposed that all stator variables could be
associated with imaginary windings rotating with the rotor.

q

d-q Transformation

Wr

d

Fig. 2. Three phase to two-phase conversion.

Therefore, he transformed the stator variables from the
stationary frame of reference to the rotating frame of
reference, hence, eliminating the problem of time varying
inductances due to relative motion of stator and rotor. After
doing the dynamic d-q modeling and Park’s transformation,
the equations of stator and rotor voltage in the rotating frame
of reference can be described as follows [17]:

v e ; e
qs qs
v ¢ i ¢ (2)
ds = [a1 ds
v ¢ 1 ¢
qr qr
v € i ¢
dr dr
where
R+sl @l sL, oL,
-wl R+l el L,
[Al=
sL, (@-@)L, R+sL (@-a)l
@-o)L, s, A@-@)L  R+sL

Let the states of system under observation be:
x= [ids’ iqs*  @dr*  ¢qr’ T (3)
and the inputs:
Vs :[vds’ vgs' 0 OJT 4

Then the state space model of a three-phase induction motor
can be represented as;

[ d(ids*)/ de
d(igs’)/ dt
d(¢dr’)/ dt
Ld(gqr’)/dt
k_ Lm’Rr+ Lr’Rs 0 LmRr Lmar |
oLsLr’ oLsLr’ olLsLr
0 Lm*Rr+ Lr’Rs Lmar LmRr ids
oLsLr’ olLsLr oLsLr || 145
LmRr Rr édr’
e 0 -—— —r
Lr Lr ggr’
LmRr Rr
0 wr —
L Lr Lr |
1
olLs
1 vds® 0O 00
oLs 0 Vgs' 0 O
0 0
0 0
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Lm? . N .
where 0 =1 — s and Ln is the magnetization induction,

which can be a constant or a nonlinear function of flux. For a
30-kW squirrel-cage induction motor, the values of different
parameters are given in Table 1.

B. Magnetization Inductance

For the sake of simplicity, conventional mathematical
models of induction motors neglect the effect of magnetic
saturation by taking a constant value of magnetization
inductance L. This fact makes the model suitable only for
analysis under the fixed load and speed conditions. In actual,
magnetization inductance of a motor is a nonlinear function of
the flux, which can be used in mathematical models in the
form of a look up table or a power function as in [18]:

im = (% (pm) (6)

Where L, is the unsaturated magnetization inductance, @m
the magnetization flux, s and P are the positive constants,
which can be calculated by minimizing the function using
Matlab function like “fininsearch”.

- (H(I“’g"I) ) o o

Lmu

This is a broad general nonlinear relationship between
current and flux, where the degree of nonlinearity depends
upon the values of s and B. Fig. 3. shows two different types
of magnetization curves plotted from the same equation.

TABLE L PARAMETRIC VALUES
No. Parameter Symbol Value

1 Stator resistance Ry 0.087 Q

5 thor res;stance as referred to R 0187 Q
primary side

3 Stator inductance L, 0.0425 H

4 Magnetization Inductance Ly 0.04 H

5 Rotor l_nductance as referred to Lr 0043 H
stator side

6 Rotor inertia J 1.662 Kg-m?

7 Friction B 0.01 N-m sec

= Nonlinear
Linecar

)
T

im (A)

)
T
L

6 L L L

0 0.1 0.2
¥ (Wb)

Fig. 3. Linear vs. nonlinear magnetization curve.

III.  SIMULATIONS

The equivalent d-q transformation-based T-model with the
nonlinear magnetization inductance is shown in Fig. 4, which
can be used to construct the mathematical model as shown
above. This state space model can be used to study different
evaluation parameters like Eigenvalues, Root Locus, Bode
Plot and output responses, etc. It can also be easily
implemented on MATLAB/Simulink to get a general model
for testing different kinds of machine parameters, fault
conditions and control algorithms.

In this Simulink model motor three phase voltage is firstly
transformed to d-q axis in static frame of reference which are
then transformed to d-q voltage in rotating frame of reference.
These voltages are then used to compute stator and rotor
currents of the induction motor in synchronously rotating
frame of reference. The calculated currents and fluxes are used
to plot various parameters like the speed, the torque and the
actual three phase currents of the stator. A general simulation
block diagram can be represented as in Fig. 5.

For the magnetization inductance, the motor’s stator
voltages and currents are used to calculate the magnetization
voltage, which gives the magnetization flux after the
integration. The calculated flux is used by nonlinear function
to calculate Ly, which is further used in the dynamic model of
the induction motor as shown in Fig. 6.

ads dr
RS —_— LIS L|T qq_ RI’
kd +
jogWgs g0 )yge
v
i Wads Lm Yadr
O

Fig. 4. Equivalent d-q model of induction motor
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Fig. 5. Block diagram of the Simulink model.
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Fig. 6. Measurement and implementation of the nonlinear magnetization
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IV.  RESULTS AND DISCUSSION

In this section, the motor behavior for both, transient and
steady state intervals, is investigated. Fig. 7(a) shows the
three-phase input supply, which is converted to an equivalent
two-phase supply as shown in Fig. 7(b). These two-phase
voltages are in the stationary frame of reference, which are
further transformed into two phases in the rotating frame of
reference. This transformation of voltage into the rotating
frame of reference is done, because the presented
mathematical model follows the Park’s transformation and the
model is prepared in synchronously rotating frame of
reference.

Motor’s stator and rotor currents in the synchronously
rotating frame of reference are shown in Fig. 7(c) and (d)
respectively, where the transient and steady state intervals and
the effects of load can be easily studied. Similarly, Figs. 7(e,
f) are presenting the magnetization flux in the rotating and the
stator’s current in the stationary frame of reference
respectively.

Fig. 8 is representing the behavior of the motor in the
perspective of torque, speed and actual three phase current.
Fig. 8(a) is demonstrating the electromagnetically generated
torque (T.) of the motor both for linear and nonlinear models.

350

® 3

@

Femoval

of Load

295

303 310 313
Speed (r/sec)

290 300 320 325

(a). Generated torque (Te), (b). Three phase stator’s currents, (c). Speed-Torque curve, (d). Zoomed speed-torque curve to show the effect of load.

The comparison of both results don’t show any considerable
difference except settling time because nonlinear inductance
model is calculating its tuning parameters using flux of
Simulink model itself. Since motor is working in linear region
hence both results are coincided with each other. This fact
reveals that this model can be used in hardware in the loop
environment of machine drives. Fig. 8(b) presents the actual
three-phase current of the machine that is calculated by
converting the stator currents from the rotating frame of
reference back to the static frame of reference, which are then
transformed to the actual three-phase currents. Fig. 8(c, d)
represents the speed (electrical) torque curve of the motor,
where the effect of load implementation and removal on speed
and torque can be easily studied.

V. CONCLUSIONS

Induction motors are gaining popularity in domestic and
industrial applications because of their simple structure, low
cost, ability to work in rough industrial environments and easy
maintenance. Since industry depends a lot on these machines,
their efficient control, instant fault diagnosis and best
protection should be emphasized to ensure reliable and safe
operation. The importance of accurate mathematical modeling
of the induction motor becomes important because of two
reasons. First, the mathematical modeling is a very

Authorized licensed use limited to: Tallinn University of Technology. Downloaded on June 25,2021 at 06:55:23 UTC from IEEE Xplore. Restrictions apply.



fundamental step to analyze as system for different operating
conditions before its fabrication. Second, most of the
intelligent and sophisticated control algorithms of induction
machines rely of its mathematical model such as control
drives etc. Hence, the more accurate the model is, the more
reliable the system and its control will be.

In this paper, a general mathematical model of three-phase
squirrel-cage induction machine with the inclusion of
nonlinear magnetization characteristic is prepared and
studied, the results are then validated on MATLAB/Simulink
environment. This model can be used to simulate the effect of
different faults and load conditions on the motor under
transient and steady state conditions. It can be further
improved by including eddy current losses in it. This model
gives a very basic insight into mathematics modeling of an
induction motor, which can be used in drives and hardware in
the loop environment.
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		Broken rotor bars
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		Discrete-time Fourier transform
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		Electric power research institute
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		Fast Fourier transform
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		Finite element method



		IEEE

		Institute of Electrical and Electronics Engineers
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		Industrial applications society
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		Multiple coupled circuits
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		Modified winding function analysis



		MCSA

		Motor current signature analysis
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		SA
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		Short-time Fourier transform



		SQIM

		Squirrel cage induction motor 
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		a

		Number of parallel paths, Phase a



		A

		Magnetic vector potential



		Ac

		Conductor cross-sectional area



		bd

		Bearing ball’s diameter



		Bf

		Friction coefficient



		B

		Magnetic flux density



		D

		Displacement current



		Ds

		Stator’s inner diameter



		Dr

		Rotor’s outer diameter



		dLf

		Inductance matrix derivative



		E

		Electric field strength



		fs

		Supply frequency



		fbr

		Broken bar frequencies



		fbb

		Bearing fault frequencies



		fr

		Rotor frequency



		fbbo

		Bearing outer race fault frequencies



		fbbi

		Bearing inner race fault frequencies



		g

		Air gap



		H

		Magnetic field strength



		invLf

		The inverse of the inductance matrix



		idss

		Stator’s direct axis current in the stationary frame of reference



		iqss

		Stator’s quadrature axis current in the stationary frame of reference



		Is

		Stator current vector (ias, ibs, ics)



		Ir

		Rotor currents matrix (ir1, ir2….irn)



		J

		Current density



		k 

		Harmonic order



		Kp

		Pitch factor



		Kd

		Distribution factor



		Ks

		Skewing factor



		l

		The effective length of stator or rotor core



		lav

		Average turn length



		lbar

		Rotor bar length



		Lg

		Air gap leakage inductance



		Ll

		Leakage inductance



		Lq

		Slot leakage inductance



		Lt

		Tooth tip leakage inductance



		Lew

		End winding leakage inductance



		Lsq

		Skew leakage inductance



		Lring

		End ring leakage inductance



		Lm

		The magnetization inductance



		Lr

		Rotor’s per phase inductance referred to the primary side



		ls

		Stator slot length



		Ls

		Stator’s phase inductance



		Lsl

		Stator leakage inductance



		Le

		End ring leakage inductance



		Lb

		Rotor bar inductance



		Lss

		Stator-stator inductances



		Lrr

		Rotor-rotor inductances



		Lrl

		Rotor leakage inductance



		Lsr

		Stator-rotor inductances



		Lrs

		Rotor-stator inductances



		Lf

		Overall inductance matrix



		lew

		End winding length



		m

		A positive integer, number of stator phases



		nb

		Number of rotor bars



		nbb

		Number of bearing balls



		nd

		Dynamic eccentricity



		Ns

		The effective number of stator’s turns per phase 



		Nt

		Total number of turns per phase



		p

		Number of poles



		P

		Number of pole pairs



		pd

		Bearing pitch



		Qs

		Number of stator slots



		q, Qpp

		Number of slots per pole and phase



		Rr

		Rotor’s per phase resistance referred to the primary side 



		Rr

		Rotor resistance matrix (Rr1, Rr2, …., Rrn)



		Rs

		Stator’s phase resistance



		Rs

		Stator resistance matrix (Ras , Rbs , Rcs)



		re

		The resistance of the end ring sector between two consecutive bars



		ret

		Rotor end ring resistance



		r, rg

		Average air gap radius



		ρ

		Resistivity



		s

		Slip, arc length between two consecutive rotor bars



		σδ

		Leakage factor



		σ

		Electric conductivity



		τp

		Pole pitch



		Te

		Generated torque



		TL

		Loading torque



		νs

		Supply fed harmonics



		ν

		Magnetic reluctivity of the material



		Vdss

		Stator’s d-axis supply voltage in the stationary frame of reference



		Vqss

		Stator’s q-axis supply voltage in the stationary frame of reference



		Vs

		Stator voltage vector (Vas , Vbs , Vcs)



		Wew

		End winding span



		W

		The average coil span



		ωm

		Mechanical speed



		ωs

		Synchronous speed



		Zq

		Number of conductors per slot



		αr

		Arc angle between two consecutive rotor bars



		β

		Positive constant



		g-1 (φ,θ)

		Inverse air gap function with respect to rotor and stator position



		Lij(θ)

		Phase i and j mutual inductance concerning rotor angle θ



		λu, λew, λ1ew

		Permeance factors



		μo

		Permeability of free space



		ni(φ,θ)

		The turn function wrt rotor and stator position



		Ni(φ,θ)

		The winding function wrt rotor and stator position



		θ

		Angle



		θb

		The angle between bearing ball and race



		θe

		Electrical angle



		θr

		Rotor position



		P(φ,θ)

		Inverse air gap permeance function



		φdss

		Stator’s direct axis flux in the stationary frame of reference



		φqss

		Stator’s quadratic axis flux in the stationary frame of reference



		φs

		Stator flux vector (φsa, φsb, φsc)



		φr

		Rotor flux vector (φr1, φr2, …, φrn)
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[bookmark: _Toc76454193]Types and importance

In almost every domain of industrial and domestic life, electrical machines are playing a vital role. They act as the working horse in several applications, such as fans, pumps, washing machines, traction, textile mills, process industries, ship thrust systems, robots, conveyor belts, electricity generators, etc. [IX]. The wide range of their applications increases the importance of their better performance towards torque, power density, speed range, efficiency, broad constant power operating capability, reliability, robustness for changing load, less impact on power quality, better controllability, low cost, etc. The main classification of electrical machines is presented in Table 1.1.

Table 1.1. The most common types of electrical machines.

		Machine

		Types

		Attributes



		DC 



		Wound field

· Series

· Shunt

· Compound

· Separately excited

PM field



		· High starting torque

· Simple control

· Good speed regulation

· Commutator problems

· Complex structure



		AC 



		Induction

· Cage rotor

· Wound rotor



The mentioned attributes are well suited for cage-type induction machines, however in case of wound rotor machines the slip ring related issues increase the complexities. For example, the wound-rotor induction machines are comparatively less robust, simple and reliable etc.

		· Simple

· Rugged

· Robust

· Reliable

· Easy maintenance

· Comparative difficult modeling and control due to a variety of slip dependent variables.



		

		Synchronous

· Reluctance rotor

· PM rotor

· Surface-mounted PM

· Interior PM

· Wound rotor

· Salient

· Non-salient

· Permanent magnet brushless AC (PM-BLAC) SynRM

· Permanent magnet  brushless DC (PM-BLDC)

		Synchronous

		· Easy speed control

· Power factor regulator

· More complex than induction

· Wider air gap

· Low losses

· Mandatory starter

· Low starting torque

 













		

		Doubly salient

· Switched reluctance (SR)

· Stator PM (Stepper)

· Doubly salient PM (DSPM)

· Flux reversal PM (FRPM)

· Flux switched PM (FSPM)

· Flux controllable PM (FCPM)

		

		



		

		Special 

Axial flux 

Hysteresis

Variable reluctance PM

· Vernier PM 

· Transversal flux PM (TF PM)

		

		· A variety of applications

· Different shapes and sizes

· Low power applications





The wide acceptance of induction motors is due to various benefits such as, low cost, simple and rugged structure, easy maintenance, and good torque per weight ratio. 

[bookmark: _Toc76454194]Contribution to energy consumption

Electrical motors are the biggest consumer of electricity worldwide. A detailed energy consumption analysis and the importance of preventive maintenance can be studied in [1][VI]. In this paper, the author claimed that motor systems consume about 59% of all electricity generated in the United States, with its distribution in various sectors is presented. This proportion can differ slightly depending upon the industries in different countries. Moreover, the utilization of electrical machines in modern society is increasing day by day in electric vehicles to reduce carbon footprint and lessen the dependency on fossil fuels.

[bookmark: _Toc76454195] Fault diagnostics and its importance at the embryonic stage

[bookmark: _Toc76454196]Importance of early detection

Since the machines are associated with mechanically moving parts, they are always subject to failures. The induction motors’ faults are usually degenerative; hence, their detection at the developing stage is crucial to avoid catastrophic situations. No doubt, the motor’s failure will affect the reliability of operation, economy, and motor’s life itself [IX]. The author in [1] analyzed a paperboard plant with 485 motors having two operating production lines with an average downtime cost of $6375 per hour and concluded that preventive maintenance program costs $73 900 per year and gives a total saving of $569 360 per year having a payback period of as short as 1.6 months. The average downtime cost and a comparison of rewind versus recondition are described in detail in [VII]. It can be concluded that early fault diagnostic and preventive maintenance increase the machine’s life and make the system more reliable, giving better financial results. 
The predictive maintenance techniques can detect the fault at the developing 
stage without instigating unnecessary preventive techniques on all machines. Hence, 
the scheduled overhauling of all machines does not remain necessary anymore.

[bookmark: _Toc76454197]Faults and contribution

A variety of faults found in literature can be broadly classified into four significant categories, i.e., supply related, machine-related electrical and mechanical, thermal, and external or environmental, as presented in Table 1.2. Almost all faults are intertwined with each other. For example, cooling failure can cause insulation degradation, which can lead to inter-turn short circuit faults. The short circuits will increase the non-uniformity of the air gap flux distribution, increasing the unnecessary magnetic stresses on the rotor side.

Table 1.2. Categories of most common faults, types, and diagnostic methods for cage induction machines.

		[bookmark: _Hlk504296310]Category

		Types

		Location of the faults

		Common diagnostic/preventive

/predictive methods



		Supply (grid, inverter)

		· Unbalanced supply voltage

· Over or under voltage

· Phase reversal

· Earth fault

· Inverter related

		Mainly stator

		· Sensors with relays & switches

· Signal processing of various observables

· Model dependent techniques



		Electrical Mechanical

		· Inter-turn short circuit fault and insulation degradation

· Broken rotor bar

· Broken end rings

· Eccentricity fault

· Bearing fault

· Rotor winding failure

· Shaft and load misalignment

		Both stator and rotor

		· Signal processing of a variety of  observables  

· Model dependent techniques



		Thermal

		· Inadequate cooling due to several reasons such as blockage of cooling channels or spray nozzles and faulty external fans, etc.

· Ambient temperature

		Both stator and rotor

		· Local or global temperature measurements 

· Thermal imaging 



		Environmental 

		· External moisture

· Vibrations due to the bad foundation, etc.

		Both

		· Sensors and protective devices

· Signal processing of a variety of parameters 





In cage induction machines, supply-related faults are mainly associated with the stator side. They can be easily detected and controlled using simple protective devices by monitoring supply voltage and current quality if the faults are mature (above threshold). However, detecting faults at the developing stage needs careful monitoring of the global or local parameters.

The machine-specific electrical and mechanical faults make a significant proportion 
of general faults, and they are degenerative, i.e., they tend to increase with time. 
The mechanical faults, particularly bearing associated faults, make the most significant proportion of overall faults. According to IEEE-IAS and electrical power research institute (EPRI) standards, the detailed distribution of faults in medium voltage induction motors is shown in Figure 1.1 [2]. In very large machines, the percentage fault distribution may vary. Mainly the bearing-fault percentage decreases significantly as mostly sleeve bearings are used in those machines.

Though these kinds of fault divisions are not easy to make because of the varying types of machines and their working environment, they give a glimpse of the most significant failures in induction motors. The bearing and stator-associated faults make more than 50% contribution to the general faults in both standards. A more detailed division of the faults contribution in various voltage machines can be found in [3][4].
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Figure 1.1. The percentage faults contribution in medium voltage induction machines according to IEEE and EPRI standards.

[bookmark: _Toc76454198]The modeling of electrical machines

For a reliable design of an electrical machine, its mathematical model's importance cannot be ignored. The same is true for advanced model-dependent fault diagnostic techniques. These techniques may include estimating design parameters in various ways, hardware in the loop, inverse problem theory, and other iteration-based algorithms. 
The importance of the mathematical models becomes manifold for reliable drive systems and state observers. The wide variety of modeling techniques available in literature can be broadly classified into analytical and numerical. 

[bookmark: _Toc76454199]The analytical models

In the analytical models, the machines are represented with differential equations. 
The most common analytical technique is two-axis theory-based models (d-q), where the three phases are transformed into two equivalent orthogonal phases. Moreover, the air gap is removed by referring, rotor parameters on the stator side or stator parameters on the rotor side. This approach reduces the complexity and number of equations. The drives and state observers depend upon these models because they are more straightforward and comprehensive. The biggest drawback of these models is that they are based on approximations. It is hard to include some practicalities, such as the non-sinusoidal distribution of windings, the practical air gap with slotting effects, material nonlinearities, non-symmetry, etc. Although these models have proved their importance in the field of motor drives, they are less suitable for design and fault diagnostic algorithms. However, some authors used those models to simulate faults but at the cost of complicated changes in the motor’s equivalent circuit.

The multiple coupled circuit (MCC) based models are gaining heightened popularity in fault diagnostics these days. The prevalent types include winding function analysis (WFA) and modified winding function analysis (MWFA) based models. Using these techniques, the more practical aspects, such as non-uniform air gap, actual stator, and rotor winding functions, and almost all kinds of faults, including saturation effect, can be simulated. 

The magnetic reluctance-based models can also be seen in literature, giving similar results as MCC but at the cost of increased complexity. This is because the entire geometry needs to be represented with reluctances, which end up with the matrices of immense dimensions. This complexity cannot be avoided using symmetry because the machine is no longer symmetrical for fault diagnostics.

The other analytical models, such as generalized harmonic, Concordia transformation-based, voltage behind reluctance, and convolution theorem-based models, are also available in the literature [IV]. 

[bookmark: _Toc76454200]The finite element method (FEM) based models

The finite element method is a numerical method used to solve partial differential equations or boundary value problems. This technique is used extensively to solve significant engineering problems related to heat flow, fluid dynamics, structural analysis, electromagnetic analysis, mass transport, etc. In this method, any system’s geometry is divided into small elements represented by nodes making mesh. The partial differential equations are solved for each node to get the final answer. Although these techniques are much more accurate than analytical methods and can handle almost all kinds of practical aspects of the machine, but at the cost of increased complexity. This complexity is in the sense of an increased number of equations requiring more processing power and memory to save intermediate results. This is the biggest drawback of these techniques, making them less suitable for online, drive and fault diagnostic algorithms. Moreover, the resultant massive matrices having many singularities make the solution of inverse mapping non-unique and unstable. However, researchers are trying to reduce the simulation time using several approximate methods such as model order reduction, symmetry exploitation, and hybrid analytical-FEM models. Still, they are much more complex and less suitable for condition monitoring algorithms. A detailed comparison of these techniques with the help of an appropriate number of references is discussed in the subsequent chapter [IV].

[bookmark: _Toc76454201]Objectives and scope of the thesis

This thesis aims to study different analytical methods to model a squirrel cage induction motor, which should have minimal simulation time than the corresponding finite element method (FEM) based models. The purpose of doing so is to develop a model suitable to simulate all major faults and well-suited for advanced model-dependent fault diagnostic algorithms, such as parameter estimation and inverse problem theory. 
This thesis’s second prime objective is to study various signal-processing techniques for their pros and cons to detect fault at the nascent stage and investigate the entire current harmonic spectrum of induction motors in transient and steady-state regions. Thus, 
the motor under healthy and broken rotor bar (BRB) conditions are simulated, and experimental measurements are investigated for validation.

The dynamic d-q model with the inclusion of non-linear magnetization inductance was considered as a starting point. This model helps understand the machine’s basic concepts because of its comprehensiveness and ability to produce compact equations, which can be used for drives as general and in observers and state estimators as particular. However, this model was less suitable to simulate machine faults because of the considered approximations.

To address the d-q model limitations, the winding function analysis (WFA) based model was prepared. In this model, the analytical equations to calculate various inductances, resistances, currents, fluxes, torque, and speed are derived for the motor under investigation. These equations were simulated in MATLAB, giving results near to the practical measurements. The model is suitable for implementing some faults, such as BRB and broken end rings. Still, the consideration of constant air gap makes it less ideal for the implementation of eccentricity and saturation-related faults.

Moreover, the spatial harmonics, which are very important for fault diagnostics and sensor-less speed estimation, cannot be simulated. However, those approximations can be removed by using Fourier summations for handling non-sinusoidal winding distribution and Taylor series to implement inverse air gap function. It will lead to the approximations such as; the self-defined number and the amplitude of the harmonics and the number of Taylor series terms.

To get more realistic results, the modified winding function analysis (MWFA) based model was prepared to ensure that all winding functions and air gap were defined as a function of stator and rotor individual and respective angles. The geometry of stator and rotor slots is considered to calculate the leakage inductances and various resistances. The self and mutual inductances between rotor and stator are computed with a stepping rotor. The results at each rotor position are saved in offline 3D lookup tables. During the online simulation, all pre-saved matrices are used as a rotor position function using their index value, and the performance parameters, such as currents, fluxes, torque, and speed, are calculated. To validate the results, the FEM model of the machine under investigation is prepared using commercial software. The comparison of results shows an excellent agreement with a minimal simulation time for the proposed model compared to the corresponding FEM model [IV]. The matrix dimensions of the proposed model are minimal compared to the corresponding FEM models. It can be considered as least ill-posed, making it an excellent candidate to implement inverse problem theory. The inverse problem theory is the mapping of observables to the unknown, and 
ill-posedness is the measure of the uniqueness and the stability of inverse map solutions.

Towards the signal processing side, the fast Fourier transform (FFT) and wavelet transform (WT) are used extensively to study the steady-state and transient regime signals. The infinite impulse response (IIR) based digital filters are used to improve the motor’s current spectrum’s legibility. Moreover, the frequency spectrums with the decent resolution are achieved by eliminating the starting and ending fractional cycles, data interpolation, counting the integral number of cycles by zero-order detection, etc.  In this way, the total harmonics are segregated according to their cause of production. Moreover, the spectrum of current simulated from the proposed model is compared with that simulated using the FEM model and the test rig measurements. The comparison is made until a wide bandwidth of frequencies for further validation of the proposed model.

Moreover, the proposed model is also investigated during the transient regime by doing the time-frequency analysis. The recovered non-stationary signal is in good agreement with the one obtained from the practical measurement. During the transient interval, the specific fault-related pattern can further enhance the model's effectiveness, as presented in [I]. It is proposed that the contour plots with specific confidence intervals can give better differentiation among fault and inherent eccentricity-based patterns.

[bookmark: _Toc76454202]Scientific contributions

Scientific Novelty

· In the modified winding function-based model, all parameters, such as winding and air gap functions, are defined as conditional analytical expressions to calculate inductances offline. In most of the literature, these functions are defined as a summation of various harmonics using the Fourier series technique. This limits the number of harmonics, while in the proposed model, all harmonics are automatically considered while calculating the performance parameters.

· The division of the model into offline and online sections makes it more suitable for fault diagnostic techniques. This gives the freedom to simulate the faults (such as BRB) in the online section without doing unnecessary offline calculations again, which reduces the simulation time considerably. However, in FEM-based models, the entire model needs to be simulated for every new faulty scenario.

· The conversion of the integral-based winding function formula into the mean value equation reduces the computational complexity and the integration’s constant related problems.

· The proposed model is made compatible with the cluster computation. It can further reduce the simulation time if necessary. 

· A hybrid FEM-analytical model compatible with a cluster of parallel processors is prepared, and simulation time reduction is discussed. Although it takes considerable simulation time even on multiple processors compared to the proposed MWFA mode, it is suitable for validation of results.

· The compatibility of both models with cluster computation makes them feasible to exploit distributed computational resources such as cloud computation, which is vital to industry 4.0 standards.

· An algorithm to improve spectral resolution by decreasing spectral leakage is proposed on the signal processing side. It can improve the spectrum’s legibility even at the low sampling frequency by data interpolation and counting integer number of cycles. This has a good impact on reducing the complexity and cost of data acquisition devices and makes a pavement for remote sensors. 

· It is shown that in direct torque control (DTC) mode, the drive’s controller directly impacts stator current. It attenuates the fault-based harmonics in the current to reduce torque and speed ripples. As a result, it reduces the current distortion due to rotor asymmetries. The controller changes current by changing voltage, making it a potential candidate for fault diagnostics rather than current.

· The transient time is extended to improve the resolution of the time-frequency response of current under non-stationary conditions. This time can be extended using some high inertia load or variable transformer, as in most literature. This technique needs the machine to be removed from the workplace, interrupting the process for a long time. However, the rotor’s 
self-inertia is exploited here for this purpose. To do so, the motor’s power is reduced by dropping the voltage below its nominal value. In this way, no external load is needed for doing the condition monitoring test. An industrial inverter is programmed to get variable voltage with a constant frequency while driving the motor in scalar control mode with zero acceleration and deceleration time.

· Despite having various approximations, the WFA model is used effectively to get similar time-frequency pattern during the transient regime as it was in the experimental measurement. It makes the model suitable for the diagnostic algorithms depending upon the transient interval, mainly for broken bars and end rings. The model is also suitable for defining theoretical fault-based patterns and studying the impact of fault on various observables.

· Non-linear magnetization inductance is considered in the d-q model of the induction motor, which can be similarly used in other analytical models. Moreover, the proposed model gives the freedom to include material magnetic behavior in the form of a B-H curve lookup table or modulation of the air gap permeance function.



Practical novelty

The following is the laboratory-based practical setup-related information.

· The development of a test rig where two similar machines are connected back to back, on the same mechanical foundation. One machine is used for testing the rotors with faults, while the other machine is used as a loading motor. This mechanism gives better slip controllability. Two similar test rigs with different machines are tested for better understandings.

· Industrial inverters are used for testing healthy and faulty machines. This fact makes the proposed signal processing-based diagnostic algorithms feasible for industries.

· The industrial inverters under different control mechanisms such as scalar and direct torque control (DTC) are used to investigate the presence of inverter-fed harmonics and the drive controller’s influence.

· The segregation of various harmonics is achieved by considering the grid-fed motor's current spectrum as a benchmark signal. These measurements are taken by supplying the motor with grid voltage using a variable transformer.

· For current analysis in the transient regime, the rotor’s inertia is used to extend the non-stationary signal rather than external high inertia load or variable transformer. This is achieved by reducing the voltage using an industrial inverter while maintaining constant frequency.



Moreover, the research work can help implement advanced novel diagnostic algorithms in the industry in the following ways that can be considered as futuristic in this field.



· The proposed model can be used as a part of advanced model-dependent fault diagnostic algorithms because of reduced computational complexity and minimal simulation time.

· Because the model is least ill-posed, it can be used for inverse problem theory-based diagnostic algorithms.

· As the model has offline and online portions, once the offline calculations are done using cluster computation (optional), the online portion can be easily handled by the onboard processors. Moreover, the online portion gives the freedom to simulate various faults without doing all the calculations again.

· The compatibility of the model for cluster computation makes it feasible for utilizing distributed computational resources, e.g., cloud computation as in industry 4.0 standards.

· The model can train artificial intelligence-based diagnostic algorithms with a variety of single and composite faults.

· The selection of appropriate signals for fault diagnosis is of crucial importance. It is proved that the current, speed, and torque can give wrong results if the machine is under DTC control mode.

· The use of the rotor’s inertia to extend the transient time by reducing the applied voltage while maintaining constant frequency in scalar control mode is proposed. It minimizes the need for high inertia external load, and the industrial inverters can perform the test quite easily.



[bookmark: _Toc76454203]State of the art

[bookmark: _Toc76454204]The modeling techniques

Since the advanced fault diagnostic techniques depend on the motor’s model, it should be a good replica of the actual system and should be able to simulate various faults 
in the motor. The more accurate the model of the motor is, the better the diagnostic would be. Mostly the faults are degenerative, giving a limited time window for maintenance. Hence the model-dependent algorithm should be fast and sensitive enough to detect the faults at a very early stage. Also, the model should have as 
few approximations as possible. Various kinds of motor modeling techniques available 
in the literature can be divided into two main streams: analytical and numerical. 
The most common methods, along with their attributes, are summarized in Table 2.1 [IV].

The two-axis theory (d-q) based models are prevalent in literature. The detailed dynamic analysis of wound-rotor induction motor under balanced and unbalanced conditions in various reference frames can be found in [5], while a similar kind of 
research without the unbalances is available in [6]. In [5], the authors used the d-q 
model in conjunction with coupled magnetic circuit theory to consider the rotor winding’s actual non-sinusoidal distribution. The d-q modeling-based analysis of broken rotor bars is presented in [7]-[8], where the authors transformed the rotor d-q currents 
into n-loop currents in each iteration. In [8], the authors used d-q modeling to 
represent an unbalanced three-phase motor having a stator open circuit with the equivalent unbalanced two-phase motor to present a new fault-tolerant vector 
control method. The transient model for the analysis of stator turn faults is presented in [9]. 

These models are simple to understand, comprehensive, suitable for dynamic analysis, and better for drive systems, but they have various simplifications, making them less attractive for the field of fault diagnostics. These simplifications include sinusoidal distribution of stator and rotor windings, although they can be converted to the actual windings but at the cost of increased complexity [IV]. Since the rotor side parameters are referred to as the stator side or vice versa, the changing air gap cannot be considered, eliminating spatial harmonics, which are very important for fault diagnostics. All inductances are regarded as constant, eliminating their dependence on the rotor position and the non-linearities of magnetic material. Moreover, the proximity and skin effects are neglected. 

The multiple coupled circuit (MCC) theory can solve the previously mentioned problems as it allows modeling the unbalanced machine. The authors of [10] used winding function analysis (WFA) for modeling a three-phase squirrel cage induction motor (SQIM) with stator inter-turn short circuit fault. In [11], the authors used it to simulate SQIM with broken rotor bars. The analysis of various faults, such as stator phase disconnection, broken bars, and broken end rings, is presented in [12], while the approach was used for the analysis of adjustable speed drive applications in [13]-[14]. The authors of [15] used this technique to model a permanent magnet machine with a fractional slot concentrated winding. 

In majority of WFA based papers, the air gap is considered as constant, which do not allow to simulate eccentricity faults, and the principal slot harmonics are potentially ignored. Moreover, the uniform air gap makes it challenging to deal with nonlinearities such as magnetic saturation using the WFA approach. The solution to those problems is possible by using Fourier and Taylor series but at the cost of associated limitations. 
However, they can be effectively solved using the modified winding function analysis (MWFA) method. The slot openings of the stator and rotor can be considered by making the air gap a function of the stator and rotor position. 

The authors in [16] extended the WFA based method to simulate electrical machines with a non-uniform air gap. The use of the MWFA to model the stator and rotor slot effects for speed sensor-less drive systems is presented in [17]. The static and dynamic eccentricities are shown in [18] and [19], respectively. Unlike [17], where the air gap permeance is approximated by cosine series functions, [20] used the actual stator and rotor slot opening functions and a medium magnetic equipotential surface to simulate the machine. By doing so, the authors obtained results very close to the ones obtained from FEM. The simulation time was further reduced by exploiting the rotor cage’s symmetry, which is valid for the simulation of healthy symmetrical machines and is not true for faulty machines. The analytical models show their limitations while dealing 
with complex geometries, material properties, non-linearities, etc. However, these approximations have a negligible impact on diagnostic algorithms. But they are essential for designing problems. 

The FEM has been extensively used in literature to tackle the mentioned problems. The authors in [21] used FEM to model an induction machine with the inclusion 
of eddy current and hysteresis in steel laminations. The magnetic field analysis of induction motors with cooling ducts is presented in [22]. The authors of [23] used 
this technique to study the vibrations in an induction motor with a 2D magnetic 
solution, coupled with a 3D mechanical model of the stator, to reduce the complexity. For the same purpose, the authors of [24] used a quasi-3D FEM to compute the magnetic forces acting on an induction machine’s stator end windings. Although the FEM-based models are very close approximations of the actual systems, they present a high complexity level and unaffordable computation time, especially in real-time applications. Moreover, FEM-based models produce huge-sized matrices with a greater possibility of singularities. It hinders them from using inverse mappings because of non-unique and inconsistent results.

Since the motor becomes unsymmetrical under faulty conditions, the solution of complete geometry is necessary, causing an extensive increase in the number of 
mesh elements. Although modern-day computers are powerful, still the FEM-based models require considerable time for simulation, making them unsuitable for use in online diagnostic methods, such as inverse problem theory, hardware-in-the-loop environment, and online parameters estimation. The authors in [20] simulated 
the same machine with FEM and analytical method and concluded that the analytical approach could give approximately the same results but with considerably less computation time. The detailed comparative analysis is presented in [IV]. 















Table 2.1. The common modeling techniques with corresponding attributes.

		Technique

		Faults and applications 

		Attributes



		Two-axis theory

· d-q

· Modified d-q

		· Drives

· Dynamic analysis [25][26]

· Broken rotor bars [7][8]

· Broken end rings [7][8]

· Stator open circuit [27]

· Stator short circuit [9]



		Pros:

· Simple

· Comprehensive

· Provides useful equations for parameters estimation

· An excellent choice to learn making forward problems

· Suitable for control and drives

Cons:

· No saturation

· Absence of air gap

· Sinusoidal stator winding

· No inter-bar currents

· No spatial harmonics

· No eccentricity faults

· No skin effects

· Challenging to deal with asymmetries, which are inevitable with the fault 



		Multiple coupled circuits (MCC)

· Winding function analysis (WFA)

· Modified winding function analysis (MWFA)

· Extended Modified winding function analysis (MWFA)

		· Broken rotor bars [11]

· Broken end rings

· Stator open circuit [12]

· Stator short circuit [10]

· Dynamic eccentricity [19]

· Static eccentricity [18]

· Corroded rotor bars



		Pros:

· Non-uniform air gap

· Practical winding functions

· Saturation can be defined analytically

· Various kind of faults can be simulated 

· Low computation time as compared to FEM

· An excellent tradeoff between complexity and accuracy

Cons:

· Some geometrical constraints are difficult to handle, such as cooling ducts in the stator or rotor. However, their definition frequencies can be included analytically or by doing appropriate changes in the air-gap function.







		Magnetic coupling

· Magnetic reluctance method

		· Broken rotor bars [28]

· Broken end rings [29]

· Stator open circuit

· Stator short circuit [28]

· Dynamic eccentricity [30]

· Static eccentricity [30]



		Pros:

· Can include spatial dependencies

· Computationally less intense than FEM but more than MCC

· It can include geometry, material parameters to some extent, and winding distribution

Cons:

· Since all slots need to be modeled and the faulty machine is no longer symmetrical, the model becomes very complex for model-dependent diagnostic algorithms, i.e., inverse problem theory



		Others analytical

· Generalized harmonic analysis [31][32][33]

· Concordia transformation [34]

· Voltage behind reactance [35]

· Convolution based  [36]

		· Winding faults [19] [18]

· Losses and torque pulsation [33]

· Stator short circuit and broken rotor bars [34][35]

· Broken rotor bars [36]

		Pros:

· Concordia transformation reduces the number of state variables.

· The convolution-based method is fast and allows to handle various non-ideal parameters

Cons:

· The generalized harmonic analysis limits the number of harmonics taken into consideration

· The inclusion of non-uniform air gap is not straightforward in two-axis theory-based models

· Nonlinearities will increase the complexity of analytical equations in two-axis theory-based models

· Concordia transform inherits the problems of d-q modeling

· The convolution theorem inherits the drawbacks of FFT

· The air gap in the convolution-based model is taken as constant



		Finite element analysis

· Static

· Time-stepping

· Quasi-static

· 2D

· 3D

		· Broken rotor bars [37][38]

· Broken end rings [38]

· Stator open circuit [39]

· Stator short circuit [40]

· Dynamic eccentricity [41]

· Static eccentricity [42]



		Pros:

· Complex geometries can be considered

· Non-linearities, such as saturation, skinning effect, and non-idealities, can be considered

· All kind of faults can be simulated

· The combination of FEM and analytical modeling can be the right choice for complexity reduction

Cons:

· The computational complexity is the biggest problem and becomes worst in case of fault diagnostics where symmetry is no longer present. The problem becomes worst for 3D analysis. 

· Unsuitable for the hardware-in-the-loop environment and inverse problem theory

· The 2D models do not allow to include the skew and cross-currents effect.









[bookmark: _Toc76454205]The SQIM fault representing frequencies

It is observed that each kind of fault modulates the motor’s global signals such as current, torque, speed, and voltage in a specific manner leaving certain harmonics in them. 
The detection of those frequency components can lead to the fault even at the developing stage. The most common faults in induction machines and their current modulating frequencies are summarized in Table 2.2, with detailed descriptions available in [43]-[45]. 











Table 2.2. The fault signature frequencies for cage induction machines.

		Fault

		Modulating Frequencies

		Where 

k: 	Harmonic order

ν: 	Supply fed harmonics

fs:		Supply frequency

fBR1:	Broken bar frequencies

fbb:	Bearing fault  							frequencies

fi,o:	Characteristic vibration 		frequencies

m:	Positive integer

nb:	Number of rotor bars

nbb: 	Number of bearing balls

nd:	Dynamic eccentricity (0 		for static and 1,2,3…. 			for dynamic)

fr: 	Rotor frequency

bd:	Bearing ball’s diameter

pd:	Bearing pitch

fbbo: Bearing outer race 				fault frequencies

fbbi:	Bearing inner race fault 		frequencies

θ: 	The angle between 				bearing ball and race

s: 	Slip

p: 	Number of poles

P: 	Number of pole pairs





		Rotor winding asymmetries

		

		



		Broken rotor bars

		

		



		Bearing faults

		



For nbb between 6-9, the above equation can be simplified as:







		



		Eccentricity & PSH

		

And for mixed eccentricity:





		



		Inter-turn

short circuit 

		



		







There is a certain discrepancy among the authors that the frequencies shown by 
inter-turn short circuit in table 2.2 really depict the stator winding short circuits as they also appear in case of rotor asymmetries such as broken rotor bars, eccentricities and rotor misalignment etc. However, the authors in [44] claimed that, the formula clearly depicts the frequencies produced by the short circuits as well. Besides, the stator current analysis can also be used for the detection of bad coupling systems between machine and load [46].

[bookmark: _Toc76454206]The fault diagnostics techniques

The fault diagnostics of electrical machines at the embryonic stage are indispensable to avoid catastrophic situations, resulting in complete process failure and substantial economic loss. A variety of fault diagnostic techniques available in literature can be broadly classified into the following categories:

· Current analysis e.g., motor current signature analysis (MCSA)

· Vibration analysis

· Thermal analysis

· Acoustics analysis 

· Electromagnetic field inference 

· Infrared detection 

· Stray flux detection

Almost all advanced condition-monitoring techniques directly or indirectly depend upon those methods.

Since electrical machines are complex systems, several parameters are associated with another; detecting the fault’s exact cause is challenging. Much work has already been done in fault diagnostics, such as MCSA, vibration analysis, thermal analysis, electromagnetic field inference, etc., while MCSA is the most cited in the literature. MCSA’s popularity is caused by its non-invasive nature, simplicity, and compatibility with several signal processing tools. Almost every condition monitoring algorithm depends upon signal processing techniques. The conventional signal processing methods, along with their attributes, are given in Table 2.3. The presented attributes give a more generic comparison in the sense of computational complexity. However, it may vary to some extent from case to case. A detailed application of those techniques during transient and steady-state intervals using various signals can be studied in [47]-[50]. 

Table 2.3. The primary signal processing techniques for fault diagnostics with their corresponding attributes.

		Technique

		Complexity

		Attributes



		DTFT

		Low

		· It can be used on a variety of signals

· Works under the steady-state regime 

· Fails when the signal is non-stationary

· An excellent choice if the fault is modulating the signal in a consistent way 

· It does not depend upon any modeling of the system

· Aliasing and spectral leakage are common problems

· It can be used for fault segregation

· Challenging to implement under varying load conditions

· Cannot give time-frequency analysis

· Discontinuities in the signal can be erroneous

· The choice of truncating window is crucial









		STFT

		Medium

		· Can work under both steady-state and transient regime

· Time-frequency representation is a key feature

· The selection of the proper window is important

· Heisenberg uncertainty is the problem for time and frequency resolution as compared to the wavelet transform

· Increased complexity as compared to DTFT due to moving window

· Inherits the problems of FFT



		Wavelet

		High

		· Can work under both steady-state and transient regime

· Better time-frequency resolution than STFT

· The selection of the mother wavelet is important

· Possess excellent filtering properties as compared to the corresponding DTFT

· Heisenberg uncertainty is still the problem but less than that in STFT

· More complicated than STFT in the sense of required computational power due to constantly moving mother wavelet with different scaling factors

· CWT is much more computationally intense than corresponding DWT







Due to the inevitable inclusion of complex control algorithms and inverters, 
the diagnostic techniques do not remain straightforward [51]-[53]. The drawbacks become worst when there are multiple machine faults, making them almost impossible to be segregated. For example in [48], the authors presented that the rotor’s air ducts can imitate broken bars and cause a false alarm. 

The effective utilization of the machine’s model for parameter estimation and 
fault diagnostic can give promising results that can diminish the earlier mentioned problems. The drawbacks of the model’s complexity and required computational 
power are not a big issue, as the world is moving towards Industry 4.0 and cloud computation, which provides unlimited resources. In the field of inverse problem theory, hardware-in-the-loop, or parameters estimation, the motor’s global parameters, such as speed, torque, or currents, can be used inversely to estimate the design parameters, such as inductances and resistances, etc. [54][IV]. With an increase in the complexity of 
motor structure and control mechanisms, more than one fault diagnostic techniques can be used all together to get maximum benefits.

The Park’s vector-based methods can also be considered as a field of interest for fault diagnostics. The common variants of Park’s vector method with their attributes are presented in Table 2.4 [VII]. 





Table 2.4. The Park’s vector variants and attributes.

		Technique

		Mathematical Calculations

		Memory Required

		Attributes



		Park’s vector (MCSA)

· Extended Park’s vector

· Double park’s vector

· Reduced modulus of extended Park’s vector

· Multiplier Park’s vector

		Medium



		Medium



		· Noninvasive

· Suitable to study various fault conditions 

· Easily implementable under stationary load conditions, however can be applied for varying loads but at the cost of increased complexity

· The supply harmonics can reduce the legibility of results

· The sampling rate can be reduced

· It can be implemented on FPGA and DSP kits

· Segregation of different faults is possible but challenging

· Becomes more complex in case of inverter fed machines particularly DTC controlled machines







With the evolution of powerful computers and cloud computation, advanced diagnostic algorithms are becoming increasingly popular. Most of these techniques depend upon the system’s mathematical model, which increases the complexity on 
the one hand, but reduces the limitations of conventional methods considerably. Some advanced techniques are presented in Table 2.5. The detailed description of most traditional and cutting-edge techniques is discussed in [VII]-[VIII]. Moreover, a very 
well-written state-of-the-art for conditioning monitoring of electrical machines and the future challenges can be found in [55]. 























Table 2.5. Some advanced emerging techniques.

		Technique

		Mathematical Calculations

		Memory Required

		Attributes



		· Sliding mode observers

· Datamining

· Fuzzy Logic, Neuro-Fuzzy

· Neural Network

· Pattern recognition

· Kalman Filter

· Inverse problem theory

· Digital Twin

		High



		High



		· Invasive and non-invasive

· It can be used for faults segregation

· No need for exact measurement of slip, high accuracy

· Mostly model dependent

· Model accuracy matters a lot

· Sophisticated hardware required

· Some techniques remain good with less sampling frequency

· Long measurement time required for techniques like pattern recognition and machine learning

· Extensive data under different faulty scenarios is required to train the AI-based techniques.





[bookmark: _Toc76454207]The modeling of induction motors

[bookmark: _Toc76454208]The dynamic d-q models 

Induction machines work like a transformer with a rotating secondary winding. 
This rotating nature makes the machine parameters time and space-dependent. 
This dependency leads to the varying inductances as a function of the rotor’s position, making the model complicated (for two-axis theory). To solve this complexity,  R. H. Park (1920s), H.C. Stanley (1930s), and G. Krone proposed the solution by transforming stator variables to a winding, rotating with the rotor, rotor parameters to the stator side, and both rotor and stator variables to synchronously rotating frame of reference respectively [56]. In this way, the air gap can be eliminated, and both stator and rotor sides can be considered stationary to each other. Moreover, transforming the number of phases from one coordinate system to another coordinate system with a lower number of the axis can reduce the number of equations. In the following section, a simple d-q model is summarized, and its suitability for fault diagnostics is discussed at the end.

[bookmark: _Toc76454209]Two-axis theory
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Figure 3.1. Three phases to two-phase transformation.

The three-phases (as-bs-cs) in a stationary frame of reference can be transformed into equivalent two phases both in stationary (ds-qs) or rotating (de-qe) frames of references, as shown in Figure 3.1 where superscripts “r” and “s” represent rotor and stator associated phases respectively. This transformation reduces the number and complexity of motor representing equations. The frame of reference is stationary when the rotor parameters are transformed to the stator side. In this case, the model does not remain dependent upon the synchronous speed (ωe=0). While when both rotor and stator parameters are shifted to an arbitrary winding rotating at synchronous speed, the model is known to be in a synchronously rotating frame of reference, where ωe is no longer zero. Similarly, both windings can be shifted to the rotor side, and the model is in the rotor frame of reference. For a better understanding, the motor’s model in the static frame of reference is presented in the subsequent section.

[bookmark: _Toc76454210]Equivalent model of motor
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Figure 3.2. The equivalent circuit diagram of SQIM [56].

The per-phase equivalent circuit diagram of an induction motor is shown in Figure 3.2. Where Rs represents the per phase copper resistance, Lls is the leakage inductance, Lm is the magnetization inductance, Ic and Im are the working and magnetization components of no-load current, respectively, and Ir is the rotor reflected current. This model can be transformed into an equivalent d-q transformation-based T-model with the nonlinear magnetization inductance shown in Figure 3.3.
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Figure 3.3. The equivalent circuit diagram with rotor parameters transformed towards the stator side and the inclusion of non-linear magnetization inductance [56].

[bookmark: _Toc76454211]The state-space model

The equivalent circuit’s state-space model can be constructed easily to study and analyze the motor, using tools such as Eigenvalues, Root Locus, Bode Plot and output responses, etc. The basic state-space model can be defined as follows:

	,	(3.1)

Let the states “x” and the outputs “y” of the system under observation be:

	 ,	(3.2)

	 ,	(3.3)

The state-space model of a three-phase induction motor in a static frame of reference can be constructed as:



		(3.4)



	,	(3.5)

while  ,

where Lm is the magnetization induction, which can be a constant or a nonlinear function of flux and current. The values of different design parameters for an 18-kW squirrel-cage induction motor are given in Table 3.1. These values are analytically calculated as discussed in the subsequent chapters. The saturation effect can be simulated by making the Lm a nonlinear flux and current function, as shown below [57]. The detailed implementation of the model and the non-linear magnetization inductance in Matlab/Simulink is presented in [XII].

		

		(3.6)





where s and β are positive constants defining the saturation level.







[bookmark: _Toc76454212]Results 

The dynamic d-q model allows studying the motor in both steady-state and transient regimes. The transformation of stator and rotor parameters to a common reference frame reduces the complexity of equations. The conversion of three phases to equivalent orthogonal two phases minimizes the number of equations resulting in a comprehensive model. 

Figure 3.4 shows the results starting from an input three-phase voltage, which is first converted into two phases in the static frame of reference as in Figure 3.4 (a)-(b). 

Figures 3.4 (c) and (d) show the simulated d-q currents of the stator and rotor in a synchronously rotating frame of reference, where the effect of load can be easily studied. The calculated stator d-q currents are transformed back to the three-phase system using inverse d-q transformation. The stator current and generated torque are presented in Figure 3.4 (e) and (f), respectively. The speed-torque curve is shown in Figure 3.5, where the motor’s behavior in a steady-state and transient regime can be studied. These models are based on approximations, such as constant inductances, no slotting effects, no saturation, and sinusoidal distribution of stator and rotor windings. This makes them suitable for drive systems because of lower computation time but makes them unsuitable for fault diagnostics because the faults cannot be simulated using these symmetrical models.

Table 3.1. Parametric Values of the motor under investigation.

		No.

		Parameter

		Symbol

		Value



		1

		Stator per phase resistance 

		Rs

		0.1500 Ω



		2

		Rotor resistance referred to the primary side 

		Rr

		0.0546 Ω



		3

		Stator inductance 

		Ls

		0.1229 H



		4

		Magnetization Inductance 

		Lm

		0.1215 H



		5

		Rotor Inductance referred to the stator side 

		Lr

		0.1215 H



		6

		Rotor moment of inertia 

		J

		0.4 kg·m2



		7

		Number of poles

		p

		4



		8

		Terminal voltage

		VL-L

		333 V



		9

		Supply frequency

		fs

		50 Hz



		10

		Friction coefficient

		Bf

		0.002 kg·m2/ sec2





[bookmark: _Toc76454213]Attributes of two-axis theory-based models

Advantages

· Comprehensive

· Suitable for steady-state and transient analysis

· Useful for control and drives

· The fewer number of equations reduce the complexity

· Significantly short simulation time

· It shows an easy way for making forward models, mapping unknown to the observables 

Limitations

· Incompatible for faults implementation without complex changes in the equivalent circuit diagram

· The removal of the air gap reduces its fault-related applications

· The spatial harmonics cannot be considered

· Mostly the wound rotor is considered, having three phases on it.

· Do not consider the position-varying nature of inductances

· It considers the motor as symmetrical, which is not in the case of a faulty machine.

Recommendations

· The winding function approach or finite element method (FEM) based modeling is necessary to study the system's actual behavior and simulate faults.
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Figure 3.4. (a) The three-phase input voltage, (b) The equivalent two phases in the stationary frame of reference, (c) The simulated stator current in a synchronously rotating frame of reference, 
(d) The rotor's current in a synchronously rotating frame of reference, (e) The stator current, 
(f) The generated torque.
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Figure 3.5. The speed-torque curve with a zoomed window representing the effect of load.

[bookmark: _Toc76454214]The winding function-based model

[bookmark: _Toc76454215]Introduction

The d-q modeling-related problems can be eradicated by considering the winding function-based models. In this approach, neither the stator nor the rotor parameters need to be transferred on either side to avoid an air gap. Instead, the stator windings, the rotor windings, and the air gap can be defined analytically and used to calculate various inductances and other motor performance parameters.

a) [bookmark: _Toc76454216]Block diagram for implementation

The induction motor is an intricate system where several parameters are interrelated with each other. It is recommended to follow a systematic way while making its mathematical model. The entire motor parameters can be divided into the rotor, stator, and mutual parameters to avoid complexity, as shown in Figure 3.6. 

On the stator side, the electrical parameters, such as the number of phases, voltage, connection scheme, frequency, and the mechanical parameters, such as the number of slots, dimensions of the slot, and winding configuration, are taken as input and stator per phase resistances, and leakage inductances are calculated. The stator self and mutual inductances are computed using the winding function approach, as discussed in the subsequent section.

 Similarly, the bar and end ring resistances and the leakage inductances are calculated on the rotor side based on the rotor slot’s geometry. The self and mutual inductance among various rotor loops are computed using the winding function approach. For simplicity, the air gap is considered constant by neglecting the stator and rotor slot openings. They will be discussed in the modified winding function-based model section.

All inductances and resistances are calculated and saved in the form of matrices for ease of implementation. In the end, the performance parameters like torque, currents, speed, and rotor position are calculated. The rotor position is used in a feedback manner for the calculation of stator-rotor mutual inductances [X].
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Figure 3.6. The block diagram describing the WFM implementation.

b) [bookmark: _Toc76454217]Block diagram for simulation

In MATLAB/Simulink, the model can be implemented with the help of two functions, responsible for calculating basic parameters, inductances, and their derivatives. One function calculates the constant values depending on the motor’s geometry, such as an effective number of turns per slot and phase, leakage inductances, and resistances. 
The second function is used online to calculate different magnetizing inductances, currents, fluxes, torque, etc. using simple arithmetic operators, as shown in Figure 3.7. The description of the block diagram is as follows;

1. Function 1 is responsible for calculating constant parameters, as given in Table 3.2.

2. Function 2 is responsible for calculating the parameters, as shown in Table 3.3.

3. Simulink arithmetic operators to calculate

I. Stator currents

II. Rotor currents

III. Generated torque

IV. Rotor speed

V. Rotor position

4. Feedback rotor position back to step 2 to calculate inductances at the corresponding rotor position.
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Figure 3.7. The implementation strategy in MATLAB/Simulink.

Table 3.2. The input and output parameters of function 1, shown in Figure 3.7.

		No.

		Input Parameters

		Symbol

		Output Parameters

		symbol



		1. 

		Stator slot dimensions

		-

		The effective number of turns per phase 

		Ns



		2. 

		Rotor slot dimensions

		-

		Magnetization inductance 

		Lm



		3. 

		Number of phases 

		m

		Stator per phase resistance 

		Rs



		4. 

		Number of stator slots 

		Qs

		Rotor bar resistance 

		Rr



		5. 

		Number of rotor bars 

		nb

		Rotor end ring resistance 

		Re



		6. 

		rotor end ring dimensions

		-

		Stator leakage inductance 

		Lls



		7. 

		Stator inner diameter 

		Ds

		Bar leakage inductance

		Lb



		8. 

		Rotor outer diameter 

		Dr

		End ring leakage inductance

		Le



		9. 

		Winding configuration

		-

		

		



		10. 

		Machine’s effective length 

		l

		

		





Table 3.3. The input and output parameters of function 2, shown in Figure 3.7.

		No

		Input Parameters

		Symbol

		Output Parameters

		symbol



		1. 

		Per phase turns (effective) 

		Ns

		 Stator to stator inductances 

		Lss



		2. 

		Magnetization inductance 

		Lm

		Stator to rotor inductances 

		Lsr



		3. 

		Stator per phase resistance 

		Rs

		Rotor to stator inductances 

		Lrs



		4. 

		Rotor bar resistance 

		Rr

		Rotor to rotor inductances 

		Lrr



		5. 

		Rotor end ring resistance 

		re

		Inductance matrix (overall)

		Lf



		6. 

		Stator leakage inductance 

		Lls

		Resistance matrix

		Rf



		7. 

		Rotor bar leakage inductance

		Lb

		inductance matrix Derivative

		dLf



		8. 

		End ring leakage inductance

		Le

		The inverse of the inductance matrix

		invLf



		9. 

		Rotor position

		θr

		

		





[bookmark: _Toc76454218]Mathematical modeling

a) [bookmark: _Toc76454219]The analytical equations 

According to the common reference frame definition, an ideal three-phase induction motor with a sinusoidal distributed stator winding and nb rotor bars can be represented as shown in Figure 3.8 (a). The voltage equations for the stationary three-phase stator and rotating n phase rotor can be described as:

		

		(3.7)



		

		(3.8)





where Vs , Is , Ir , Rs and Rr are vectors containing stator three-phase voltage, stator and rotor currents, stator resistances, and rotor resistances.

In matrix form, these equations can be represented as: 

		

		(3.9)





The equivalent circuit diagram of the rotor is shown in Figure 3.8 (b), for which the voltage equation is as follows;

	(3.10)

The flux equations can be written as:

	 ,	(3.11)
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Figure 3.8. (a) The vector diagram of the motor where the vectors represent the stator and rotor phases, (b) The equivalent circuit diagram of the rotor cage.

where Lss and Lsr are matrices containing stator and rotor self and mutual inductances, as shown below:

 ,

 ,

 ,



The subscripts a, b, c, and r represent entries related to the stator and rotor-associated phases.

Similarly, rotor fluxes can be represented as:

	,	(3.12)





Under the symmetrical condition, the last row and column, containing end ring resistance and mutual inductances, can be neglected because the net current in the end ring is zero, but it can lead to a problem of singularities in the simulation while taking the inverse of matrices. Moreover, they are necessary for the implementation of end 
ring-related faults.

b) [bookmark: _Toc76454220]Resistances calculations

The per-phase stator resistances can be calculated by considering the number of turns per phase, per turn resistance, and the length of a single turn, along with the number of parallel paths. The slot area and filling factor can help in this regard.

The following equations calculate the cross-sectional area of the conductor:



	 ,	(3.13)

	 ,	(3.14)

where SA is a slot area, from where the effective slot area (ASA) can be calculated by multiplying it with the filling factor (FF), Nc is the number of conductors per slot, and Ac is the conductor cross-sectional area. The average length of a single turn (lav) can be calculated using an analytical expression [58].

	,	(3.15)

where l is the effective length of the machine, and W is the average coil span. The stator’s per-phase DC resistance can be calculated as: 

		

		(3.16)





where Ns is the effective number of turns per phase, a is the number of parallel paths. Ns can be calculated as a function of the total number of series turns per phase (Nt) and winding factor (Kw = KpKdKs) as described by the following equations:

		

		(3.17)





where Kp, Kd, and Ks are pitch, distribution, and skewing factors, respectively, and can be calculated using the following formulas [58]:

		

		(3.18)



		

		(3.19)



		

		(3.20)





where  is vth harmonic, W is average coil span in meters, τp is pole pitch in meters, m is the number of stator phases, Qs is the number of stator slots, P is the number of pole pairs, and s is arc length between two consecutive rotor bars.

The rotor bar and end ring resistances are calculated using the conventional resistivity formula. The resistance of the end ring sector (re) between two consecutive rotor bars is calculated by dividing the total end ring resistance (ret) with the total number of rotor bars.

	 .	(3.21)

c) [bookmark: _Toc76454221]Leakage inductances

In electrical machines, total flux can be divided into two parts, magnetization, and leakage flux. The magnetization flux (φm) is responsible for generating air gap flux linkage (Ψm) between rotor and stator and participates in energy conversion. The leakage flux (φl) creates leakage flux linkage (Ψl) and is associated with both stator and rotor as stator leakage flux (φsl) and rotor leakage flux (φrl). It is a common perception about leakage flux that it has a negative role in electrical machines due to an increase in the losses, which is not always true. This argument can be justified because the transient inductance of induction motors depends mainly on leakage inductances given by the following equation [X]. 

		(3.22)

These leakage inductances should be calculated carefully because any error in their calculation can lead to a wrong transient analysis of the motor. When this inductance is considered zero, both torque and speed become zero during the transient interval.

The leakage induction of a machine can be divided into air gap leakage inductance (Lg), slot leakage inductance (Lq), tooth tip leakage inductance (Lt), end winding leakage inductance (Lew), and skew leakage inductance (Lsq), as shown by the following equation.

		(3.23)

The asynchronous machines hold the following inequality.

		(3.24)

The analytical formulas to calculate those inductances are given below, whereas their detailed explanation can be found in [58]. The end winding leakage inductance can be calculated using the following formula.

		

		(3.25)



		

		(3.26)





where lew and Wew are winding axial length outside of the stator and coil span, respectively. λ1ew and λew are the corresponding permeance factors which are 0.50 and 0.20 for motor under consideration, Qs is the number of stator slots, Zq is the number of conductors per slot, m is the number of stator phases, a is the number of parallel paths per phase and q is the number of slots per pole and phase.



Table 3.4. Slots dimensions of the machine under the investigation [IV].

		Slot

		Geometry

		Dimensions (mm)



		Stator 

		



		

· B11 (2.8)

· B12 (4)

· B13 (6.8)

· H1 (28.3)

· H11 (0.7)

· H13 (24)



		Rotor 

		



		

· B21 (1)

· B22 (4.4)

· B23 (2)

· H21 (0.2)

· H23 (12)





The slot leakage-inductance depends upon the geometry of the stator-slots and is calculated using the following formula.

		

		(3.27)





where λu is the permeance of the stator slot and can be calculated as:



		

		(3.28)





where “H” and “B”s are dimensions of the slots, as shown in Table 3.4.

The air-gap leakage inductance is calculated using the following formula.

	 ,	(3.29)

where leakage factor σδ depends upon the number of the poles of the machine. 
It decreases with the increase in slots per pole and phase. For a 3 phase and 48-slot induction motor, the leakage factor is taken as 0.01 for four-pole and 0.0025 for two poles. The tooth tip and skewing leakage inductances are neglected, as they are negligible compared to end winding, slot, and air gap leakage inductances.

The end-ring leakage inductance of the rotor can be calculated as:



		

		(3.30)





where ν = 0.36 for two-pole and ν = 0.18 for more than two-pole machines.

d) [bookmark: _Toc76454222]Inductances

I. [bookmark: _Toc76454223]Stator self-inductance

The self and mutual inductances associated with various coils are calculated using a conventional winding function approach [18][X].

		

		(3.31)





where Lij(θ) is the inductance between phases i and j at a specific rotor position, θ is the rotor’s angular position to some reference point, φ is some point along the air gap with respect to the stator. g-1(φ, θ) is the inverse air gap function, Ni(φ, θ) is the winding function of the ith coil. The winding function of any phase can be calculated as [59].

	 ,	(3.32)

where ni(φ, θ) is the turn function of the coil, which is spatially distributed along the stator or rotor surface and < ni(φ, θ) > is the average of this turn function. Since the shape of the turn function depends upon the reference point, it is advisable to make it so that it fulfills the even symmetry as in equation (3.33). 

	 ,	(3.33)

		

		(3.34)





where θ* = 0, is the unique angle for which Ni(0) has a maximum value and ensures the function's even symmetry. However, this problem can be solved by transforming the integral-based winding function formula into the mean value equation described in the subsequent sections.

For a full pitch sinusoidal distributed stator winding, the per phase winding function can be represented by the following equation, as shown in Figure 3.9.

		

		(3.35)





Ns is the effective number of turns per phase in the stator, p is the number of poles and θe is the electrical angle.
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Figure 3.9. (a) The simplified turn function of the stator, (b) The corresponding winding function.

For a constant air gap, the magnetization inductance can be calculated as in (3.36). Whereas the magnetization inductance is the inductance of a single-phase without considering the rest of the phases plus its leakage inductance.

		

		(3.36)





For even wave symmetry, the number of cycles can be reduced to half by multiplying the integral by 2.

		

		(3.37)







		

		(3.38)





With the same windings in all stator phases, all the rest of the phase’s self-inductance can be considered the same and symmetrical.

	,	(3.39)

II. [bookmark: _Toc76454224]Stator mutual inductances

Different stator phase windings are α (2π/3) electrical radians apart from each other, 
as shown in Figure 3.10. The mutual inductance can be calculated as follows.

		

		(3.40)
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Figure 3.10. The corresponding winding function of two phases to calculate mutual inductances.

After integration and simplification:

		

		(3.41)





For ease of implementation, this equation can be converted as a function of magnetization inductance.

		

		(3.42)





So, for a symmetrical three-phase system, the mutual inductances are half of the magnetization inductance with negative polarity.

		

		(3.43)





III. [bookmark: _Toc76454225]Rotor to rotor self and mutual inductances

The following conditional analytical function represents the turn function of one rotor loop.

		

		(3.44)



		

		(3.45)



		

		(3.46)





where αr = 2π/nb is the angle between two consecutive rotor bars. The following equation shows the winding function of a single loop analytically shown in Figure 3.11.

		

		(3.47)
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Figure 3.11. (a) The rotor turn function of a single loop, (b) The corresponding winding function.











The following equation shows how to calculate the self-inductance of the rotor’s kth loop.

		

		(3.48)









		

		(3.49)





Similarly, the mutual inductance between any two-rotor loops can be calculated based on the winding functions shown in Figure 3.12 (a). 

		

		(3.50)









		

		(3.51)





As discussed earlier, the conversion of the inductance expressions as a function of the magnetization inductances reduces the complexity during their implementation in the simulation program. Equation (3.51) can be transformed as follows:	

		

		(3.52)



		

		(3.53)





IV. [bookmark: _Toc76454226]Stator to rotor mutual inductances

The mutual inductance between the rotor and stator is the function of the rotor’s position and can be calculated using the stator and rotor winding functions, as shown in Figure 3.12 (b).
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Figure 3.12. (a) The rotor winding functions of two loops to calculate mutual inductances, 
(b) The rotor and stator winding functions with even symmetry for the calculation of mutual inductances.

		

		(3.54)





Even symmetry can be exploited to reduce the limit of integration. This can be done by multiplying the integration function by “p” while dividing the absolute limit with the same number.



		

		(3.55)



		

		(3.56)





Since the rotor is rotating, the above equation can be represented in a general way as a rotor position function, as shown below.

		

		(3.57)





The last term (αr/2) is for completing the angle skipped for symmetry, θr is the rotor position, and “i” represents the ith rotor bar.

[bookmark: _Toc76454227]Torque and speed

The final equations in the form of matrices can be represented as:

		

		(3.58)





From where currents can be calculated as:

		

		(3.59)





Since,

		

		(3.60)





In the matrices form for a p pole machine:

		

		(3.61)



		

		(3.62)



		

		(3.63)





where p is the number of poles while the derivative of Lss and Lrr is zero as they are constant. Moreover, unlike equation (3.60), the equations (3.61)-(3.62) are divided by 2 to remove the effect of double terms as evident in (3.63). Finally, the rotor speed can be calculated using the following equation.

		

		(3.64)





where J is the moment of inertia of the rotor, ωm is the rotor’s angular velocity. Te is the generated torque, TL is the loading torque, Bf is the friction coefficient.

[bookmark: _Toc76454228]Results

Unlike two-axis theory-based models, the WFM-based model is adequate to simulate stator and rotor-related observables without the need for reference transformation. Figure 3.13 shows the dynamic analysis of motor for some global parameters under 
no-load and loaded conditions. The currents of the first fifteen rotor bars are shown in figure 3.13 (a).  The rotor current’s magnitude and frequency are the functions of slip, evident in Figure 3.13 (a). The magnitude of current increases considerably upon the application of load at time 6sec with the increase in frequency as a function of slip and supply frequency (sfs). The stator currents are shown in Figure 3.13 (b), where the load effect is evident. The rotor speed is presented in Figure 3.13 (c), where the brown line shows the synchronous speed (157 rad/sec) for the four-pole machine, while the blue line represents the rotor’s mechanical speed. The dynamic response of generated torque is given in Figure 13.3 (d). it shows a peak generated toque of 220N-m, while in the steady-state regime, it is the function of load. Under the no-load condition, it is minimal to produce a slight slip to overcome friction. The speed-torque curve is shown in Figure 3.14, where the shift of operating point from no-load to load and again back can be easily studied. The broken bar is simulated by increasing the resistance of relevant entries in the rotor resistance matrix, as shown in equation (3.10); however, the detail is coming in the next section. In the faulty rotor, the speed and torque are no longer constant but start oscillating, as shown in Figure 3.14. In this model, the only harmonics are because of the faulty rotor while the rest of the harmonics are neglected for simplicity.
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Figure 3.13. (a) The rotor currents of first 15 bars, (b) The stator currents under no-load and load conditions, (c) The rotor speed, (d) generated torque.
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Figure 3.14. The speed-torque curve and rotor speed under healthy and one broken bar cases.

[bookmark: _Toc76454229]Attributes of WFA 

Advantages

· Comprehensive

· Fast

· Least ill-posed due to small-sized matrices as compared to FEM or reluctance models

· Compatible for the simulation of the following faults

· Broken rotor bars and end rings

· Intern stator short-circuit faults

· Unbalanced power supplies

Compatible with

· Drives

· Hardware in the loop environment

· Parameters estimation

· Steady-state and transient analysis

· Design to some extinct

· Inverse mapping from observables to the unknowns.

Limitations

· Sinusoidal stator winding distribution. However, it can be converted to the actual winding with the Fourier summation of various harmonics. However, 
it leads to the self-defined number of harmonics and their amplitudes.

· Constant air gap. The inverse air gap can be included using the Taylor series, 
but it will lead to the approximation as its solution leads to an infinite sum of 
higher-order terms. 

· Not possible to simulate eccentricity fault with constant inverse air gap permeance function.

· The slotting effects of rotor and stator cannot be simulated accurately with constant inverse air gap permeance function.

Recommendations

· Modified winding function approach.

[bookmark: _Toc76454230]The modified winding function-based model

[bookmark: _Toc76454231]Introduction

The winding function theory has been extensively used in literature to model and analyze electrical machines summarized in the previous section in the form of premade equations suitable to simulate any SQIM. The authors in [60]-[64] are the pioneers of this field. They used it to model and analyzed two-phase induction motors, linear inductance motors, three-phase squirrel cage induction machines, and synchronous reluctance motors.

The authors in [16] have extended the winding function approach and made it suitable for implementing a non-uniform air gap. Using this modified winding function approach, the stator and rotor slots openings and eccentricity faults can be easily modeled. Unlike the analytical approximation as in [16] and [65], in the proposed model, the air gap permeance is calculated numerically by considering the slot openings as a function of rotor and stator angles. Moreover, the integration-based functions are reduced to the mean value function for complexity reduction. For more accurate results, the air gap center is not taken as constant but calculated as a mean function of stator and rotor air gap functions. The implementation strategy is shown in Figure 3.15, where the entire scheme is divided into online and offline calculation portions. In the offline portion, all inductances and resistances are calculated at different rotor positions, while in the online portion, the performance parameters are simulated [II],[IV].

[image: ]

Figure 3.15. The flowchart diagram of modeling and simulation.

a) [bookmark: _Toc76454232]Inductances calculation using MWFA

Since the inductances are also dependent on the inverse air gap permeance P, which is not constant but is a function of stator and rotor slot openings, the (3.32) can be modified as [16].

		

		(3.65)





where < f > is the average or mean value as shown below:

		

		(3.66)





For a p pole machine, the formula can be modified as follows, but the answer will remain the same because (2π) mechanical angle is equivalent to (pπ) electrical angle.

		

		(3.67)





So, the Equ. (3.31) can be modified in electrical angle as follows:

		

		(3.68)





Which can be written as:

		

		(3.69)







Or,

		

		(3.70)
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b) [bookmark: _Toc76454233]Air gap calculation

The inverse air gap permeance P can be defined as:

		

		(3.72)





where gs (θe), gr (θe, α), (gs (θe) +gr (θe, α)) and P (θe, α) are air gaps associated with the stator, rotor, equivalent and inverse air gap permeance functions in stator frame of reference respectively. Moreover, θe is the stator’s electrical angle from any fixed reference point, and α is the rotor angle in the stator reference frame. 

The stator and rotor-linked air gaps are calculated by taking the center of the machine’s air gap as a reference line. In this way, the total air gap can be divided into the stator and rotor-associated air gaps. The slot opening without any conductor of winding on the stator side is used to change the air gap as a function of the stator’s electrical angle. This change is in the form of an increase in the air gap, equivalent to the slot opening height without winding. Similarly, rotor bar depth is used to change the rotor’s associated air gap. Both air gaps are added together to get the equivalent air gap at each rotor position. These air gap functions for one stator and rotor slot can be defined as follows [IV]:

		

		(3.73)



		

		(3.74)





where B11, Btt, B21, Brt, h11, h21, rg are the width (in terms of angle) of the stator slot opening, stator tooth tip, rotor slot opening, rotor tooth tip, stator slot depth without winding, the rotor bar depth, and the height of air gap center respectively as given in Table 3.4. Figure 3.16 (a)-(b) shows the stator and rotor-associated air gaps until (2π) electrical angle, which is equivalent to half of the mechanical geometry since the machine is four-pole. The net air gap with its inverse function at a specific position is also shown in Figure 3.16 (c)-(d), where the distinguished (extended) lines are representing the points where rotor and stator slot openings overlap with each other. rg is the average air gap radius and can be calculated as:

		

		(3.75)





For the inclusion of the effect of rotor and stator slots openings, the above equation can be modified as follows:

		

		(3.76)
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Figure 3.16. The air gap function of (a) the stator (gs), (b) the rotor (gr), (c) the net equivalent (gs+gr), and (d) the inverse air gap function at a specific rotor position.

c) [bookmark: _Toc76454234]Stator and rotor winding functions

The turn function of the stator phase ‘a’ can be defined as a conditional analytical expression, as given below.

		

		(3.77)





Zq is the number of conductors per stator slot, Qpp is the number of slots per pole and phase, Qs is the total number of stator slots, and i is the integer. This conditional analytical function can be used to generate the turn function of the stator. The remaining two-turn functions can be produced by shifting it to (2π/3) and (4π/3), respectively. 
In this case study, there are 17 conductors per slot and 4 slots per pole and phase. 

As discussed previously, the corresponding winding function can be calculated by subtracting the respective mean value from the turn function. The stator and rotor winding functions are shown in Figure 3.17. The rotor turn and winding functions are discussed in detail in the previous section.
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Figure 3.17. The winding functions (a) a three-phase stator, (b) one loop of the rotor.

[bookmark: _Toc76454235]Results

a) [bookmark: _Toc76454236]Inductances

[image: ]

Figure 3.18. The calculated inductances, (a) stator to stator self (Laa), (b) stator to stator mutual (Lab), (c) stator to the rotor (Lar), and (d) rotor to rotor (Lrr) concerning the rotor position.

The stator and rotor’s self and mutual inductances are no longer constant but are the rotor position’s functions. Similarly, stator and rotor mutual inductances are no more pure sinusoids but contain the winding and slotting harmonic’s impact. Various self and mutual inductances as a function of rotor position are shown in Figure 3.18, where the effect of slot openings is evident. The rotor position is in electrical degrees, which is 
360 degrees per pole pair. 

b) [bookmark: _Toc76454237]Inductance derivatives

Figure 3.19 shows the derivatives of the stator and rotor inductance profiles. Unlike the WFA based model, the derivatives of self-inductance are no longer zero because of the changing inductance profiles as a function of the rotor position. The rate of change or derivative, increases with the increased change in the corresponding inductance.
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Figure 3.19. The derivative of the (a) stator to stator self (Laa), (b) stator to stator mutual (Lab), (c) stator to the rotor (Lar), and (d) rotor to rotor (Lrr) with respect to the rotor position.

c) [bookmark: _Toc76454238]Torque and speed 

The rotor speed and the generated torque both in the steady-state and transient regime are shown in Figure 3.20 and Figure 3.21, respectively. 

[image: ]

Figure 3.20. The rotor speed.

The effect of spatial harmonics is significant under load conditions, as shown in the zoomed window. This is due to the relation between the slip and slotting frequency components. Under loading conditions, the slip increase is visible as a difference between synchronous speed (ωs) and rotor speed (ωr) in Figure 3.20. This increase in slip increases the amplitude of rotor frequencies with a resultant increase in the torque and speed ripples.



[image: ]

Figure 3.21. The generated torque.

d) [bookmark: _Toc76454239]Stator currents

Figure 3.22 (a) shows the dynamic response of the stator’s current under the transient and steady-state regime. The current is not pure sinusoidal but contains the winding and spatial harmonics shown in Figure 3.22(b).
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Figure 3.22. (a) Stator’s current dynamic response, (b) Stator’s current at a load of 125N-m.

e) [bookmark: _Toc76454240]Rotor currents 
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Figure 3.23. (a) Current of first ten rotor bars, (b) rotor bars current at rated load.

According to the induction motor’s fundamental working principle, the generated voltage and current in rotor bars depend upon the changing flux linkage. This rate of change of flux depends upon the slip, which is the function of load. Figure 3.23 (a) depicts the dependence of the rotor current’s magnitude and frequency on load. The current of each rotor bar is shifted because of the mechanical separation between two consecutive bars. Other than the fundamental rotor frequency component, these bar currents also contain spatial harmonics, as shown in Figure 3.23 (b). The 180 degrees phase shift between the currents of rotor bars under two consecutive poles, as shown in Figure 
3.24 (b), further proves the model’s validity. The change in the rotor bar current at the load application is visible in Figure 3.24 (a). During the no-load condition, the frequency of the fundamental component is minimal because of low slip. However, the low amplitude high-frequency components are present in the current, as shown in the zoomed window. Those components are because of the asynchronously rotating magnetic field due to high-frequency spatial components. When the load is applied at 
3 Sec, the fundamental component increases both in amplitude and frequency.
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Figure 3.24. (a) Change in bar current at the application of load at 3sec, (b) The currents of rotor bars at one pole pitch.

[bookmark: _Toc76454241]Finite Element Method (FEM) in comparison with MWFA

[bookmark: _Toc76454242]Introduction

The finite element method (FEM) is a numerical technique to solve partial differential equations or boundary value problems. FEM divides any large system into n-small parts called finite elements. Each finite element is represented with an adequate number of nodes. The solution of all those nodes leads towards the overall solution to the problem. With the increase in computational power, numerical models such as FEM are gaining more and more popularity in the field of modeling and simulations. Those models are good approximations of an actual system, as they consider all possible parameters, but at the cost of complexity, long computational time, and ill-posedness. The numerical model of the induction motor relies on Maxwell’s equations:

		

		(3.78)
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where E is the electric field strength, B is the magnetic flux density, D is displacement current, H is the magnetic field strength, J is the current density, ν is the magnetic reluctivity of material and σ is its electric conductivity.

By assuming that the magnetic field lies in an x-y plane, varies sinusoidally in time, and induces currents in the z-direction, the vector potential A distributes in the machine according to the following equation [66]:

		

		(3.82)





Suppose the rotor and stator laminations’ conductivity is considered zero, and the reluctivity of conducting regions is equivalent to a vacuum. In that case, the electric scalar potential and voltage equation of a conductor can be represented as [67][68]:

		

		(3.83)



		

		(3.84)





where u is the voltage over the conductor of length l, i is current, R is the dc-resistance. Almost all FEM based software rely on Maxwell equations for the solution of an electromagnetic problem. Some results that are simulated using FEM and proposed model is presented in the following section while their detailed description is in the next chapter.



[bookmark: _Toc76454243]Broken bars simulation in FEM and proposed model

The broken bars are simulated by adding a series resistance of 1 MΩ in-circuit editor of FEM in a commercial software (Infolytica) with a considerable number of mesh elements with additional resistance and reactance for the compensation of the end windings [III],[IV]. The same is done by increasing the resistance of the bar-related entries in the resistance matrix of the proposed model (Figure 3.25), which is made using the equivalent rotor circuit model, as shown in Figure 3.26 (a)-(b). The broken bars can be imitated by replacing the bar with air. But it can lead to the problems such as the partially broken bars cannot be simulated; also, the ideal infinite air electrical resistance cannot be adjusted in the analytical resistance matrix. Since the inductances do not depend upon the rotor bar’s resistance, they do not need to be calculated again. Changing the resistance matrix’s respective elements can simulate the broken bar scenarios, further reducing the simulation time as inductances do not need to be calculated again (unlike commercial FEM).

[image: ]

Figure 3.25. The rotor resistance matrix with broken bar-related entries shown in red.
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Figure 3.26. (a) The broken bar approximation in Infolytica circuit editor, (b) The cage structure, and the broken bar simulation in the proposed model.

[bookmark: _Toc76454244]Simulations

The FEM-based simulation of a three-phase induction motor with the parameters given in Tables 3.1 and 3.4 is performed under healthy, one, and two broken rotor bar conditions. Since the simulation is performed using 2D field analysis, the ignored end windings are compensated by adding additional resistances and inductances in series with coils. The per-phase stator coils are series and parallel connections of copper strands making current density uniformly distributed. The simulation is performed at rated load under constant speed. The flux distribution under healthy and two broken rotor bar conditions is shown in figure 3.27 (a)-(b).
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Figure 3.27.  (a) Flux distribution under healthy condition, (b) The flux distribution under one broken rotor bar condition.

It is evident that the flux density increases across broken bars, putting the adjacent bars under increased magnetic stress [V][VI][X][68]. The increase in the neighboring bars’ current makes the machine vulnerable to harm more bars in time if the fault is not timely diagnosed and repaired.
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Figure 3.28. (a) The line currents simulated using FEM software, (b) The line currents simulated using the proposed model, (c) The phase voltage calculated using FEM software, 
(d) The simulated phase voltage using the proposed model.

Figure 3.28 shows the motor’s current and phase voltage simulated using FEM and the proposed MWFA model under rated load conditions. In the FEM model, the results are taken with a stepping rotor having a step size of 0.033 ms for two seconds with 5328 mesh elements. The current seems distorted because of time and slot harmonics. 
The simulation results taken from the proposed model with the same sampling frequency show a good agreement with the results simulated using FEM but with a considerably reduced simulation time given in Table 3.5.

This similarity is because of the inclusion of all potential harmonics’ sources, such as the non-sinusoidal distribution of stator and rotor windings and the slotting effects. These calculations are done at rated load (125Nm). Further validation is performed using spectrum analysis and is given in the subsequent chapter.  

The simulated speed under healthy and broken rotor bar cases is shown in Figure 3.29. These simulations are done at rated slip (0.066), where the similarity of results is visible. In both FEM (left) and proposed model (right), the speed oscillation increases with the number of broken bars. The generated torque also possesses a minimal difference.  



Table 3.5. Comparison of simulation time.

		Model

		Computer Specs.

		Simulation time



		MWFA [IV]

		Intel(R) Core (TM) i7-7500 CPU

		3 minutes



		Hybrid with cluster computation [II]

		

		4 hrs



		FEM

		

		12 hrs

(1-time step / 0.72 Sec)
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Figure 3.29. The speed and torque simulated using FEM software (left) and the proposed model (right).

[image: ]

Figure 3.30. (a) The current in rotor bars placed at one pole pitch (FEM), (b) The current in bars at one pole pitch calculated using the proposed model.

The currents in the rotor bars placed at one pole pitch are shifted at an angle of 180 degrees in both FEM and the proposed model, as shown in Figure 3.30 (a)-(b).

[bookmark: _Toc76454245]Attributes of MWFA

From the results and discussion following attributes can be concluded:

· Unlike most of the work cited previously, where only low-order harmonics are considered in the form of Fourier summation of certain sinusoids with a specific frequency and amplitude. In the proposed model, the actual stator and rotor winding functions are defined in conditional analytical expressions. This approach makes the model independent of the selective number of frequency components and does not limit the spectrum bandwidth. 

· The air gap is made as a function of rotor and stator slot openings, including spatial harmonics. Moreover, the inclusion of the air gap as a function of stator and rotor angles makes the model suitable for implementing air gap-related faults, such as eccentricity. 

· The inclusion of rotor slot harmonics makes the model suitable for sensor-less speed drive systems. The principal slotting components can be studied and utilized for the estimation of slip.

· The principal slotting harmonics (PSH) have less spectral leakage than the fundamental component, making them a potential candidate for fault detection, even under fewer load conditions. The fault-based frequency components developing near PSH are less vulnerable to be buried under them as it happens near the fundamental component.

· The separate modeling (offline) and simulation parts (online) can further reduce the complexity and calculation time. Once the inductances are calculated, most of the faults can be simulated by making corresponding online environment changes without doing offline calculations again.

· The compatibility of the model with cluster computation makes it suitable to exploit distributed computational resources such as cloud computation. By doing so, the simulation time can be further reduced to a range of seconds [II].

· The model is so generic that most of the fault types, such as broken rotor bars, static and dynamic eccentricity, and stator short circuits, can be simulated. 

· In comparison with FEM, the minimal simulation time makes the model suitable for advanced diagnostic algorithms, such as iterations-based estimation of design parameters, hardware-in the- loop, inverse problem theory, and other model-based diagnostic procedures. 

· The model is also suitable for the iterative optimization of various design parameters, such as winding functions, slot openings, air gap, etc. The achieved results are in good agreement with the ones taken from the FEM model and laboratory measurements. The detailed comparison is presented in the next chapter.

· As the matrices are very small in dimension as compared to the FEM-based matrices, the solution of inverse mapping can be least ill-posed by producing stable and unique solutions.

[bookmark: _Toc76454246]The compatibility with cluster computation

[bookmark: _Toc76454247]Introduction

As the world moves towards industry 4.0 standards and cloud computation, computational resources are becoming unlimited. These resources can be in the form of software applications, processing power, and data storage. All these resources are essential for big data-based advanced diagnostic techniques such as machine learning [69], deep learning [70], parallel autonomous mining [71], image processing [72], online wireless monitoring through smart sensors [73], and neural networks [74][75][76], etc. The basic building blocks of cloud computation are infrastructure as a service (IaaS), platform as a service (PaaS), and software as a service (SaaS). Those building blocks 
can be utilized for ample data storage, costume software development, and computer application utilization, respectively [II].

To further reduce simulation time of the proposed analytical and hybrid FEM-analytical, the concept of parallel processing by utilizing the cluster of computers can be exploited. Unlike most of the researches where the simulation speed of the models is increased either by exploiting the symmetry (which is not valid in the case of faulty machines) or by data interpolation using the model order reduction [77][78][79]. The proposed model is compatible for division among several processors working together to solve the problem and send back the results to the client machine. All inductances are calculated by the proposed analytical model or by magneto-static solution (hybrid FEM-analytical) of the machine at several rotor positions. The calculated inductances are saved in the 3D lookup table as a function of the rotor position, as shown by the offline portion in Figure 3.15. The online portion will remain the same for the simulation of observables.

a) [bookmark: _Toc76454248]Cluster formation

Parallel computing is a form of concurrent computing where several workouts can be performed in overlapping periods. Generally, any significant problem can be divided into n-small problems, which can be solved simultaneously. Unlike traditional serial programs, the divided problem segments should be independent of each other to run on different processors, and the solutions can be combined on the client machine at the end. The general schematic diagram of distributed parallel computation is shown in Figure 3.31.

[image: ]

Figure 3.31. The cluster formation and utilization for parallel processing.



The client machines, job scheduler, WIFI or LAN network, and the worker processors are the core parts of the distributed cloud computation. The job scheduler’s function is to divide and distribute the segments of the bigger problem into cluster computers. 
The cluster computers can further divide their portion among their cores in the same manner. 

b) [bookmark: _Toc76454249]Implementation strategy

Since the solution at a distinct rotor position is independent of the solution at subsequent rotor positions, the total “n” rotor steps can be divided into various segments. 
The proposed analytical or FEM based magneto-static problems of different rotor position sectors such as, (0 →θi), (θi →θj), ….( θn → θn+1), (θn+1 →2π) can be divided among the workers for parallel processing. All the nested loops in the proposed algorithms are prepared so that the solution of each step is independent of the solution of subsequent rotor steps [II]. 

[image: ]

Figure 3.32. The division of rotor steps among various computers and their cores for parallel computation and the procedure of inductance calculation using FEM-based magneto-static solution.

Figure 3.32 shows the implementation strategy. The client computer in Figure 3.32 (a) divides the n rotor positions into groups. Every group is assigned to a computer where it is further divided among its cores. The inductances can be solved for corresponding rotor positions using the proposed analytical model or using magneto static solutions, as in Figure 3.32 (b). The calculated parameters will send back to the client machine, where they will be saved in the 3D lookup tables and used by the online portion. By doing so, the simulation time shall be reduced considerably. The detailed description of the model with results and discussion is presented in [II].



[bookmark: _Toc76454250]The test rig and the spectrum analysis

[bookmark: _Toc76454251]Measurement Setup 

For experiments and measurements, two test rigs with different motors are prepared. Each measurement setup consists of two identical motors with the parameters given in Tables 4.1 and 4.2. One machine is under investigation while the other is acting as a load. Both machines are mounted on the same mechanical base and coupled through their shafts, as shown in Figure 4.1 and Figure 4.2. The loading machine is fed through the inverters to improve its controllability for various load levels. Grid and industrial inverter working under different control mechanisms feed the machine under investigation. 
The stator currents and voltages are measured using the Dewetron transient recorder. The measured signals’ sampling frequency is 10 kHz for the grid and 100 kHz for inverter fed cases, and the measurement time is 70 seconds, giving an excellent resolution of the frequency spectrum. 

[bookmark: _Toc76454252]Case 1
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Figure 4.1. (a) The block diagram, (b) The experimental measurement setup.

Table 4.1. The specifications of motor 1.

		Parameter

		Symbol

		Value



		Number of poles

		p

		4



		Number of phases

		φ

		3



		Connection

		Y-Δ

		Star



		Stator slots

		Qs

		48; non-skewed



		Rotor slots

		Nb

		40; skewed



		Terminal voltage

		V

		333V@50 Hz



		Rated slip

		S

		0.0667



		Rated power

		Pr

		18 kW@50 Hz





[bookmark: _Toc76454253]Case 2
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Figure 4.2. (a) The rotor with two broken bars, (b) The rotor with three broken bars, (c) The test bench with loading motor on the right side and test motor on the left side.

Table 4.2. The specifications of motor 2.

		Parameter

		Symbol

		Value



		Number of poles

		p

		4



		Number of phases

		φ

		3



		Connection

		-

		Delta



		Stator slots

		Qs

		36; non-skewed



		Rotor bars

		Nb

		28; skewed



		Rated voltage

		V

		400V@50 Hz



		Rated current

		I

		8.8A



		Rated power

		Pr

		7.5 kW @ 50 Hz







[bookmark: _Toc76454254]The spectrum analysis of stationary and non-stationary signals

Regarding frequency-time relation, the motor’s global signals such as voltage and current can be broadly classified into stationary and non-stationary signals. In stationary signals, the frequency components do not change their value across the entire signal. The signal under the steady-state regime is the best example of stationary signals, particularly if the machine is grid-fed. These signals are easy to handle, and simple DTFT is enough to determine the components if necessary. The stationary signals sometimes do not possess enough information about faults in them. For example, suppose the motor is working under no-load or more minor load conditions. In that case, the faulty signals potentially hide under the frequency lobe of the fundamental component, and it is tough to detect them. The same is true if the motor is being fed by some drive system whose close loop control system attenuates them to reduce the torque and speed ripples. These problems can be avoided by doing the signal analysis under the transient regime. In the transient regime, most of the signals are non-stationary. It means that the frequency components change their value across the course of the transient period. The non-stationary signals cannot be handled using simple DTFT, but the time-frequency analysis becomes essential. So the selection of appropriate techniques out of the basic signal processing algorithms mentioned in Table 2.3 is crucial. These signal processing tools under various conditions can be found in [VII, VIII]. Moreover, the basic flowchart for improving the resolution by reducing fractional starting and ending cycles, DC offset, and the low sampling frequency is shown in Figure 4.3.
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Figure 4.3. The flowchart diagram for resolution improvement.

[bookmark: _Toc76454255] The segregation of motor current harmonics

The majority of MCSA based fault diagnostic techniques depend upon the segregation of frequency components in the spectrum of signals such as current, voltage, torque, speed or vibration, etc. In currents and induced voltages, which directly affect speed and torque, the primary sources of harmonics are presented below.

[bookmark: _Toc76454256]The winding and space harmonics

Unlike ideal induction machines, where the stator and rotor windings are supposed to be sinusoidally distributed, it is not valid in practical machines. There are various types of stator winding configurations in practical machines, and the rotor also has a cage structure. The slots’ openings both on the stator and rotor side are another cause of harmonics. This happens because the air gap does not remain uniform but becomes the rotor position's function, as described in the previous chapter. 
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Figure 4.4. (a) The stator winding function, (b) The corresponding frequency spectrum.

These reasons give rise to harmonics called winding and spatial harmonics. The most prominent spatial harmonics are the rotor or principal slotting harmonics. Although these harmonics have drawbacks as they increase the speed and torque ripples, they can be used constructively for fault diagnostics. Being weak in amplitude, these harmonics have less spectral leakage than the fundamental component having less capability to bury the faulty frequency components beneath them. The frequency analysis of stator winding in Figure 4.4 (a)-(b) shows various other harmonics in the spectrum along with the fundamental component.

[bookmark: _Toc76454257]The supply fed harmonics

The supply is the potential source of harmonics that should be considered effectively while segregating the spectrum’s frequency components. In the case of electrical machines, the use of frequency converters is increasing day by day. The inverters produce a voltage, which is the approximation to the sinusoidal wave shape. The grid and industrial inverter-based measured voltage and their corresponding spectrum with the attenuated fundamental component are shown in Figure 4.5.
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Figure 4.5. The grid voltage with the corresponding spectrum (left), the industrial inverter voltage with the corresponding spectrum (right).

The grid voltage harmonics depend upon the quality of the power network. However, mainly it contains the odd multiples of the fundamental component. In the inverter-fed voltage, the total harmonic distortion is much higher than that of the grid. It makes the detection of small amplitude fault-based frequency components challenging using simple diagnostic algorithms.

[bookmark: _Toc76454258]The fault-based harmonics

Almost every fault in the induction motors leaves specific frequencies in the current spectrum, changing the torque and speed accordingly. Due to the machine’s cylindrical structure and rotating nature, the rotor-related electrical or mechanical faults tend to modulate the stator current and voltage with frequency dependent upon the rotor speed or slip, as described in Table 2.2. Those frequency components spread throughout the spectrum, while the most potent members are near the fundamental supply frequency component. Although the higher-order faulty components are weak in amplitude, they are less vulnerable to spectral leakage. This is due to the less powerful winding and supply-based components beside them. The causes of fault-based harmonics may also include inherent asymmetries, magnetic material saturation and the impact of supply based higher order harmonics on electrical properties of the windings.

[bookmark: _Toc76454259]Spectrum analysis in the steady-state regime

During the steady-state interval, the frequency components are stationary; hence they can be easily detected using simple DTFT analysis. The frequency spectrum of motor current simulated using the FEM, the proposed analytical model, and the test rig measurement under healthy conditions is shown in Figures 4.6-4.7 [IV, V, VI].
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Figure 4.6. The frequency spectrum of stator current simulated using the proposed model, FEM, and practical measurements from top to bottom from 0- 450 Hz (motor 1).
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Figure 4.7. The frequency spectrum of stator current simulated using the proposed model, FEM, and practical measurements from top to bottom from 750 Hz to 1500 Hz (motor 1).

The entire current spectrum in all three cases is in good agreement. The frequency bandwidth from 0 Hz to 450 Hz mainly consists of supply and winding harmonics. In the case of FEM and the proposed MWFA model, the supply harmonic is the fundamental component because of the ideal source. In grid fed machine, some odd multiples of the fundamental component can be seen along with some inherent eccentricity-based harmonics. Similarly, the bandwidth from 750 Hz to 1500 Hz consists of prominent winding harmonics in all three cases. 

Compared to the simulation, the practical rotor slotting harmonics are small in amplitude because the rotor bars are skewed. The skew angle is equal to one stator slot pitch. As the bars are skewed, the inductance profile becomes much smoother with reduced peak-to-peak ripple value, resulting in the attenuation of winding harmonics. The development and movement of those components with load are given in Table 4.3 and Figure 4.8.



Table 4.3. The rotor slot harmonics (RSH) in the case of motor 1.

		Slip 

		Theoretical RSH1

		Theoretical RSH2

		RSH1 (Hz)

		RSH2 (Hz)

		RSH1 (A)

		RSH2 (A)



		0.0030

		947

		1047

		946.7

		1046.8

		0.00042

		0.0005



		0.035

		915

		1015

		914.76

		1014.76

		0.00185

		0.0008



		0.05

		900

		1000

		899.2

		999.2

		0.0021

		0.0007
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Figure 4.8. The development and movement of RSH (motor 1).

It is relatively easy to differentiate among the frequencies if they are limited in number, as discussed earlier. However, in the case of inverter-fed motors, this differentiation becomes very tedious. This is because of two main reasons: the tremendous number of harmonics coming from the supply side, and the second is the drive controller’s impact if it is working in the closed-loop system. The results presented in Figures 4.6-4.7 are based on no-load simulations and measurements, while the detailed studies in several other cases are presented in [IV, V,VI].

[bookmark: _Toc76454260]Spectrum analysis in the transient regime
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Figure 4.9. (a) The frequency spectrum of healthy and broken bar motors under no-load conditions, (b) The frequency spectrum of healthy and broken bar motors under rated-load conditions (motor 2).

The fault diagnosis of induction machines using steady-state signals possesses some limitations. In steady-state signals, faulty frequency components’ detection becomes very challenging under no load or low load conditions because of the low slip. Figure 4.9 (a)-(b) shows the motor's frequency spectrum under no-load and rated load conditions. The broken bars are no longer detectable under the no-load state, which creates a challenge for the diagnostic algorithm. Other than the drawbacks while the machine is working under low slip conditions, the steady-state signal-related problems may also include the possibility of false indications caused by cooling ducts, broken outer bars in double cage rotors, rotor magnetic anisotropy, etc. 

These problems can be solved by working under transient intervals, where the frequency components show very interesting results. This is because of the continuously changing slip from maximum to minimum in that interval. However, there are some difficulties dealing with that interval; first, at rated conditions, the transient interval time is minimal, leading to low frequency resolution. Secondly, since the signal is non-stationary, it cannot be handled using DTFT, but the time-frequency analysis becomes essential. 

a) [bookmark: _Toc76454261]Legibility improvement by extending the transient time

The critical parameter for better time-frequency resolution is the sampling frequency and the measurement length of the signal. If the motor’s start-up time is minimal, it will lead to no practical information about its condition. The transient time can be increased by using a large inertia load. However, this approach requires the motor to be removed from the production line, making the test practically impossible. However, the rotor’s inertia can be exploited for the same purpose by decreasing the applied voltage and the motor’s power. This technique increases the simplicity of the test, as no external load is needed. The presence of an industrial inverter in almost all working environments increases the feasibility of tests. In the industrial inverter case, the variable voltage at a constant frequency can be achieved by changing the rated parameters. Since the voltage/Hz ratio in the scalar control remains constant, by changing the rated frequency with constant rated voltage, the output voltage can be varied, as shown in Table 4.4. Moreover, the acceleration and deceleration time should be equal to zero to avoid the drive controller’s influence on the transient interval.



Table 4.4. The setting of the industrial inverter to achieve the desired voltage.

		Vrated (V)

		frated (Hz)

		V/Hz

		fset (Hz)

		Vout (V)



		300

		300

		1

		50

		50



		300

		150

		2

		50

		100



		300

		100

		3

		50

		150



		300

		75

		4

		50

		200



		300

		60

		5

		50

		250



		300

		50

		6

		50

		300







Since the prominent non-stationary signal bandwidth is from 0 to 50 Hz, the 
higher-order spatial and time harmonics become less significant. Although they also make similar time-frequency patterns, they are fragile compared to the pattern made by LHS and RHS components. It makes the simplified winding function-based model suitable for study and usage in advanced model-dependent diagnostic algorithms. The simplified model can also be used to draw theoretical fault-based patterns for better understanding. The simulated transient current at 10, 15, 25, and 100 percent of rated voltage is shown in Figure 4.10. 



[image: ]

Figure 4.10. The motor’s simulated startup currents at different voltage levels (top row), 
the recovered non-stationary signal (middle row), the non-stationary signal at 10% of the rated voltage (bottom).

The length of the transient interval increases with the decrease in the supply voltage. The non-stationary signal is recovered by attenuating the fundamental component with the help of a band-stop IIR filter. 

Figure 4.11 shows the time-frequency analysis of the recovered non-stationary signal using the wavelet approach. The fault-based “V” shaped pattern becomes legible at 10% of the rated load while it is not present under nominal conditions. The fault pattern becomes more legible by using filter and contour plots together. The contour plot shows the areas with a 95% of the confidence interval. With rated voltage, total power is confined in the region till 0.5 sec without any pattern as in Figure 11(b). In contrast, the pattern becomes visible with extended time, as in Figure 11(d). The detailed analysis of simulation and practical results with appropriate, relevant references can be studied in [I].

An infinite impulse response (IIR) filter with a band stop range from 49.99Hz to 50.01Hz is used for the fundamental component’s attenuation. The IIR filter is tuned because of its better transition interval with fewer pass band ripples. While time-frequency analysis of the recovered non-stationary signal is done using wavelet approach with “Bump” mother wavelet. The Bump wavelet produces tighter frequency variance and broader time variance. However, its time and frequency localizations can be improved by properly tuning its parameters. The detailed mathematical description of this mother wavelet is accessible in [80]. 



[image: ]

Figure 4.11. The time-frequency pattern of simulated current with two broken bars at (a) rated supply voltage, (b) contour pattern (c) 10% of the nominal voltage, (d) contour pattern for better legibility with a 95% confidence interval (motor 2).

Figure 4.12. shows the measured transient current at various voltage levels under two broken bar conditions. The recovered non-stationary signals contain all harmonics except the fundamental component, attenuated by the band-stop filter. 
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Figure 4.12. The motor’s startup currents measured at different voltage levels (top row), 
the corresponding recovered non-stationary signals (middle row), and the non-stationary signal at 10% of the rated voltage representing the changing frequency pattern (bottom) (motor 2).

[image: ]

Figure 4.13. The results, based on the measurements taken at 10% of the rated supply voltage 
(a) The time-frequency response of healthy motor’s phase current in transient regime, 
(b) The respective contour plot with a 95% confidence interval. (c) The time-frequency response of faulty motor’s phase current in transient regime, (d) The respective contour plot with a 95% confidence interval (motor 2).

The time-frequency analysis of the motor’s transient current at 10% of the nominal voltage under healthy and two broken bar cases is presented in Figure 4.13. The fault-based pattern is not visible in the presence of the fundamental component. Moreover, 
the contour plot also misses the weak fault pattern as the maximum spectral power density is in the region made by the fundamental component.

b) [bookmark: _Toc76454262]Legibility improvement by attenuating the fundamental component

It is well-known that the fault representing frequencies are very weak in amplitude than the fundamental component. It decreases their visibility, which can be improved by removing the fundamental component out of the signal. This can be achieved using various digital filters such as Hilbert transform, Notch filter, or infinite impulse response (IIR) band-stop filters. The IIR filters can attenuate the fundamental component with the most negligible impact on the sideband frequencies because of its sharp transition band and low passband ripples. The current time-frequency spectrum of a healthy motor after the attenuation of the fundamental component with the band-stop IIR filter is shown in Figure 4.14. 



[image: ]

Figure 4.14. The generation of spatial harmonics in stator current. (a) Under steady-state regime with 50% of the rated load in the bandwidth of 100-400 Hz, (b) Under steady-state regime with 50% of the rated load in the bandwidth of 500-1000 Hz, (c) The development of time-frequency patterns due to the space harmonics, (d) The time-frequency spectrum under steady-state regime under 50% of rated load (motor 2).

Those patterns are because of the inherent eccentricity and the rotor slotting harmonics. All those harmonics are presented both in the transient and steady-state regimes. Their proper segregation is essential to avoid false fault alarms, as in the transient region, they make similar patterns as rotor faults do. The broken rotor bar-based harmonics become much more substantial than inherent eccentricity at some fault level. Figure 4.15 shows the development of fault patterns in healthy, 1 BRB, and 2 BRB cases, respectively. Moreover, the current envelope shows the measurement time of the stator current in the transient interval.

[image: ]

Figure 4.15. The results based on the measurements taken at 10% of the rated supply voltage 
(a) The envelope of motor's phase current in transient regime, (b) Time-frequency spectrum in the healthy case with an attenuated fundamental component, (c) Time-frequency spectrum in case of 1 broken bar with the attenuated fundamental component, (d) Time-frequency spectrum in case of 2 broken bar with an attenuated fundamental component (motor 2).

The contour lines representing the areas with specific amplitude of the frequency components can be used for better legibility of fault based patterns. The selected amplitude level is known as scaling, which can also be used as a quantitative indicator of the fault. It can help differentiate between fault-based patterns and the pattern based on inherent eccentricity to avoid false alarms. In this particular study, a confidence interval of 95% is considered for the contour plot.

[image: ]

Figure 4.16. (a) The time-frequency plot of the healthy motor with 10% of rated voltage, 
(b) The time-frequency contour plot with a 95% confidence interval, (c) The time-frequency plot 1 BRB motor with 10% of rated voltage, (d) The corresponding contour plot with a 95% confidence interval (motor 2).

The time-frequency analysis of healthy and 1BRB based motor’s transient current with the attenuated fundamental component is shown in Figure 4.16. The corresponding contour plot gives a better legible spectrum after neglecting the weaker spatial harmonics. The contour plot shows the region with maximum spectral power density, which can be achieved by selecting the regions with appropriate confidence intervals. In the absence of the fundamental component, the fault-based frequencies are the most potent components compared to winding and spatial harmonics; the contour region confines itself around the fault representing regions [I].

[bookmark: _Toc76454263]Conclusions and future work

This chapter concludes the outcomes of this research work for the proposed objectives. Moreover, some advancements in this field as future work are also suggested at the end.

[bookmark: _Toc76454264]Conclusions and the summary of the work

The main objectives of this work are twofold. The first is to make the squirrel cage induction motor’s various models suitable for its analysis, condition monitoring, and fault diagnostics. The second is to investigate motor’s current spectrum using multiple signal processing techniques suitable for fault detection under the transient and steady state regimes.

On the modeling side, the main emphases are given to the fact that the model should be fast, less complex in the perspective of ill-posedness, and should be able to simulate the most common faults. Moreover, the model should be suitable for advanced 
model-dependent diagnostic algorithms such as inverse problem theory and hardware in the loop environment.

To achieve the goals, the two-axis theory-based model (d-q) was considered as a starting point. This model is straightforward, comprehensive, and perfect for dynamic analysis of the motor under investigation. The approximations such as constant inductances, no air gap, and the approximate three-phase wound rotor make this model less beneficial for the fault simulations without a considerable increase in the equivalent circuit’s complexity. However, the material’s non-linear behavior is simulated using a second-order non-linear function of magnetization current and flux, compatible with the other models.

The winding function-based model was prepared as a next step to reduce the number of considered approximations in the d-q model. Various inductance analytical expressions are derived in this model, based on the constant air gap, sinusoidal stator winding functions, and the actual rotor loops. The derivation of the inductance analytical expressions as a function of the rotor position increases the simulation’s speed drastically. Moreover, all rotor loop’s consideration makes the model suitable for simulating all rotor bar currents and various broken bar and end ring faults. This model is an excellent selection for the broken rotor bars faults detection under the transient regime. It does not consider higher-order spatial and time harmonics, which increases the model’s complexity unnecessarily. However, considering the constant air gap and sinusoidal stator winding distribution makes this model unsuitable for the simulation of eccentricity and stator short circuit failures without a considerable increase in complexity. The winding distribution-related approximation can be resolved by considering the summation of higher-order harmonics with the help of Fourier series. 
At the same time, a practical air gap can be considered using the Taylor series. However, both solutions can lead to the limitations of the self-defined number of harmonics and their amplitude.

To resolve those issues, the modified winding function-based model is proposed next. In that model, the winding function and the air gap are defined as conditional analytical expressions. These analytical expressions are the function of the rotor reference position. Moreover, the motor’s mechanical geometry is considered to calculate various parameters, such as phase resistances and leakage inductances. The integration-based winding function formula was reduced to a mean value function, which considerably reduces the model’s complexity and the integration’s constant related issues. It also reduces the problems of integration constant. Moreover, the entire model is divided into two portions. Several inductances and resistances are calculated in the offline portion at various rotor positions with a considerably reduced step size for better resolution. 
The calculated inductances are saved in 3-D lookup tables. These tables are then used in the online section, where the performance parameters such as speed, torque, fluxes, currents, and voltages are calculated. The division of the model into two sections can decrease the simulation time so that, once the inductances are calculated, most of the faults can be simulated in the online portion without the need for inductance matrices to be calculated again. The inclusion of actual winding functions, the air gap, and the stator and rotor slot openings make the results in good agreement with the results achieved using complex finite element-based models. The little simulation time compared with FEM models makes it suitable for advanced model-dependent diagnostic algorithms. 

The compatibility of the proposed analytical and hybrid FEM-analytical models with the cluster computation makes the models suitable for exploiting distributed computational resources. It makes the model feasible for cloud computation, which is a crucial part of industry 4.0 standards. Moreover, the simulation time decreases drastically.

Towards the signal processing side, the motor current signature analysis (MCSA) is performed using various techniques combined with digital filters. The entire frequency spectrum of stator current was studied to segregate various frequency components according to their causes. This differentiation among various frequency components is essential for diagnostics algorithms when there is more than one system's fault. Moreover, the drive controller’s impact is also investigated and concluded that in direct torque control (DTC) motor, the stator current possesses the slightest information regarding the rotor fault. The frequency spectrum is studied both in the steady-state and transient regimes. In the transient regime, it is proposed that, by selecting an appropriate value of power spectral density (confidence interval in case of wavelet), the fault representing regions can be made more legible.

The test rig was prepared with broken rotor bars, where several experiments were performed while running the motor under different loading and supply conditions. Finally, the simulation results taken from the proposed model and FEM are compared with the practical measurements for validation.

[bookmark: _Toc76454265]Future works

The proposed model can be used for the advanced fault diagnostic techniques, 
as the simulation time is considerably less, and it possesses the winding distribution and air-gap-related practicalities.

The model can be used in the inverse problem theory, where the motor’s global signals (observables) can be used as input to estimate the design parameters. Unlike corresponding FEM models, the proposed model is less ill-posed, leading towards the more unique and stable solution of inverse maps. The comparison of the estimated design parameters with the rated parameters can lead to the cause of the fault.

The utilization of this model can open new prospects in the field of machine fault segregation. It can be done by comparing the practical faulty signals with simulated benchmark fault signals obtained from this proposed model.

The training of artificial intelligence-based fault diagnostic algorithms requires the collection of big data under various fault-case scenarios. The collection of this data is challenging to obtain from;

· Industry, as there is the least number of faulty motors working at a time due to preventive maintenance

· Laboratory, as only a limited number of destructive tests, can be performed

This proposed model can best serve this purpose, yielding various fault-case scenarios at various severity levels. 

The proposed model can be used in various inverter-fed environments to study the inverter controller’s impact on the fault representing frequencies.

Since the model includes the effect of spatial harmonics, it can be used for sensor-less speed estimation, at least in the steady-state regime, by detecting the principal slot components.

In developing this model, magnetic material permeability is considered infinite as the material saturation has less impact on the frequency components representing the faults. To further improve the accuracy of this model, it can be compensated using a 
non-linear function of flux and current in the online portion of the model by using the material’s B-H curve as a lookup table or by modulating the air-gap with an appropriate sinusoidal function.
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Mathematical Modelling of Three Phase Squirrel Cage Induction Motor and Related Signal Processing for Fault Diagnostics 

This thesis aims to study different analytical methods to model a squirrel cage induction motor, which should have minimal simulation time than the corresponding finite element method (FEM) based models. The purpose of doing so is to develop a model suitable to simulate all major faults and be used for advanced model-dependent fault diagnostic algorithms, such as parameters estimation and inverse problem theory. This thesis’s second key objective is to study various signal-processing techniques for their pros and cons to detect fault at the embryonic stage and investigate the entire current harmonic spectrum of induction motors both in transient and steady-state regions. Thus, the motor under healthy and broken rotor bar (BRB) conditions are simulated, and experimental measurements are investigated for validation.

The dynamic d-q model with the inclusion of non-linear magnetization inductance was considered as a starting point. This model helps understand the machine's basic concepts because of its comprehensiveness and ability to produce compact equations, which can be used for drives as general and in observers and state estimators as particular. However, this model was found to be less suitable to simulate machine faults because of the considered approximations.

To address the d-q model limitations, the winding function analysis (WFA) based model was prepared. In this model, the analytical equations to calculate various inductances, resistances, currents, fluxes, torque, and speed are derived for the motor under investigation. These equations were simulated in MATLAB, giving results near to the practical measurements. The model is suitable for implementing some faults, such as BRB and broken end rings. Still, the consideration of constant air gap makes it less ideal for the implementation of eccentricity and saturation-related faults. Moreover, the spatial harmonics, which are very important for fault diagnostics and sensor-less speed estimation, cannot be simulated. Those approximations can be reduced with Fourier summation of higher-order harmonics (winding) and Taylor series to include inverse air gap functions but at the cost of the self-defined number and amplitude of harmonics.

To get more realistic results, the modified winding function analysis (MWFA) based model was prepared to ensure that all winding functions and air gap were defined as a function of stator and rotor individual and respective angles. The geometry of stator and rotor slots is considered to calculate the leakage inductances and various resistances. The self and mutual inductances between rotor and stator are computed with a stepping rotor. The results at each rotor position are saved in offline 3D lookup tables. During the online simulation, all pre-saved matrices are used as a rotor position function using their index value, and the performance parameters, such as currents, fluxes, torque, and speed, are calculated. The FEM and hybrid FEM-analytical models of the machine 
under investigation are prepared using commercial software to validate the results. 
The comparison of results shows an excellent agreement with a minimal simulation time and least ill-posedness for the proposed model compared to the corresponding FEM model.

Both analytical and hybrid FEM-analytical models are divided into online, offline portions and compatible for the solution on cluster computation. Their division in the online and offline portions reduces the complexity and gives the model the freedom to simulate faults in the online portion without doing unnecessary offline calculations again. Moreover, the compatibility with cluster computation is excellent for exploiting distributed computational resources such as cloud computation, an integral part of industry 4.0 standards.

Towards the signal processing side, the fast Fourier transform (FFT) and wavelet transform (WT) are used extensively to study the steady-state and transient regime signals. The infinite impulse response (IIR) based digital filters are used to improve the motor’s current spectrum’s legibility. In this way, the total harmonics are segregated according to their cause of production. Moreover, the spectrum of current simulated from the proposed model is compared with that simulated using the FEM model and the test rig measurements. The comparison is made until a wide bandwidth of frequencies for further validation of the proposed model.

Moreover, the WFA based model is also investigated during the transient regime by doing the time-frequency analysis of the stator current. The recovered non-stationary signal’s pattern is in good agreement with the one obtained from the practical measurements. The specific fault-related pattern during the transient interval can further enhance the model’s effectiveness.
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Kolmefaasilise lühisrootoriga asünkroonmootori matemaatiline modelleerimine ning lähtuv rikkediagnostiline signaalitöötlus 

Doktoritöö eesmärgiks on uurida analüütilisi meetodeid lühisrootoriga asünkroonmootori modelleerimiseks, mis vajavad oluliselt vähem simuleerimisaega kui samaväärsed lõplike elementide meetodil (FEM) baseeruvad mudelid. Seda tehakse omakorda eesmärgil, et välja töötada mudel, millega on võimalik simuleerida kõiki 
enim levinud elektrimasinate rikkeid, mida omakorda saab kasutada keerukates modelleerimisel baseeruvates diagnostilistes algoritmides, nagu parameetrite ennustamine ja pöördprobleemi teoorias. Teiseks oluliseks eesmärgiks antud doktoritöös on erinevate signaalitöötlusalgoritmide uurimine, hinnates nende eeliseid ja puuduseid, tuvastamaks rikkeid võimalikult varajases staadiumis ning võimaldades süvitsi analüüsida asünkroonmootorite terviklikku vooluspektrit nii siirete kui püsitalitluse olukordades. Selleks teostati väljatöötatud mudelil simulatsioonid nii korrasoleva kui purunenud rootorivarrastega mootoril ning mudel valideeriti eksperimentaalsete mõõtetulemustega.

Esialgseks mudeliks valiti mitte-lineaarse magneetimisinduktsiooniga dünaamiline 
d-q mudel. Antud mudel aitab mõista masina põhikontseptsioone, sest on piisavalt kõikehõlmav ning võimaldab genereerida kompaktseid valemeid, mida saab edasi kasutada elektriajamites näiteks olekujälgimis ja -hindamis funktsioonides. Samas kasutab mudel olulisi lihtsustusi, mistõttu ei ole see sobiv elektrimasinate rikete simuleerimiseks.

Et lahendada d-q mudelis esile kerkinud piiranguid, töötati välja masina mudel, mis baseerub mähise funktsiooni analüüsil. Antud mudeli baasil tuletatakse analüütilised valemid, mille abil leitakse mootori erinevad induktiivsused, takistused, voolud, magnetvood, moment ja kiirus. Neid valemeid simuleeriti MATLAB keskkonnas, mis andis katselistele andmetele ligilähedasi tulemusi. Antud mudel sobib osaliselt rikete simuleerimiseks, nagu purunenud rootorivardad ja lühisrõngad. Samas, kuna mudelis kasutatakse konstantset õhupilu, ei ole sellega ideaalselt võimalik simuleerida ekstsentrilisuse ja küllastusega seotud rikkeid. Lisaks, ei ole antud mudeliga võimalik ruumiliste harmooniliste simuleerimine, mis on vajalikud diagnostiliste indikaatoritena ning andurivabaks kiiruse ennustamiseks. Nimetatud lihtsustuste mõju saab vähendada Fourier’ kõrgema järgu mähise harmoonikute summeerimisega ning Taylori rea kasutamisega, võttes arvesse pööratud õhupilu funktsiooni, kuid seda analüüsitavate harmoonikute hulga ja amplituudide arvelt.

Realistlikumate tulemuste saamiseks valmistati parandatud mähise funktsiooni analüüsil baseeruv mudel, kus mähise funktsioonid ning õhupilu defineeritakse staatori ja rootori individuaalsete ning üksteisest sõltuvate nurkade funktsioonina. Staatori ja rootori uurete geomeetriat võetakse arvesse arvutamaks eri takistusi ja lekke induktiivsusi. Oma- ja vastastikinduktiivsuste arvutamiseks rootoris ja staatoris on kasutatud rootori sammulist nihutamist. Iga rootori positsiooni arvutustulemused salvestati kolmemõõtmelistesse teatmetabelitesse. Simuleerimise ajal kasutatakse varem salvestatud maatrikseid rootori positsiooni funktsioonina, arvestades nende indeks-väärtuseid, ning arvutatakse masina tööparameetrid nagu voolud, vood, 
moment ja kiirus. FEM ja hübriidsed FEM-analüütilised mudelid valmistati kasutades kommertsiaalset tarkvara, et valideerida saadud tulemusi. Tulemuste võrdlus, võrreldes arendatud mudelit samaväärse FEM mudeliga, näitab suurepärast kokkulangevust, kasutades vähemat simuleerimisaega ning väiksemat arvu probleemi väär-püstitust.

Nii analüütilised kui hübriid FEM-analüütilised mudelid on jagatud aktiiv- ja passiivosadeks ning on ühildatavad klasterarvutuse lahendustesse. Selline jagamine tagab keerukuse vähendamise ja annab mudelile vabaduse rikete simuleerimiseks ilma vajaduseta korrata mittevajalikke passiivarvutusi. Lisaks on klasterarvutusega ühilduvus suurepärane võimalus jagatud arvutusvõimsuste kasutamiseks näiteks pilvearvutuse näol, toetades Tööstus 4.0 standardeid.

Signaalitöötluses kasutati laialdaselt kiire Fourier’ teisenduse ja lainikteisenduse võimalusi masina püsitalitluse ja siirdeprotsesside signaalide põhjalikuks uurimiseks. Piiramatu siirdega filtril baseeruvaid digitaalfiltreid kasutati mootori vooluspektri loetavuse parendamiseks. See annab võimaluse harmoonikute eraldamiseks arvestades nende põhjustajaid. Arendatud mudeli simuleeritud vooluspektrit võrreldi FEM mudelil ja katseandmetest saadud vastavate spektritega, kasutades laia sagedusvahemikku, eesmärgiga valideerida arendatud mudeli korrektsust. 

Lisaks on mähise funktsiooni analüüsil baseeruv mudelit uuritud siirete korral läbi staatorivoolu aeg-sageduse analüüsi. Saadud signaalikuju on tugevas vastavuses eksperimentaalsete mõõtetulemuste omaga. Mudelit saab edasi arendada arvestades spetsiifilisi rikkest põhjustatud signaalikuju muutusi siirdeprotsesside ajal.
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2010–2011				Lektor, The University of Faisalabad, Pakistan

2008–2010				Lektor, Hajvery University Lahore, Pakistan

Teaduspreemiad ja tunnustused

· Kutsutud esineja “International Scientific Conference on Electrical Engineering 2021”, ISCEE-2021.

· 2020, Bilal Asad, Parima ettekande preemia, 19th International Symposium “TOPICAL PROBLEMS IN THE FIELD OF ELECTRICAL AND POWER ENGINEERING” and “Doctoral School of Energy and Geo-technology III”, Tartu, Eesti.

· 2020, Bilal Asad, Kolmas preemia, IEEE IES Student and Young Professionals Activity Committee in 19th International Symposium “TOPICAL PROBLEMS IN THE FIELD OF ELECTRICAL AND POWER ENGINEERING” and “Doctoral School of Energy and Geo-technology III”, Tartu, Eesti.

· 2019, Bilal Asad, Parima ettekande preemia, 18th International Symposium “TOPICAL PROBLEMS IN THE FIELD OF ELECTRICAL AND POWER ENGINEERING” and “Doctoral School of Energy and Geo-technology III: School of Engineering, Tallinn University of Technology, Toila, Eesti.

Teadustöö põhisuunad

· Elektrotehnika ja elektroonika

· Elektromehaaniliste seadmete modelleerimine ja analüüs 

· Elektrimasinate projekteerimine, modelleerimine ja analüüs 

· Elektriseadmete seire ja diagnostika 

Jooksvad projektid

· ETAG21001, “Tööstuslikul internetil baseeruvad energiamuundussüsteemide seire- ja diagnostikameetodid”, Tallinna Tehnikaülikool, Inseneriteaduskond, Elektroenergeetika ja mehhatroonika instituut.

· PUTJD134, “Elektrimasinate rikketuvastuse pöördprobleemide lahendamine”, Tallinna Tehnikaülikool, Inseneriteaduskond, Elektroenergeetika ja mehhatroonika instituut.

· PSG137, “3D prinditud elektrimasinad”, Tallinna Tehnikaülikool, Inseneriteaduskond, Elektroenergeetika ja mehhatroonika instituut.
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