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Abstract

Fault diagnosis is crucial to any electric drive system, ensuring their reliable operation.
The significance of fault ride-through capability, which denotes the ability of an electric
motor to endure faults and maintain operational integrity, is of paramount importance.
For this objective, the first step involves the application of fault diagnosis methods to
identify any motor fault precisely at the incipient stage. With the increasing demand
for rare-earth free alternatives to traditional motors, switched reluctance motors (SRMs)
have gained significant attention in different applications due to their specific features.
However, to make this technology more commercially available, the different aspects, such
as their designs, control strategies, and mitigation of acoustic noise and torque ripples,
have been extensively researched, leaving behind the area of fault diagnosis relatively.
Interturn short circuits (ITSCs), accounting for 21% of all the electrical faults inside any
machine, are responsible for catastrophic failures leading to a complete winding short
circuit if left unchecked due to the generation of local hotspots. The inherent problems
of torque ripple, noise and vibrations associated with SRMs are also escalated when
the machine is subjected to I'TSCs. These faults are even difficult to diagnose as the
fault features are least apparent in the electrical parameters in ITSC of fewer turns.
Also, most of the diagnosis techniques for ITSCs in SRMs suffer from several issues, like
lower sensitivity where the system can not detect ITSC if a lower number of turns are
short-circuited. Also, there are interference of load variation on the detection reliability in
which the fault index might initiate false alarm without any fault. Some of the methods
are dependent on the control strategy on which the motor is operating. The thesis delves
into an attempt to devise sophisticated online fault diagnosis techniques for ITSCs,
considering the research gap in the existing literature. Three online diagnosis techniques
have been formulated and validated experimentally on a test rig of four-phase 8/6 SRM.
The first method targets low and medium-speed applications operating under chopped
current control with 4% least severity detected. The second method is based on the signal
injection technique applicable to the SRMs independent of control strategies. It is capable
detecting ITSC of 2 turns. The third technique eliminates the additional hardware
used for diagnosing the fault utilized in the second method and is also independent of
the control strategies. All the techniques have been tested under different operating
conditions (load/speed variations) and also under transient conditions, proving the
robustness of the proposed schemes. The background, formulation and experimental

results of all the schemes are discussed in detail in the subsequent chapters of the thesis.

Keywords: Online fault diagnosis; switched reluctance motors; interturn short circuits

(ITSC); sensitivity; detection reliability; signal injection
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Chapter 1

Introduction & Literature Review

1.1 Introduction

Electric motors have found extensive application in several sectors like industrial and
transportation systems since their invention many years ago. During their early usage, the
safety measures mainly comprised very basic components aimed at ensuring operational
safety. However, as human society progressed, the consistent and reliable functioning
of these motors became a fundamental requirement. However, electric motors are often
operated in harsh environments, increasing the likelihood of different faults occurring
within the motor. Typically, these malfunctions are irreversible and can extend the
impact to the motor drives, resulting in additional harm to other components. Using
electric motors for safety-critical purposes becomes unfeasible without effectively managing
these faults. It is especially concerning given that even minor issues in such contexts
can yield substantial financial repercussions. Electric motors must maintain their stable
performance even under fault conditions. Consequently, the capacity to withstand faults
and continue operating, known as fault ride-through capability, holds immense importance.
Owing to this objective, the initial step involves the application of fault diagnosis methods
to identify any motor fault precisely at the early stage. Subsequently, tolerant strategies
must be implemented to prevent unmanageable breakdowns and mitigate the potential for
significant financial setbacks. Integrating fault diagnosis and fault tolerance strategies is a
significant approach to enhancing the ability of motors to endure and recover from faults
while operating. This thesis investigates the fault diagnosis techniques for inter-turn short
circuits (ITSCs) in switched reluctance motors (SRMs), which would help devise tolerant

strategies or take appropriate remedial actions at the right time.

SRMs have gained significant attention in various applications, such as green energy
harvesting, household appliances, and hybrid electric vehicles. This popularity is mainly
because they are easy to manufacture and cost-effective due to the lack of magnets and
windings on the rotor [1-3]. SRMs are operated in a magnetic saturation region to ensure
optimal performance, making their control more complex. One key advantage of SRMs
is their fault tolerance due to phase in-dependency, enabling them to continue operating
at reduced performance even under faulty conditions [4]. However, SRMs face certain
challenges such as excessive noise, vibrations, and torque ripple, even when in a healthy

condition. These issues become more pronounced when the machine experiences fault [5].



2 Chapter 1. Introduction & Literature Review

As a result, it is not always recommended to use SRMs under faulty conditions. Therefore,
fault diagnosis is crucial to detect problems, enabling prompt remedial action to overcome
failure. Compared to conventional AC motors, SRMs have received limited attention in
the area of fault diagnosis, as most research has focused on developing control strategies
and methods to reduce torque ripple. On the other hand, fault diagnosis for conventional

AC motors, like induction motors (IMs), has matured over decades of research.

In SRMs, faults can be majorly classified into two types: those in the power electronic
converter and those inside the motor itself. When there are issues with the power
electronics components, it leads to converter failures, and various diagnosis techniques
are available in the literature to address these problems [6-8]. Motor body faults can be
divided into two categories: electrical faults, such as open and short circuits in the stator
windings, and mechanical faults, like eccentricity and bearing failures. Stator winding
failure is a more common fault and can significantly impact the performance of SRM if
left unchecked. Short circuit faults (SCFs) can cause more severe damage than open-circuit
faults (OCFs). In short circuits of fewer turns/inter-turn short circuits that account for
approximately 21% of the faults in any machine, local hotspots are created within the
winding due to circulating currents, leading to an increase in the internal temperature
of the motor along with the escalation of inherent issues in SRMs. If this fault is not
addressed, it can lead to irreversible failure by damaging the faulty phase winding. Hence,

diagnosing ITSC at an early stage is very critical so that remedial action can be taken.

This chapter details the basics of SRMs, prominent faults and their effects on the motor
performance, and literature on inter-turn short circuits and their diagnosis techniques.
An exhaustive literature comparing the existing fault diagnosis technique for conventional
motors and SRMs is also included to highlight the necessity of intensive research concerning
the faults in SRMs.

1.1.1 Characteristics & Control Strategies of SRMs

Various types of electric motors have been explored for their suitability in industrial
and automotive applications. Recently, permanent magnet (PM) machines, including
brush-less DC machines, surface-mounted permanent magnet synchronous machines
(SM-PMSM), and interior PMSMs (IPMSM) with different magnetic configurations (axial
and radial flux), have gained popularity in various applications [9-12]. PM machines offer
advantages that make them the top choice for electrified transportation. However, the
availability of permanent magnet resources is limited, and their prices are rising, primarily
due to supply chain issues and increasing demand from industries like automotive and other
sectors [13]. Consequently, price-sensitive markets like electric bikes, scooters, and electric
vehicles (EVs) seek to avoid the price fluctuations of neodymium and other rare-earth
metals. While ferrite permanent magnets provide a lower-cost and more stable supply
alternative, they only offer about one-third of the residual magnetic flux compared to

high-energy magnets. Besides, they are prone to demagnetization in the field weakening
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region [14]. Therefore, there is a rising interest in rare earth-free motors.

Due to their sturdy construction and affordability, SRMs are considered strong
contenders for e-bike and e-scooter power trains [15]. Their uncomplicated rotor design
makes them suitable for cost-effective, high-speed applications like vacuum cleaners and
air blowers. SRMs are also known for their ability to function in harsh environments,
making them valuable for initiating and providing secondary electrical power in more
electric aircraft engines [16]. However, performance, compactness, and minimal noise are
crucial in passenger vehicles. Although numerous research articles propose SRM designs
with torque and power density comparable to traditional IPMSMs, there has not been a
single commercially available electrified passenger vehicle with an SRM drive, except for
prototypes [17, 18]. This underscores the need for further development in this category of

the motor.

Table 1.1: Comparison of electric motor performances

SM IPMSM| IM SyncRel | SyncRel | SyncRel | SRM
PMSM (Ferrite) | (NdFeB)
Speed (rpm) | 1500 1500 1497 1500 1500 1500 1500
Loph—pi (A) 100 100 100 100 100 100 100
Tovg (Nm) 126.56 130.47 95 91.26 102.22 114.52 91.85
Trippie in % 12.9 14.3 10.5 16.9 15.1 17.8 45
pf 0.88 0.90 0.76 0.70 0.79 0.91 0.65
Vph—peat (V) | 150 152 125 137 135 131 100

Table 1.1 lists the comparison of electric motors based on different parameters [19].

The axial length of the motors is the same (84 mm). All the models are excited with
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Figure 1.1: Comparison of electric motors based on different indices.
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a current density of 6 A/mm?. SRM produces 70% of IPMSM torque with a 45%
torque ripple. Also, the power factor of the SRM is very low. A more comprehensive
comparison based on the nine indices for the specifications mentioned above is depicted
in Figure 1.1. PM-assisted motors have a higher efficiency due to excitation by the
magnet. Due to additional copper losses in the rotor, IMs have lower efficiency than
reluctance types. SRMs have superior fault-tolerant features due to their robust rotor
structure and modular windings compared to PM-assisted motors. Non-reluctance types
have low noise and vibration due to homogeneous force distribution on the stator. Due
to non-homogeneous radial field density, SRMs exhibit the highest noise and vibration
levels. They also have a comparatively high torque pulsation. An unconventional type of
power electronic converter is needed for SRM drives. The asymmetrical half-bridge (AHB)
stands out as the most widely adopted choice. However, this particular topology demands
a more intricate power converter design. This complexity arises from the fact that it is
a less commonly used converter setup and because it necessitates a substantial DC-link
capacitor. A total DC-link voltage can be applied to phase terminals, thereby utilizing
high DC-link voltage. Constant permanent magnet excitation offers benefits within the
constant torque speed range. Nonetheless, it presents drawbacks when operating at high
rotational speeds. Consequently, the extended speed range of PM synchronous machines
is constrained by the limited capacity of their DC-link voltage and current. Additionally,
the efficiency of these machines decreases when they engage in field weakening operations.

However, SRMs offer better performance in the field weakening region.

Figure 1.2 illustrates the common operating modes of the AHB [20]. In the excitation
stage, both switches are actively ON. During this period, the phase voltage equals the
DC-link voltage, causing quick increase in the phase current. In the freewheeling state,
the lower switch remains ON, while the upper switch is turned OFF. Consequently, the
phase voltage drops to zero, and the phase current decreases. In the demagnetization
state, neither switch is activated. In this mode, a negative DC-link voltage is applied to
the phase winding, and the current gradually reduces until it reaches zero. The phase
voltage of the SRM can be deduced as

di, ~ OLk(0,1)

up = Rty + Lk(e,ik)ﬁ + Twik, (1.1)

T Vdc; )

T Vden

Figure 1.2: Working states of AHB (a) Excitation state (b) Freewheeling state (c)
Demagnetization state.
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where uy, is the phase voltage, iy is the phase current, L (0, i) is the phase inductance, w
is the angular speed, and @ is the rotor position [1]. The mechanical equation describing

the dynamic behavior is deduced as
J*ZTE—TL—FOJ, (1.2)

where J is the rotor inertia, w is the angular speed, 7. is the electromagnetic torque, 77,
is the load torque and F' is the damping coefficient. The electromagnetic torque produced

due to the principle of minimum reluctance is given by

m .9 .
=% % OLk(0, ir) (1.3)

The operation of SRM is quite different from that of synchronous motors as it relies on
reluctance torque rather than a continuous torque. This unique characteristics results in
some challenges, including significant torque ripple and and a magnetization behavior that
is highly nonlinear. The generation of torque depends on the precise switching action based
on the rotor position. One common method of controlling SRMs is by adjusting the angle
at which switching occurs known as angle control where appropriate turn-on and turn-off
angles are selected. Current control such as soft/hard chopping are also frequently used.
Current chopping control is typically applied in low and medium-speed operations where
there is enough time for the current to reach its maximum value, allowing for adjustments
to achieve the desired performance. On the other hand, angle control is utilized during
high speed operations where there is not sufficient time for the current to reach its peak.
In such cases, the focus shifts to controlling the on/off angles to enable more efficient
current flow. The effect of I'TSCs in SRMs under both the control schemes are discussed

in detail in the subsequent chapters.

1.2 Literature Review

1.2.1 Faults in SRMs

A list of possible SCFs and OCFs in a typical SRM drive excited by an asymmetrical
bridge is depicted in Table 1.2 and Table 1.3, respectively. The circuit conditions for
possible short circuit and open circuit faults are shown in Figure 1.3 and Figure 1.4,
respectively [21]. Some of them strictly require the phase to be disabled, although in
some cases, there are possibilities of utilizing the phase even in abnormal conditions at the
cost of deteriorated performance. As mentioned, SRMs are also susceptible to mechanical
faults such as eccentricity and bearing failures, affecting motor performance adversely.
Eccentricity exists in a motor when there is an uneven air gap between the stator and the
rotor poles. There is also the possibility of sensor failures within the drive. However, as

the thesis deals with the electrical fault within the motor, the mechanical or sensor faults
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Table 1.2: Short Circuit Faults

Serial Fault Description Continued Operation
1 Upper Switch Possible

2 Lower Switch Possible

3 Upper Diode Disable Phase
4 Lower Diode Disable Phase
5 Part of a winding Possible

6 Full Winding Possible

7 Full phase (motor) Disable Phase
8 Full phase (converter) Disable Phase
9 Power bus to phase winding Unlikely

10 Power bus to part of winding Unlikely

11 Phase to ground Disable Phase
12 Power Short Disable Drive

Table 1.3: Open Circuit Faults

Serial Fault Description Continued Operation
1 Upper Switch Disable Phase
2 Lower Switch Disable Phase
3 Windings (series conection) Disable Phase
4 Windings (parallel connection) Possible
) Diode Possible
6 Power Disable Drive
7 Power Capacitor Possible

and their consequences are not discussed in detail.

Knowing the possible consequences of different faults is imperative for deciding their
severity and developing remediation strategies. Charles M. Stephens of General Electric

Corporate R&D initially performed experiments to define the performance effects of

12
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Figure 1.3: Possible short circuit faults.
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Figure 1.4: Possible open circuit faults.

electrical faults in SRM drives [22]. Experiments were conducted by creating different
SCFs and OCFs on a four-phase SRM driven by an asymmetric half-bridge converter.
In [23], an in-depth analysis of such fault conditions depicting variations in performance
indices, such as noise, speed and torque ripple, is discussed. The findings of the analysis
mentioned above arrived at a common conclusion. Disconnecting a faulted phase in some
cases is not at all harmful. However, it reduces the torque output proportional to the
number of inactive phases. In the case of phase absence, average electromagnetic torque,
T'tqv, is given by

m—1
Tfav = m Tav, (1.4)

where T, is the average electromagnetic torque under operation, and m is the number of
phases. It was observed that torque and speed ripple increase in both the OCFs and SCFs.
Because multi-phase SRM can be operated with one or more phases disabled, this motor
has inherently a fault-tolerant structure. Required torque may be obtained by increasing
the excitation of the remaining active phases. The most damaging effects, i.e., excessive
phase current (limited by winding resistance and rotational voltage only) and vibrations
are observed in a shorted phase with continuous excitation. The complete shorted pole
and the case of a few shorted turns are evaluated with a continuous operation, which shows
that the efficiency loss is lower when fewer turns are shorted than when the complete pole
is shorted [5]. Higher torque can be expected under angle control as a part of the winding is
still in action with an increase in the torque ripple. For the motor operating under current
control with a fixed reference current, the average torque reduces with the increase in the
torque ripple. However, under closed-loop current control, the healthy phases maintain
the required average torque but with a higher torque ripple. Also, a high localized current
is circulated in the shorted turns, which may lead to unbalanced force inside the machine.

The local hotspot created results in the propagation of the fault with continued operation,
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leading to a complete phase short, which is more dangerous, as discussed. The majority
of the phase short circuit results from I'TSCs only. Moreover, in the case of I'TSCs with
fewer turns, the fault features are least evident on the motor parameters and, therefore,
difficult to diagnose. The effect of ITSCs on the performance of SRM operating under
different control strategies are elaborated thoroughly in subsequent chapters. Considering
the behavior and repercussions of I'TSCs, the thesis investigates the diagnosis techniques

for ITSCs with higher sensitivity and reliability.

1.2.2 Existing Fault Diagnosis Techniques

The area of fault diagnosis for SRMs is still evolving and is immature compared
to conventional motors. Table 1.4 summarizes the diagnosis techniques for electrical
and mechanical faults in SRMs based on different methodologies [24-44]. It can be
apprehended that most of the existing techniques regarding electrical faults target OCF's
and SCF's at the converter end. Also, the SCFs within the motor with complete phase
winding/entire pole short-circuited have been studied and analyzed in detail. It also
includes some techniques related to ITSCs; however, most of the analysis is for a larger
number of shorted turns. The major techniques related to the diagnosis of ITSCs in
SRMs are discussed in detail, with their shortcomings that need to be encompassed in
any sophisticated fault diagnosis systems. The objectives of the thesis have been decided
by analyzing the research gap in the existing methodologies to make the SRM technology

more adaptable for different applications.

SRMs, being somewhat new compared to conventional motors, have been given very
little priority in fault diagnosis. Much of the research on SRMs has primarily focused on
the design aspects and development of control strategies and techniques aimed at reducing
torque ripples, as evidenced by various studies. In contrast, the diagnosis of different fault
types for conventional motors like IMs and PMSMs has matured over several decades
of research and is properly categorized. Multiple approaches exist to detect even ITSCs
at the early stage, offering superior sensitivity and reliability. The first group is based
on signal analysis, which employs methodologies based on current signature analysis,
negative sequence analysis, wavelet decomposition and electromagnetic field monitoring.
This group comprises mostly the analysis of electrical signals for which the classification
is tabulated in Table 1.5. In [45], an online diagnosis method is developed using motor
current signature analysis. The technique uses the spectra of the phase currents to identify
and distinguish faults, including winding short circuits. Abnormal harmonics generated in
the phase currents due to faults have been used as a fault indicator. An online diagnosis
technique has been presented addressing the turn-to-turn insulation deterioration based on
negative sequence impedance [46]. The turn-to-turn defects resulting from the dielectric
stresses of over voltages and other adverse conditions have been identified as potential
sources of other catastrophic winding failures. In [47], the harmonic analysis of the
stray flux is carried out for the IM once operated with a sinusoidal supply and again

using a voltage source inverter to analyze motor winding conditions. The technique is
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Table 1.4: Summary of the fault diagnosis techniques

Method

Adopted Technique

Target Fault Types

Spectrum Analysis

Application of FFT to the DC
bus current [24]

Symmetrical ~ components  of
phase currents [25]

Application of FFT to the DC
bus current [26]

FFT of the torque signal [27]
Symmetrical components  of
phase currents and ratio of the
components [28]

Open circuit fault

Short circuit fault
short circuits)

(Interturn

Open and short circuit fault
(Power Switches & Complete
Pole & Phase Short)

Open circuit fault

Short circuit fault
short circuits)

(Interturn

Wavelet Decomposition of DC bus current | Open and short circuit faults
Decomposition [29] (Power Switches)

Extended Kalman | Estimation of resistance based on | Short circuit faults (Interturn
Filter DC bus current [30] Short Circuits)

Coordinates Park transformation on phase | Open and short circuit faults
Transformation currents [31] (Power Switches)

Transformation applied to gate
signals [32]

Short circuit fault (Interturn

short circuits)

Current Profiling

Current gradient and

freewheeling time [33]

Compare currents with preset
threshold or estimate value to
detect the fault [34]

Variation in the pattern of
induced currents through signal
injection [35]

Overshoots in the phase currents
over reference band [36]

Transient pulse injection [37]

Open and short circuit faults
(Power Switches)

Open and short circuit faults
(Power Switches)

Eccentricity fault

Short circuit faults (Interturn
short circuits)

Open and short circuit faults
(Power Switches)

Voltage Profiling

Comparison of induced phase
voltage [38]

Eccentricity fault and short
circuit faults (Complete Pole
Short)

Gate Signal

Logic calculation on currents and
gate signals [39]

Differential gate signals of upper
and lower switches combining
position signal [40]

Open and short circuit faults
(Power Switches)

Open and short circuit faults
(Power Switches)

Differential Current

Protection

Comparison of the differential
current value [41]

Phase-to-phase fault

Trial & Error Method

Open or close specific switches
and observe the amplitude of the
phase currents [42]

Injection of HF pulses into two
coils [43]

Open and short circuit faults
(Power Switches)

Eccentricity faults

Thermal Analysis

Thermal profile of the faulty
winding [44]

Short circuit faults (Interturn
short circuits)
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Table 1.5: Classification based on analysis of electrical signals

Classifications Technique

Phase difference
Direct use of electrical signals Residual voltage after turn-off

Instantaneous power

Negative sequence currents
Coordinate transformation
Processing of electrical signals Motor current signature analysis

Positive and negative sequence of
third harmonic line currents

Park’s vector

Air-gap torque

Sequence impedance
Redefining the features of electrical signal d p’
Pendulum swing phenomenon

Extended Park’s vector approach

non-invasive and more reliable than the techniques based on current signature analysis.
Also, the technique is easy to implement and utilizes low-cost instruments. A method
based on current analysis overcoming the averaging issues of classical FFTs has been
implemented for detecting shorted turns in IMs [48]. Two distinct approaches have
been used: short-time FFTs and wavelet decomposition. The problems associated with
the current signature analysis at varying loads/speeds are eliminated in this proposed
method. Also, numerous methods have been established to diagnose the ITSCs based on

temperature, magnetic flux, vibration or other physical quantities.

Model-based and parameter estimation is the second group of fault diagnosis. In [49],
a model based technique for ITSCs for IMs is presented. The technique relies on the
generation of a vector of a specific residuals using a state observer. It allows rapid diagnosis
of an incipient fault. The method is reliable owing to parameter or load variations. The
proposed technique is capable of detecting even 2% of shorted turns proving its higher
sensitivity towards minor faults. A short-time least square Pronyds-based method has been
introduced to diagnose ITSCs [50]. The ratio of the zero and positive voltage symmetrical
components has been utilized as the fault indicator. The method possesses fast diagnosis,
high precision and reliability even under load variations or unbalanced supply voltage.
Online detection of stator faults in direct torque controlled driven IM has been proposed
and implemented based on estimating the off-diagonal term in the IM sequence components
impedance matrix [51]. The technique does not require any prior data on the motor
parameters. Also, the method is highly sensitive as it can detect incipient failure of even
1% short circuit within the winding. Symmetrical component decomposition and the
Savitzky-Golay filter are used to estimate different parameters. The percentage of shorted
turns and fault loop resistance in induction motors are estimated using a nonlinear Kalman
filter employing equality constraint [52]. Sequence component model analysis is used to

deduce the constraints. The same method can be used to estimate fault severity of ITSCs
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in other electrical machines exploiting state space models. A fault indicator estimated
using the stator voltage and current for a model of an asymmetric machine subjected to
voltage imbalance is used for diagnosing ITSC in IMs [53]. It helps quantify the fault
severity and also identifies the faulty phase. The model developed also distinguishes the

effect of voltage imbalance, asymmetry and voltage imbalance.

The third group includes data-driven approaches where a large amount of data is
collected for different motor conditions, and diagnosis methods are formulated with the
help of machine learning and neural networks. A neural approach has been used to
diagnose and locate ITSCs in stator windings of an IM. A multi-layer perceptron neural
network trained by back-propagation is used to achieve the diagnosis [54]. The location of
the fault is done by monitoring phase shifts between the phase voltage and line currents.
The data for training the network are generated experimentally from a three-phase IM.
A vibration analysis-based I'TSC diagnosis approach is proposed using a neural network
involving optimization of the network size of a probabilistic neural network [55]. A Growing
Curvilinear Component Analysis neural network has been introduced to diagnose ITSCs
in induction motors [56]. It can isolate the healthy cluster from the faulty ones and
track the severity of the fault in a very short time. A deep learning-based framework
has been introduced to diagnose minor stator winding interturn faults without having
load information [57]. The three-phase current of an induction motor is converted to the
Park’s vector, which is then encoded into an RGB image using a recurrence plot and fed
to a convolutional neural network (RPCNNet) to identify the fault. The recognition
performance of this network is compared with other benchmark convolutional neural
network models, namely “VGG16”, “AlexNet”, “ResNet50”, and “DenseNet201”.

Similarly, there has been intensive research devising diagnosing techniques for I'TSCs
in PMSMs. An online diagnosis technique with a simple fault indicator defined as the sum
of absolute differences between stator currents has been introduced for PMSMs [58]. The
amplitudes of the fundamental components are evaluated by using a frequency-tracking
system. The technique also helps detect open switch faults and bearing failures. ITSC
diagnosis for model predictive controlled (MPC) PMSM has been proposed that utilizes
the energy-related feature vector evaluated using wavelet transform coefficients and cost
function [59]. The method considers the MPC characteristics and presents improved
reliability. Voltage and current residuals induced by ITSC are used to diagnose the fault
[60]. The fault index based on the least square method has been deduced to indicate the
severity of the fault. The second harmonic component in the g-axis current is evaluated
using harmonic analysis. The method is restricted to steady-state operation [61]. A fault
indicator based on the relationship between the rotor speed and fault current to diagnose
incipient ITSC in PMSMs [62]. The indicator is immune to the rotational speed of the
motor. An expression of the indicator has also been introduced by exploiting negative
sequence components. The zero-sequence component of the voltage helps detect ITSC,

and the escalated torque ripple in the PMSM is reduced by the current injection-based
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tolerant approach [63]. Considering any load/speed variation during the motor operation,
the technique is reliable and highly sensitive to minor fault conditions. A model-based
strategy has been introduced based on the residual current vector for diagnosing I'TSCs in
PMSMs [64]. The difference between the stator currents estimated by the state observer
and the measured current has been exploited to devise the fault indicator. The technique is
robust and reliable in transient conditions with different disturbances. An efficient method
based on the stacked sparse auto-encoders and Siamese network has been introduced to
diagnose ITSCs in PMSMs [65]. The proposed method exploits federated learning to solve
the problem of sparse samples, thereby eliminating the requirement for many data. A
Bayesian optimization-based residual convolutional neural network process is proposed
for PMSMs [66]. The technique is effective and able to identify the faults at an early
stage. Moreover, experimental results confirm the robustness of the scheme under different

operating conditions.

A sophisticated fault diagnosis system must incorporate several factors, such as
sensitivity to minor faults, reliability of the method/immunity of the fault indicator
under different operating and transient conditions, least computation involved, fast
diagnosis, and applicability to different control schemes and motor configurations. These
characteristics have been considered with utmost importance in the methods for IMs and
PMSMs discussed above. Moreover, sensitivity is of great importance for the diagnosis
systems of ITSCs because the fault must be identified at the incipient stage to avoid
further failures, as discussed previously. Table 1.6 lists the least severity (percentage
of shorted turns) detected experimentally using some detection techniques for IMs and
PMSMs [67-85]. It shows the maturity of the detection schemes, which are still lacking
in the case of SRMs, elaborated later.

The operational principles and control strategies of SRMs significantly deviate from
those of traditional motors. Consequently, the approaches previously discussed for IMs
and PMSMs are not applicable for directly identifying I'TSCs in SRMs. Furthermore,
there has been limited research on diagnosing winding faults in SRMs of which the major
contributions are discussed here. Even the existing methods available for detecting ITSC
in SRMs exhibit deficiencies. In a prior study [86], a neural-based model has been
extensively employed to investigate the impact of ITSCs in SRMs. This methodology
proves highly proficient in accurately portraying the magnetic characteristics of the SRM
when experiencing winding faults (one coil being shorted). Nevertheless, its suitability
for rapid online diagnosis is limited because it necessitates real-time motor parameter
inputs, which fluctuate during operation and entail a longer processing duration. An
extended Kalman filter is used to estimate the phase winding resistance exploiting the
DC link current [30]. With the motor subjected to ITSC, the winding resistance deviates,
which is estimated in this technique. However, the estimation of resistance, which is
temperature-dependent, might be easily affected by any load variation restricting its

reliability. The lowest severity detected in this technique is 5% ITSC, corresponding
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Table 1.6: Least severity detected

Motor type Diagnosis Technique Severity
IM [67] MCSA-Sequence components of stator currents 0.43%
M [68] MCSA-FFT 20%
M [69] MCSA- Current envelope 0.42%
M [70] MCSA- Multiple reference frame theory 2.04%
M [71] Coupled negative and positive sequence | 0.23%

impedance
M [72] Rotor field voltage 0.32%
M [73] External flux 6%
M [74] Inverter switching states 0.76%
M [75) High-frequency signal injection 0.30%
M [76] Pendulous oscillation phenomenon 1.39%
M [77] State observer model 2.08%
M [78] Neural network 0.51%
M [79] Adaptive neural fuzzy system 1.16%
M [80] Fuzzy neural network 0.42%
PMSM [81] MCSA- Fourier Series 4.17%
PMSM [82] MCSA- Wavelet 2.78%
PMSM [83] Air gap flux using search coils 7.7%
PMSM [84] State space vector of voltage 2.89%
PMSM [85] Electromagnetic torque and summation of phase | 9.09%
voltages

to 20 turns out of 400 in a phase winding. The fundamental component of the four-phase
currents is extracted using a Fast Fourier transform to reconstruct symmetrical phase
currents to detect ITSCs in SRM [25]. The positive and negative sequence components
ratio is utilized as the fault indicator. The proposed method has been validated for 25%
ITSC with 72 turns in a phase. However, it is reliable only for short circuits over 50% of
phase winding. A complete cycle of all the phase currents of SRM is required for frequency
domain analysis that necessitates a longer sampling window. Such a longer sampling
window increases the diagnosis time, and therefore, the diagnosis methodologies based
on spectral analysis are discouraged for SRMs. An analysis of surface thermal patterns
has been conducted on an 8/6 SRM under various ITSC scenarios including turn-to-turn
short circuit [44]. This analysis aimed to capture thermal signatures associated with
these conditions. The simulation outcomes were cross-checked by comparing them to
images obtained with a thermal imaging camera and readings obtained from a K-type
thermocouple, affirming their accuracy. Thermal imaging is a viable approach for
identifying abnormal conditions linked to short circuits, but it comes at a considerable cost.
The diagnostic approach employed for identifying I'TSCs in dual stator SRMs relies on the
maximum current point tracking method, as detailed in reference [87]. It is important to
note that this method is applicable only when the SRM operates under control strategies
other than current control. Consequently, it cannot be utilized independently of control

strategies. The proposed technique has been validated for 10% ITSC with 100 turns in a
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phase. The formulated fault index is not immune to load/speed variations indicating low
reliability. In [36], a new method has been proposed for SRM achieving higher sensitivity
and fast response. The phase current naturally exceeds the predefined reference value
due to delays in both software and hardware components. This overshoot becomes more
pronounced when the motor experiences interturn short circuits caused by fluctuations in
inductance. However, for I'TSCs of fewer turns, the faults features are not quite obvious in
the measured parameters. The increased overshoot is leveraged to create fault indicators
for each motor phase. It is important to note that this diagnostic approach is only effective
when the machine operates with CCC. The technique is robust to transient conditions
where the fault indicator remains immune to load/speed fluctuation. The method has
been validated for 12.5% ITSC over a pole of 8/6 SRM. A diagnostic approach has been
introduced to detect ITSCs in SRMs [28]. Initially, a model is developed to represent a
phase winding featuring an I'TSC, and this model is used to analyze the characteristics of
the fault. In normal operating conditions, the phase currents primarily consist of sinusoidal
components that exhibit a positive sequence with minimal distortion. A Fourier analysis
extracts the frequency signature to assess the operational state of the motor under normal
circumstances. Conversely, when a fault occurs, it disrupts the symmetry of the phase
currents, leading to the emergence of both negative and zero sequence components. A
fault index, the ratio between negative and positive sequence components of the phase
currents, is formulated to assess this asymmetry. This index serves as a means to diagnose
the fault and is not influenced by any parameters such as load torque, rotor speed and
turn-on and turn-off angle. A summary of the major contributions related to diagnosis of
ITSCs in SRMs discussed above is tabulated in Table 1.7.

The limitations associated with the methods discussed above are of utmost importance
and should be taken into consideration when developing an advanced fault diagnosis

system. These limitations are enumerated here:
1) Heavy computation burden for analysis and formulation of the diagnosis methodology.
2) A longer sampling window required for frequency analysis leads to slower diagnosis.

3) Most of the existing methods used to diagnose ITSCs have been validated by simulating
a short circuit of substantial number of turns. Consequently, the reliability of these

methods in identifying less severe ITSCs remains uncertain.

4) Fault features being least evident on the measured parameters under CCC mode of

operation.

5) Some methods exhibit a dependency of the fault index on load variations, leading to a

decrement in detection reliability.

6) As the behavior of SRM subjected to ITSC is not similar for every control method, it
is not guaranteed that the diagnosis method devised for a control strategy would work

appropriately for the machine operating with other control strategies.



Chapter 1. Introduction & Literature Review 15
Table 1.7: Comparison of the existing techniques
Diagnosis Independent Sensitivity Reliability Diagnosis
Principle of control | (Towards (Immunity during load
techniques minor faults) of fault | & speed
index to load | transition
variation)
Overshoots No Medium High Not Addressed
in the phase (Validated for as
currents low as one pole
ITSC of 12.5%)
Magnetic Flux | Accurate estimation of flux characteristics under ITSCs. However, no
Characteristic specific monitoring methods is proposed. It requires highly accurate motor
parameters, and the calculation process is complicated with high processing
time. Not suitable for fast online diagnosis.
Estimation Yes Low Low Not Addressed
of Winding (Validated for as
Resistance low 20 shorted
turns over a
phase having
400 turns)
Symmetrical Yes Low Low Not Addressed
Components (Validated  for
as low as 18
shorted  turns
over a phase
having 72 turns)
Thermal It is a non-invasive method based on thermal characteristics under ITSCs.
Signature Thermal imaging is a feasible method for condition monitoring; however,
Analysis it is a costly and complicated procedure for motors that are not easily
accessible.
Maximum No Low Low Not Addressed
Current  Point (Validated  for
Tracking as low as 10
shorted  turns
over a phase
having 100
turns)
Ratio of current | Yes Medium High Effective
components (Validated for as
low as one pole
ITSC of 12.5%)

1.3 Motivation & Objectives

Due to the unavailability and disrupted supply chain of rare-earth materials, SRM

technology that is rare-earth free has attracted the scientific and industrial community

after the advancement in power electronics. Many companies have started using SRM

technology for commercial applications, claiming it to be a good alternative to traditional

motors.

As the technology of SRM is still evolving, intensive research is required

considering different aspects to make the technology more adaptable, including the area

of fault, which has been given very little priority. Stator faults, including 21% ITSCs,
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account for 40% of electrical machine faults. Also, most stator winding faults are due to
rapid spreading I'TSCs, often resulting in complete winding failures. Therefore, considering
the reliable operation of SRMs in critical safety applications, the thesis has been dedicated
to the diagnosis techniques for ITSCs in SRMs. The main motivation of the thesis is to
address the shortcomings of the existing diagnosis techniques for ITSCs in SRMs.

As discussed in the literature review section, the fault features in the case of ITSC
of fewer turns are least apparent in the measured variables of the motor under the CCC
mode of operation that is widely preferred for low-medium speed applications. Thus, the
motivation for objective 1 of the thesis is to propose a fault diagnosis method for low
and medium-speed applications. Moreover, a novel and simple technique with minimal
computation burden and low complexity has been formulated and validated for an 8/6
SRM.

The effect of ITSCs on the performance of SRMs differs for different control strategies.
Therefore, it is not certain that a fault diagnosis system devised under a control method
would work appropriately under another control scheme. Considering this issue in some
of the existing techniques and objective 1, the motivation for objective 2 of the thesis is to
propose a diagnosis technique applicable to SRMs independent of any control strategies
and relevant for the entire speed range. Moreover, a novel diagnosis technique has been

formulated and validated, eliminating the shortcomings of objective 1.

The outcomes of objective 2 of the thesis are remarkably outstanding compared to
other existing techniques in terms of the least severity detected apart from its decoupled
operation with the control strategies. However, these outcomes are obviously at the price of
increased complexity and cost of the system due to the application of additional circuitries.
Consequently, the motivation for the objective 3 of the thesis is to eliminate the complexity
of the diagnosis system. Furthermore, a novel diagnosis technique has been formulated

and validated by eliminating the complexity issue in objective 2.

Also, the key setbacks in the existing methodologies, such as sensitivity to ITSCs of
fewer turns and reliability under different operating and transient conditions have been
considered in all three objectives. All the techniques corresponding to the three objectives
have been tested by operating the SRM under abrupt load/speed variations and when the

motor is subjected to the fault during the transition period when the load/speed is varied.
To summarize, the objectives of the thesis are as follows:

Objective 1- To develop a fault diagnosis technique for ITSCs in SRMs for low and

medium-speed applications.

Objective 2- To develop a fault diagnosis technique for ITSCs in SRMs for entire speed

range independent of control strategies.

Objective 3- To develop a fault diagnosis technique for ITSCs in SRMs for entire speed

range independent of control strategies with low complexity.
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To address these objectives, the chapters of the thesis are as follows:

Chapter 2 proposes a new method to detect I'TSCs in SRMs by monitoring post
turn-off phase currents at around aligned rotor positions. It accurately identifies ITSCs as
low as 4% turns without errors and is highly sensitive to minor short-circuits. It simplifies
identifying faulty phases during operation, enabling timely maintenance to prevent motor
damage. The method remains reliable under various loads and avoids saturation effects

at higher loads, ensuring accurate fault detection regardless of load torque.

Chapter 3 introduces a new method for diagnosing ITSCs in SRMs, triggering an
alarm if any unusual behavior is detected. To detect I'TSC-related changes, it injects
a high-frequency signal into the non-torque-producing phase, translating inductance
variations. This approach is independent of the control strategies since it uses inactive
phases for injection. It also identifies the problematic phase and roughly estimates the
number of shorted turns by monitoring high-frequency signal peaks. The chapter also
addresses the reliability of this detection method, accounting for both load variations and

speed fluctuations.

Chapter 3 introduces a method that detects ITSCs by introducing high-frequency
pulses to decipher the inductance variation. It focuses on the low-torque region near each
phase unaligned rotor position for this purpose, minimizing unwanted torque generation.
The injection frequency is carefully chosen to avoid significant loss. Importantly, these
diagnostic pulses are introduced when the phases do not produce torque, making the
method independent of control strategies and suitable for SRMs using any control
approach. This method exhibits increased sensitivity to minor ITSCs and maintains

reliability even when dealing with variations in load and speed.



Chapter 2

Diagnosis Technique for ITSCs in
SRMs for Low & Medium Speed
Applications

2.1 Introduction

The present chapter introduces a novel diagnosis method for ITSCs in SRMs suitable for

low and medium speed applications. To operate the motor in constant torque region at low

and medium speeds, CCC is widely preferred. The limitations in the existing techniques

discussed previously are observed keenly and are accompanied in the proposed method.

The basis of the diagnosis technique highlighting some of its main features are:

1)

The fault diagnosis method involves monitoring the freewheeling phase currents right
after the phase is turned off, particularly in the low torque area around the unaligned
rotor positions. The change in inductance in the specific area of interest is minimal
and can be assumed constant. Phase currents demagnetizes following a fixed rate
determined by the ratio of inductance and resistance within the specified area. The
monitoring process commences when the phase current reaches a value way below the
saturation limit. This precaution is taken to prevent sudden shifts in inductance from
affecting the process. Consequently, the method remains reliable even when the load
fluctuates. Furthermore, any alterations in speed do not impact the effectiveness of the

proposed method.

Inductance is proportional to the square of the number of turns which is pre-dominantly
more affected than the phase resistance subjected to ITSCs. ITSCs causing a reduction
in inductance results in a decrease in the associated time constant. Consequently,
the current in the faulty phase diminishes at a faster rate compared to the normal
phases. The method proposed in this study utilizes the changing time constant due to
ITSCs to devise the fault indicator. This technique is characterized by its remarkable
sensitivity, capable of detecting even minor short-circuits involving a mere four turns
(approximately 4% ITSC) in a phase with a total of 108 turns. Importantly, the
proposed method does not require complex computations and does not rely on any

additional hardware components.
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2.2 SRM: Operation & Effect of ITSCs

2.2.1 Description of SRM operating under CCC

Figure 2.1(a) illustrates a 4-phase 8/6 SRM that is powered using a widely preferred
AHB converter. The inductance profile for one of the motor phases, as obtained through
finite element analysis, is shown in Figure 2.1(b). During motoring operation, the phase
switches (S and S’) are activated in the region where the inductance has a rising slope to
generate positive torque. Notably, for currents ranging from 1 A to 5 A, the unsaturated
inductance plots closely follow a similar curve, reaching a maximum value of about 29
mH when the rotor is aligned. While smaller current values lead to minimal changes in
inductance, the impact of saturation becomes apparent when the currents reach or exceed
8 A. Additionally, it can be ascertained that the alteration in inductance around the rotor

position 6, is negligible and can be considered consistent.

Controlling the phase currents is simpler when the motor is running at low speeds,
allowing adjustments around a reference. As the speed increases to a medium range,
keeping up with the reference becomes a bit more challenging but still achievable. However,
as the speed continues to rise, the back electromotive force becomes stronger, limiting the
capacity of the controller to manage the current effectively. This situation leads the SRMs

to transition into single-pulse operation mode at higher speeds, as it becomes impractical

[ Phase D
Phase C

Phase B

I
AY|

29 mH -5z ; ) §29mH

28 mH

]
]
. ) 16, 8 mi -
Positive Torque Region ! m .
0° 30° 60°
(b)

Figure 2.1: (a) Basic configuration of 8/6 SRM driven by an AHB (b) Incremental
inductance for one of the phases obtained in FEA for currents 1 A to 11 A at the step of
1A.
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Figure 2.2: Effect of load variation on the inductance profile obtained in FEA (a) No
saturation at light load (b) Saturation at a higher load.

to track the reference. As a result, accurate current regulation is feasible only at low
and medium speeds, making it well-suited for applications requiring substantial torque.
Figure 2.2(a) depicts the current of one of the phases for the motor operating at a light load
condition. As discussed, the current with such amplitude cannot saturate the motor. The
inductance, as shown in the same figure, remains unsaturated. However, under higher load
conditions, the motor does reach a point of saturation, which leads to a sudden change in
the inductance profile, as demonstrated in Figure 2.2(b). An interesting observation here
is that once the phase is turned off at the position 6,5, the inductance starts recovering
as soon as the current drops below the saturation limit. It gradually transitions back to
following the unsaturated curve after passing through a certain angle 6,.. This recovery of
the inductance profile from saturated to unsaturated conditions is primarily influenced by

the characteristics of the core material.
2.2.2 Consequences of Interturn Short-Circuits under CCC

When the motor experiences ITSCs, the uniformity and balance of the magnetic flux
distribution undergo changes. Additionally, the resistance and self-inductance of the faulty
phase, which are linked to the number of turns in the motor, are influenced and diminished.
In the context of CCC, where a consistent reference current is maintained, the strength of
the magnetic flux diminishes due to the reduction in the number of active turns and the
impact of the current in the shorted turns (is). These restrict the strengthening of the

flux, thereby degrading the magnetic co-energy W given as

Ni i
W= on(i,0) di, (2.1)
)
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Figure 2.3: (a) One pole ITSC in a phase (b) Performance of 8/6 SRM in CCC under the
influence of ITSC of 16% turn in phase A.

diminishes. T,., a function of magnetic co-energy produced by the faulty phase

represented as

ow

Te ec = “ap
e ™ "op

(2.2)

also reduces. In the case of the motor being under closed-loop speed control, the
current reference is raised to ensure that the unaffected normal phases generate sufficient
electromagnetic torque to fulfill the load requirements. This scenario is depicted in
Figure 2.3(b), which showcases the impact of a 16% turn ITSC in phase A. The torque
generated by the faulty phase A diminishes, as indicated within the circled area. As a
result, the motor necessitates an augmentation in the reference current to compensate
for the decreased torque. The healthy phases, upon increasing reference current, produce
higher torque according to the demand inferred from the post-fault torque waveform. The
difference between AT}, and AT} is fairly evident, showing an escalated torque ripple in
the motor due to ITSC.

The behavior of the phase A current remains consistent both before and after the fault

occurrence due to the regulation provided by a hysteresis controller. Any shifts in the
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magnitude of the phase currents are primarily influenced by change in reference current
to meet the load demand rather than the fault itself. Nevertheless, the effects of the fault
become noticeable during the chopping period due to the varying inductance caused by
ITSC, leading to overshoots in the current profile. Also, the rise and fall times of the
faulty phase current are altered. The variation in fall time post turn-off is utilized for

formulating the diagnosis technique elaborated in the subsequent sections.

2.3 Background of the Diagnosis Technique

The phase current is initiated in a way that the rotor has moved past the unaligned
rotor position. This ensures that the current reaches the desired magnitude just as
the inductance slope starts to rise. Additionally, the current is turned off strategically,
allowing it to decrease and eventually reach zero around the aligned rotor positions where
the rate of change of inductance (dL/df) is approximately close to zero. The same has

been illustrated in Figure 2.4. Due to ITSC, the reduction in inductance of the phase
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Figure 2.4: Principle of diagnosis (a) Post turn-off current slope at light load (b) Post
turn-off current slope at high load.

winding is more pronounced compared to the reduction in resistance. It is because the
inductance is directly proportional to the square of the number of turns. Also, the mutual
inductance between the remaining healthy turns and shorted turns tends to reduce the
effective inductance of the phase winding. Consequently, rise and fall times (¢, and t¢)
decreases. Figures 2.4(a) and 2.4(b) show the characteristics of phase currents under
light and heavy loads for both normal and faulty conditions. At higher current demands

exceeding the saturation limit (Is4:) under heavy loads, the current right after being



Chapter 2. Diagnosis Technique for ITSCs in SRMs for Low & Medium Speed
Applications 23

turned on can saturate the motor. It is in contrast to the situation under light loads. The
immediate saturation of the inductance profile after 6, is evident in the circled area in
Figure 2.4(b). While ¢, does experience variations due to ITSC, the sudden change in
inductance makes t, a function of the load for higher loads. As a result, it has not been

utilized in the development of the fault indicator.

As previously mentioned, the current is deliberately turned off in a manner that allows
it to decrease to zero within the flat inductance region before entering the negative torque
area. However, the entire extent of £y cannot be employed for creating the fault indicator
because its initial portion does have a loading effect due to saturation. Once the phase
of the motor driving a higher load is turned off, there is a delay before the inductance
starts following the unsaturated curve, as described earlier. During this recovery period,
represented as #,., the current decays proportionally to the variation in the inductance
which is very abrupt and becomes rather unpredictable. Once the current falls below
the saturation limit Is,; and enters the flat inductance zone, it begins to decrease with
a constant slope. Furthermore, under light load conditions or when the phase current
is below the saturation limit, the current follows the same slope while decaying within
the flat zone. This consistent behavior is visible in both Figure 2.4(a) and Figure 2.4(b),
where a section of the post-turn-off current decline shows the same slope within the flat

inductance zone.

Moreover, the post turn-off current is tracked once it reaches a value I; way below 4
till it becomes zero for diagnosing the fault. It also ensures that the current is in the
desired flat zone. During the turn-off, a negative voltage is applied to the phase. The
voltage equals the negative of the dc source voltage V.. As the change in the inductance
in the target area is insignificant, the induced emf term goes zero. Therefore, the phase

equation can be represented as

) di
~Vige = Rppi+ La—. (2.3)
dt
The initial and final conditions are
i(0) = I, (2.4)
i(th) = 0 = Inin, (2.5)

from which the fall time starting from I; is evaluated as

Rphft] , (2.6)

= 7 In [1 1 Bl
Vdc
A pulse is generated corresponding to the fall time of the current starting from I; till it

decays to zero ideally having the width ¢, irrespective of the load governed by (2.6).



Chapter 2. Diagnosis Technique for ITSCs in SRMs for Low & Medium Speed
24 Applications

For the motor winding affected by ITSCs, the inductance diminishes to L;rsc when
the rotor is aligned, as seen in Figure 2.4. The phase current under faulty conditions
is highlighted in red. Similarly, the value of t;rgc, determined for the faulty state,
experiences a decrement due to the reduction in 77rg¢ (calculated as Lirsc/Rrrsc). This
reduction happens because Lirgc is significantly smaller than L, irrespective of the load
conditions. Also, Rrrsc becomes less than Ry, which tends to increase 7775¢. However,
the decrement in inductance is dominant over the decrease in resistance, ultimately
lowering the decay time (t;psc<tp) depicted in Fig. 2.4. Since the current consistently
decays within the flat inductance zone, the intended decay time remains unaffected by any

variations in operational speed, as shown in Figure 2.5.
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Figure 2.5: Effect of speed variation on the target decay time (a) At speed w; (b) At speed
Wo>w1i .

The pulse duration, also known as the target decay time, is translated by triggering
a counter for that specific duration. The peak of the counter is then compared with
a predefined threshold value (z) to identify the onset of ITSC. The logical steps and
procedures underlying the proposed diagnostic approach are clearly illustrated in Figure
2.6(a). The already acquired parameters like rotor position (f) and the phase currents
ia to ip are utilized to evaluate the desired decay time for diagnosis. Iy, Oyffser and
are specified in the controller. The tracking process is executed right from the moment of
turning off each phase, extending to a position 6, s ahead. This ensures that the phase
currents fully decay within the provided offset interval. For example, 0,7 a+0ffser for
phase A, depicted in Figure 2.6(b). The target decay time corresponding to each phase

is activated by initiating four separate counters set to operate within the time range of
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Figure 2.6: Flowchart and process of the proposed diagnosis scheme.

tra to tpp. Whenever a counter surpasses a predetermined threshold, it indicates that the
winding condition is normal. The value of z is determined through a series of experiments,
depending on the minimum number of short-circuited turns that can be accurately detected
using this proposed method. In normal conditions, the peaks of the counters corresponding
to the four phases attain identical values. If the peak of counters surpasses z, it signifies
an absence of the fault and confirms smooth operation. However, when any of the phases
experiences ITSC, the decay time becomes shorter, leading to a decrease in the peak
value of the counter. If the peak of a counter falls below z, the corresponding phase flag

disappears, indicating the initiation of an ITSC event.

Also, the peak of the counter corresponding to the faulty phase varies with the
increasing number of shorted turns. The decreasing nature of the peak value is used
to derive the severity function that helps determine the number of shorted turns. The

deduced ST is given by

_ peaky, — peakirsc

ST
peak,

(2.7)
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2.4 Experimental Validation & Results

2.4.1 Experimental Setup

Table 2.1: Specifications of 8/6 SRM

Parameter Value Parameter Value
Rated output power 1 hp Stack length 102 mm
Rated input voltage 2V No. of poles (Stator/Rotor) 8/6
Rated speed 1200 rpm Phase resistance 0.6 Q
Stator outer diameter | 165 mm Stator pole arc 22.5°
Stator inner diameter | 85 mm Rotor pole arc 30°
Rotor outer diameter | 84.5 mm Number of turns/pole 54
Rotor inner diameter | 33.5 mm Air gap 0.5 mm

Experiments were performed on a four-phase 8/6 SRM prototype to prove the efficacy
and feasibility of the proposed method. The parameters of the motor are outlined in Table
2.1. The control process is highlighted in the block diagram shown in Figure 2.7. The
information about the rotor position is obtained by integrating the speed from the encoder

fed back to the controller as an outer loop. The motor phases are operated successively
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Figure 2.7: Block representation of control and diagnosis.

according to the onset of the positive slope of their respective inductance profile, defining
the fixed turn-on and turn-off angles. Each phase is excited for 21° in phase overlap mode
to extract the optimal torque from the motor. The proportional-integral block generates
the current reference in accordance with the intended load and operational speed of the
motor. The disparity between the reference and the actual phase currents is controlled
within a hysteresis band, which is further processed to produce switching signals. These
signals are then applied to the gate terminals of the respective switches operating the SRM
under CCC.
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An experimental setup for validating the proposed approach involves a customized test
rig featuring an 8/6 SRM. This test rig is capable of emulating ITSCs in two phases,
as shown in Figure 2.8. To power the motor, an AHB converter is utilized, employing
the Semikron IGBT modules SKM100GB12T4. The phase currents used as feedback for
control are acquired using LEM hall effect based sensors LA 55 with a bandwidth of 100
kHz. For determining rotor position and speed, an incremental encoder with 1000 pulses
per revolution is synchronized with an absolute encoder. The control and diagnostic
logic, as depicted in Figure 2.6(a), is implemented within a digital signal processor (DSP)
model TMS320F28379D. The validation of the proposed diagnostic method is carried out
using the fundamental drive assembly of the SRM, eliminating the need for any additional

hardware components.

\\&‘1 P
- b
8/6 SRM Test Rig [l

Figure 2.8: Experimental rig of customized 8/6 SRM.

2.4.2 Performance of SRM under ITSCs in CCC Mode

The parameters employed for carrying out the experimental validation are detailed in
Table 2.2. Within this section, comprehensive results are presented, encompassing various
aspects of the proposed method. These results include discussions on detection reliability,

sensitivity, and other relevant considerations.
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Table 2.2: Experimental parameters

Parameter Value Parameter Value

DC link voltage (Vg.) 2V Sampling rate 10 ps

Conduction angle (0on-0o¢f) 21° Offset (0o fset) 10°

Tracking current initial (I;) | 1.5 A Threshold (z) 095V

Current hysteresis band +0.4 A | Speed reference (N,.¢) | 380 rpm
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Figure 2.9: Rotor position, phase currents (A & B), and desired decay time (tp4 & trp)
for normal operation at 380 rpm and 0.6 Nm of load torque.

=

Figure 2.9 illustrates the healthy operation of the motor that is operating at a speed
reference of 380 rpm under a load torque of 0.6 Nm. The graph shows the two-phase
currents (labeled as A and B) and their corresponding decay times, represented as pulse
durations (tp4 and tpp). It also includes information about the position of the rotor.
Because the measurement scope has limited channels, only the currents of two consecutive
phases are being monitored. Notably, both phase currents decays with an identical slope
after they are turned off. In this specific operational state, the target decay time is 0.36

ms, originating from I, for both phases.

ITSCs in the motor tends to increase the magnitude of the phase currents due to the
increase in reference value, discussed previously. The same has been illustrated in the
dashed yellow region representing the fault duration created by short-circuiting 18 turns
(=~ 16% ITSC over a phase) in phase A. t;psc— 4 for the faulty phase A reduces to a value
of 0.16 ms compared to the decay time for other healthy phases. For clarity, the current of
the adjacent phase B with t;p of 0.36 ms is shown in the zoom window-1 of Figure 2.10.
Also, there are overshoots in the faulty phase current over the specified hysteresis band
during the chopping interval. The same can be inferred from the encircled areas in the

zoom window-1 & 2 of Figure 2.12, representing phase A current post and during fault.
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2.4.3 Characteristics of Diagnosis Signals in Healthy & Faulty
Conditions

Based on the explanation of diagnosis logic in Figure 2.6, a digital counter is set up in the
DSP for each phase to translate their corresponding target decay time. The value of the

counters is retrieved by sending it to the digital-to-analog converter channels of the DSP.
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Figure 2.10: Rotor position, phase currents (A & B), and decay time (t,4 & tpp) for 16%
ITSC in phase A at 380 rpm and 0.6 Nm of load torque.
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Figure 2.11: Phase currents (A & B) and their counter output for normal operation at
380 rpm and 0.6 Nm of load torque.
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Figure 2.12: Phase currents (A & B) and their counter output for 4% ITSC in phase A
at 380 rpm and 0.6 Nm of load torque.

Figure 2.11 presents phase A and B currents, along with the counter outputs linked to
them. The counter outputs reach a peak value of around 1.1 volts, indicating a normal
winding condition. However, when there is a 4% turn short circuit in phase A (as depicted
in Figure 2.12), the peak of the counter for that phase drops to approximately 0.8 volts.
It is worth noting that for other normal phases, the counter peak remains consistent at
1.1 volts, regardless of the condition. This observation can be made by analyzing the

waveforms for phase B, which are shown in the magnified section of Figure 2.12.

Flags associated with each phase have been devised to mark the onset of ITSCs and
to pinpoint the problematic phase. In healthy conditions, the counter reaches a value of
1.1 V. However, for a situation where there is a 4% ITSC, as shown in Figure 2.13, this
value drops to 0.8 V. There is a considerable difference of around 30% in the counter
values between healthy and faulty conditions. This difference offers a significant margin
to establish a threshold value, which has been set at 0.95 V (approximately 15% lower
than the healthy condition). The logic behind each flag is such that they stay high when
the counter value exceeds the predetermined threshold, indicating trouble-free operation.
Figure 2.13 demonstrates that the flag for phase A returns a value of 1 (equivalent to 3.3
volts) both before and after the fault within the tracking zone (0o5¢ + 6offset), Which is
already presented in Figures 2.6 and 2.10. However, this flag disappears completely (goes
to 0 volts) within the concerned tracking zone when a 4% turn short circuit occurs as the
counter value drops below the threshold due to I'TSC. This situation is highlighted in zoom
window-1 & 2 of Figure 2.13 for better clarity. The onset of ITSC is only recognized after
the faulty phase has turned off. For example, if a short circuit happens in phase A while

phase C is active, the fault would be identified after phase A has been powered up again



Chapter 2. Diagnosis Technique for ITSCs in SRMs for Low & Medium Speed
Applications 31

following the occurrence of the fault. To make it easier to understand, the flags for each
phase are shown as separate signals. However, they can be combined using straightforward

logic to create a single signal, which simplifies the diagnosis method.

To demonstrate the effectiveness of the proposed method under varying load torques,
the motor is operated at an elevated load torque of 2.8 Nm while maintaining the same
reference speed of 380 rpm. In order to achieve the specified load torque, the motor draws a
current of 10 A per phase, as illustrated in Figure 2.14. It can be inferred that the counter
value remains same at different loading conditions for the fault-free and faulty operation
for the 4% ITSC. In addition, to showcase the robustness of the proposed technique across
different motor speeds, an experiment is conducted at 600 rpm with a load torque of 0.6
Nm. The results demonstrate that the proposed method effectively detects a 4% ITSC

over a phase at 600 rpm, as shown in Figure 2.15.

2.4.4 Reliability of the Diagnosis Technique

An advanced diagnostic technique should be capable of handling changes in the load
and speed of the motor. The signals used for diagnosis or the fault indicators should
remain unaffected by any fluctuations in load or speed. This feature is essential to prevent
the diagnosis system from being falsely triggered and to ensure that the indicators show
minimal to no alterations when any of the operating conditions change. Therefore, to prove
the robustness of the diagnosis technique, the experiments were carried out by subjecting

the motor to severe load change and load mutation.

The motor is subjected to a load alteration going from 0.6 Nm to 2.8 Nm, and then the
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Figure 2.13: Phase A current, counter A output, and phase A flag for 4% ITSC in phase
A at 380 rpm and 0.6 Nm of load torque.
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Figure 2.14: Phase A current, counter A output, and phase A flag for 4% ITSC in phase
A at 380 rpm and 2.8 Nm of load torque.

load was returned to its initial operational state, as shown in Figure 2.16. The current has
increased from the original 5 A to approximately 10 A during this load change and then
reverted back as the load is released. The counter value exhibited minimal fluctuations,
which in turn does not force any variation in the phase flag. It appears in the tracking
zone, presenting a healthy winding condition depicted in the zoom window-1 of Figure 2.16.

These findings demonstrate that the diagnostic signal remains unaffected by variations in
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Figure 2.15: Phase A current, counter A output, and phase A flag for 4% ITSC in phase
A at 600 rpm and 0.6 Nm of load torque.
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load, highlighting the immunity of the proposed method to load changes. Additionally, it
verifies that the saturation effect occurring at higher loads does not impact the effectiveness

of the diagnosis scheme.

Figure 2.17 depicts a scenario where I'TSC occurs amidst a load change. Specifically,
a 4% ITSC is created in phase A while the motor is experiencing a load alteration. The
characteristic of the diagnosis signal or the output of the counter, remains unchanged.
Its value remains the same during both normal and faulty conditions, similar to what
was observed in previous cases. This consistency is emphasized in zoom window-1 & 2 of
Figure 2.17. Furthermore, the speed varies as a result of the load changes occurring under
closed-loop control. However, these fluctuations in speed do not significantly impact the

fault indicator.

An experiment was carried out where a 4% ITSC was created in phase A under different
operating speeds (varied from 240 rpm to 420 rpm), as illustrated in Figure 2.18. The
results shows that there is a negligible difference in the counter output under the initial
and final speeds. The output of the counter matches the values observed in previous cases
(1.1 V for normal conditions and 0.8 V for 4% ITSC). Additionally, there are minimal
fluctuations during the period of transition within which the speed changes. This confirms
the reliability of the fault indicator during speed transitions, effectively preventing any

unnecessary false alarms.
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Figure 2.16: Phase A current, counter A output, and phase A flag for normal operation
at 380 rpm and load variation from 0.6 Nm to 2.8 Nm.
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Figure 2.17: Phase A current, counter A output, and phase A flag for normal operation
at 380 rpm and load variation from 0.6 Nm to 2.8 Nm.

2.4.5 Severity of the ITSCs

Figure 2.19 displays how the peak value of the counter output changes when the motor
experiences ITSC of 4%, 16%, and 24% in phase A. The fault is created by shorting the
mentioned turns in a single motor run highlighted in the figure. It can be inferred that the

peak value decreases as the severity of ITSC increases. Specifically, it reaches values of 0.8
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Figure 2.18: Speed, Phase A current, counter A output for 4% ITSC in phase A created
under different operating speeds within 1 & t».
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Figure 2.19: Phase A current, counter A output, and phase A flag for 4%, 16% & 24%
ITSC in phase A at 380 rpm and 0.6 Nm load torque.

V,0.6 V, and 0.48 V for ITSC of 4%, 16%, and 24% turns, respectively. It is worth pointing
out that there is a significant difference of 0.3 V in peak values between the healthy case
and ITSC of 4% turns. This difference is crucial in establishing a threshold voltage to
avoid triggering any false alarms. Moreover, it underscores how sensitive the proposed
approach is to even minor short-circuits. Table 2.3 provides the calculated severity index
values using equation 2.7 for various shorted turns. To roughly estimate the number of
shorted turns, it be can referred to Figure 2.20, which illustrates the relationship between
the percentage of shorted turns and the severity index (SI). For instance, if SI value falls
between 0.3 and 0.4, the plot suggests an ITSC of around 8-15% turns.

2.4.6 Comparison with Existing Methods regarding Sensitivity

Many of the existing approaches have primarily focused on identifying ITSCs involving a
substantial number of turns, where the signs of the fault are quite evident. However, these
methods tend to overlook or disregard minor fault scenarios. For instance, in a previous
study [36], the effectiveness of the method was confirmed only when at least 12.5% of

the turns were short-circuited. Another technique, discussed in reference [30], utilizes a

Table 2.3: Severity index for ITSC

Conditions | Peak value (Volts) | Severity index (SI)

Normal 1.1V 0
ITSC-4% 0.8V 0.27
ITSC-16% 0.6V 0.45

ITSC-24% 0.48 V 0.56
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Figure 2.20: Severity plot to estimate the number of shorted turns.

Kalman filter to estimate phase resistance and can successfully identify faults when as few
as 5% (equivalent to 20 turns out of 400) are shorted within a phase. In another study
described in [25] expanded its application to recognize faults as low as 25% across a phase
containing 72 turns. Also, the method is reliable only with a short-circuit of over 50%.
The proposed technique in this chapter can detect ITSC of as low as 4 turns (~4% of 108

turns over a phase), demonstrating a higher sensitivity than most conventional methods.

2.5 Conclusions

This chapter introduces an innovative and straightforward approach for diagnosing
interturn short circuits (ITSCs) in switched reluctance motors (SRMs) by monitoring
the post turn-off phase currents around their aligned rotor positions. This method can
effectively detect even minor ITSCs, as low as 4% of turns within a phase, without any
errors. This demonstrates its higher sensitivity to minor faults. Additionally, the method
enables easy identification of the faulty phase during operation. Detecting such a small
number of faulty turns is valuable as it allows maintenance to be performed before the fault
worsens and causes more severe motor damage. The proposed approach remains reliable
under various load conditions, indicating its robustness. Moreover, the diagnostic logic
is designed to prevent saturation effects at higher loads, ensuring that diagnostic signals
and fault indicators remain unaffected by any variation in the load torque. One of the
advantages of this scheme is its simplicity of implementation, without imposing a complex
computational load on the processor. The method operates in the time domain, resulting
in fast diagnosis. Importantly, no extra hardware is required for diagnosis, maintaining the
cost and complexity of the drive system. It is worth noting that the proposed method is
specifically suited for chopped current control and is more applicable to SRMs operating in
the constant torque region. The diagnosis hinges on monitoring the decaying post turn-off
current within the low torque region around aligned rotor positions. Therefore, careful
selection of the conduction angle for the phases is essential to ensure the current decays in

the targeted region. The foundation of the proposed diagnosis approach rests on changes in
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inductance caused by ITSCs. This alteration reduces the desired decay time of the faulty
phase current. However, this change in inductance acts oppositely when eccentricity faults
are present in the motor. It extends the decay time of the faulty phase currents. This
insight opens the possibility of using the proposed method for comprehensive eccentricity

fault diagnosis, which could be explored in future research efforts.



Chapter 3

Control-Independent Diagnosis
Technique for ITSCs in SRMs for
Entire Speed Range

3.1 Introduction

The present chapter introduces a diagnosis technique for I'TSCs in SRMs independent of

control strategies overcoming the limitations of the technique discussed in the previous

chapter. The essence of the proposed method, along with some of its major features, are

enumerated here:

1)

High-frequency voltage signals are introduced into the phases that do not contribute to
torque production or are inactive in each electrical cycle during the motor operation.
This signal injection occurs for a specific duration that is predefined. The phase
terminals of the phase windings in the SRM are accessed, and the signals are introduced
through an auxiliary circuit setup. This injection process stands entirely separate from
the power circuit utilized for motor control. Because these signals are directed into
inactive phases and the auxiliary circuit is not linked to the power circuit, this technique

can be employed for SRMs independent of control strategies.

This method examines changes in winding characteristics, such as resistance and
inductance, caused by ITSC. It can identify even a short circuit involving just 2 turns
(equivalent to 4% of the total turns over one pole). It showcases a heightened ability to
detect minor I'TSC instances. Additionally, the method can provide a rough estimation

of the number of shorted turns, giving insight into the severity of the fault.

In SRMs, the inductance of any phase is dependent on both the rotor position and the
phase current. When the phase being injected is not drawing current from the power
circuit, the inductance becomes solely dependent on the rotor position during the
injection interval. As a result, any variation in inductance experienced by the injected
voltage signal remains separate from load currents. So, the diagnosis technique remains
unaffected by any load variation exhibiting good detection reliability. Furthermore,
the effectiveness of the technique remains unaffected by changes in the motor speed,

maintaining its reliability across various speed variations.
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3.2 Effect of ITSCs in SRMs for different Control Strategies

Figure 3.1 illustrates the model of an 8/6 SRM along with the winding arrangement,
specifically highlighting coil Ay of phase A. Under normal operation, the flux distribution
remains balanced and uniform within each excited stator pole. However, this symmetry
is disrupted if any fault arises in the winding. The self-inductance and resistance of
the faulty winding decrease proportionally to the extent of shorted turns. Additionally,
there is a noticeable increase in mutual inductance between the neighboring healthy and

faulty phases. In cases of ITSCs, with a fixed phase current i;, two primary factors

1;, current in

N... }l faulty phase

1, current in
i short circuit path
3 R2

13, current in
shorted turns

Figure 3.1: One pole ITSC in phase A.

contribute to the reduction in flux. First, the diminished number of active turns leads to
decreased flux generation. Second, the presence of a short-circuit current ¢3 in the shorted
turns counteracts the flux buildup. These two factors lead to a decrease in the magnetic

co-energy denoted as W, which is expressed as

Np iy
W= on(i,9), di, (3.1)
)

where 6 represents the rotor position, Nj accounts for the remaining healthy turns, and
¢, signifies the flux linked by these healthy turns. As a result of this co-energy reduction
due to the fault, there is a subsequent decrease in the electromagnetic torque 7., which

originates from the faulty phase. This torque is mathematically described as

ow

Tolee = —. 2
elec 90 (3 )

also reduces. In CCC, when maintaining a fixed reference current, the phase current
remains at a standard level i1 regardless of any short-circuit occurrence. Consequently,
the torque of the faulty phase is reduced proportionally. As a consequence, the overall

machine torque decreases while torque ripple increases. In a closed-loop control scenario,
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the current reference must be increased to uphold the torque demand when ITSC occurs.
In angle position control (APC), the applied phase voltage Vj., phase current ¢;, and flux

linkages in each phase are interconnected as follows:

A6n(,6)
— i1 Rp + Z ¢h L (3.3)

where R signifies the phase resistance. Given that the flux linkage of the faulty phase
diminishes in the presence of an ITSC, and since U remains constant, the current
i1 increases to counterbalance the decrease in flux linkage. Consequently, the torque
generated by the faulty phase, which relies on the square of the phase current, experiences
an increase. Simultaneously, there is a notable increase in torque ripple, leading to a
substantial force imbalance within the machine. The effect of ITSCs under CCC has
already been discussed in Chapter 2. However, to highlight the effect of ITSC in SRMs

under different control strategies, these are again discussed here for clarity.

It can be concluded that the response of an SRM to winding faults is inconsistent across
all control techniques. As explained, various machine parameters, such as phase currents
and torque, exhibit distinct behaviors. It is plausible that these variables might display
diverse fault patterns under different control strategies. It highlights that a diagnostic
approach tailored for an SRM operating under a specific control scheme might not translate

effectively to other schemes. The method proposed in this paper effectively addresses
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this variability, ensuring its applicability regardless of the control strategy in use. This
method tackles the uncertainty associated with different control approaches, diagnosing

ITSC independently of control schemes.

3.3 Principle of the Diagnosis Technique

3.3.1 Theoretical Analysis of the Diagnosis Technique

An 8/6 SRM is operated using an asymmetric half-bridge converter with single-phase
excitation, depicted in Figure 3.2. The feedback of the motor speed is acquired to
determine the rotor position. The speed signal is integrated, and then modulo-60 is
taken to capture information about the electrical cycle, as shown in Figure 3.3. As
discussed previously, not all phases of an SRM are actively involved in torque production
at any given moment. The idle or inactive phase is chosen for signal injection, with a
predetermined ratio within each electrical cycle. This approach can also be extended to
SRMs with different pole configurations, such as 6/4 or others with higher pole counts.
This adaptability makes the technique suitable for SRMs with 3 or more phases. In the 8/6
configuration, the phase quadrant to the active phase is the most suitable choice for signal

injection, mainly due to its minimal mutual effect. The process involves introducing a

'V. .
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Figure 3.3: Auto-adjustment of injection duration with variation in speed.
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high-frequency sinusoidal signal at low voltage into the phase windings at various instants.
For illustration, the injection is showcased specifically in phase B, achieved by accessing
its winding terminals through an injection circuitry arrangement, as depicted in Figure
3.2. A bidirectional switching setup handles both the positive and negative portions of
the sinusoidal signal. The switches 75 and 7} are simultaneously activated to establish a
connection between the signal generator and the winding terminals of phase B, as shown.
The pathways for conducting both the positive and negative portions of the injected signal
are also outlined. The voltage drop across the sense resistor Rgepse is further processed to

facilitate the diagnosis of faulty conditions.

In SRMs, any phase is activated when its inductance profile exhibits a positive slope,
indicating positive torque generation. For comprehension, consider phase D participating
in torque generation between 15° and 30°, as demonstrated in Figure 3.3. During this
interval, the rotor poles shift from being aligned to an unaligned position for quadrant
phase B. A high-frequency signal is introduced into the winding of phase B for an injection
width 6y, - 6y,. Similarly, for other phases, injection occurs with the same injection width
whenever the corresponding quadrant phases are involved in torque production. In each
electrical cycle, high-frequency currents emerge at four distinct moments, as indicated by
the double-headed arrows in 3.3. The magnitude of the current exhibits an upward trend,
indicating a negative slope in the inductance variation. For a fixed injection width (6, -

675), a higher motor speed (wp > wy) would result in fewer injected cycles, as depicted.

The peak of the high-frequency current (ipeqr(n)) occurs roughly around the position
by, Which aligns with the inductance value Ly(6p2) illustrated in Figure 3.4(a). In SRMs,
the inductance is influenced by the rotor position due to changing reluctance. Even with
changes in speed that lead to variations in the number of injected cycles, the peak of the
high-frequency current tends to maintain the same value. This consistency arises because

the inductance Ly(fy2) remains unchanged at the position 6y, as depicted in Figure 3.4(b).

Injected voltage
signal in idle phase B

/3(9)\

1)

Ly(Op; N Lo
e (©52) N/ 1?( b2)
Ipeak(f)
Healthy ek
High-frequency H
ITSC* current
Os,° O),° 60,,° 6,,°

(a) (b)

Figure 3.4: Variation in the high-frequency current due to ITSC fault for different speed
(we>w1) (a) At speed wy (rad/sec) (b) At speed wy (rad/sec).
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Therefore, the peak of the high-frequency current serves as the key indicator of ITSC in
the proposed technique.

Assuming that the pulse period is short enough, the peak current is small, and the

voltage in the idle phase winding which is being injected can be approximated as

Upeak
ving & Ly(0) 2= (3.4)
where v;,,; represents the voltage introduced into the idle phase and Lj(#) stands for the
inductance of phase B. Rearranging (4), it is found that the peak current is inversely
proportional to the instantaneous values of phase inductance. Moreover, it also has a
reciprocal relationship with the frequency of the injected signal, which remains constant
throughout.

. UinjAt

7 ke~

pea Lb(e)

(3.5)

Hence, because of the reduced inductance caused by ITSC, the peak of the high-frequency
current increases. When an I'TSC fault occurs in phase B, the alterations in the inductance
characteristics are shown in Figure 3.4, compared to a normal state. The graph also
displays the high-frequency current produced in the coil, both for a healthy condition
(solid black line) and a faulty condition (red dotted line). The resistance of the affected
coil also diminishes; however, its effect is insignificant. With an injection frequency
of 30 kHz and an inductance value of, for example, 15 mH at any point within the
injection duration, the observed impedance would be around 2826 2. This is considering
the phase winding resistance as 0.6 {2, which is very small compared to the impedance
offered. Therefore, the instantaneous value of the high-frequency current is mainly
influenced by the phase inductance, which increases due to ITSCs. Additionally, it can
be concluded that any alterations in resistance due to temperature fluctuations would
barely affect the impedance. Consequently, the diagnostic technique remains unaffected

by temperature-induced changes in coil resistance.

A threshold is established based on the peak value of the current in the healthy state,
denoted as ipeqr(n)- The fault indicator for the affected phase becomes active when the
condition tpeak(f) > YXipeak(n) 1S met. Here, i,eqr(s) stands for the peak current during a
faulty condition, and y represents the threshold factor. The threshold factor is determined
through empirical means, involving the observation of the percentage change in peak
current values for both healthy and instances with I'TSC of 2 turns. These simulations are

conducted using finite element method analysis.

3.3.2 Selection of the Frequency of the Injected Signal

The signal injected into the phase windings should have a high frequency due to the

following reasons:
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Figure 3.5: Effect of signal injection (a) Magnetic field density (b) Phase B and D
inductance, HF current in phase B, Torque, Core Loss and Copper Loss.

1)

In the idle or inactive phases, switching noises result from the mutual interaction
between the active and inactive phases. These noises mix with the injected signal,
causing distortions. An accurate pass band filter is needed to prevent unwanted
components from affecting the injected signal. The size of the filter components depends

on the frequency, which reduces as the frequency of interest increases.

From 3.5, it becomes evident that the magnitude of the current caused by the injection

of high-frequency voltage is inverse to the frequency. As the frequency rises, the



Chapter 3. Control-Independent Diagnosis Technique for ITSCs in SRMs for Entire
Speed Range 45

magnitude of the current diminishes. FEM simulations are performed to analyze the
effect of injection on the performance of the motor. In this analysis, a sinusoidal
signal with an amplitude of 15V at 30 kHz is injected into Phase B for 5 degrees.
Additionally, the rotor is intentionally rotated during this process. The choice of a 15V
signal amplitude is practical for generating and handling a high-frequency signal at
that voltage level. This amplitude ensures that the injected current would not lead to
significant torque generation or losses. The outcomes in terms of torque and losses for
each phase resulting from the injection are depicted in Figure 3.5. It is clear from the
results that the produced torque is negligible. Moreover, the losses remain insignificant

due to the relatively small current magnitude and low flux density.

As the speed increases, the injection duration naturally decreases, as already discussed.
Additionally, the method utilizes a band-pass filter, and its output takes some time to
stabilize after the injection. Consequently, this filtering process makes a portion of the
cycles ineffective. Choosing a frequency that allows a sufficient number of useful cycles
to be injected is important to ensure accurate collection of the fault index. Considering
factors like the rated speed of the motor, injection duration, and the settling time of
the filter, a frequency of 30 kHz is adopted for the injection. Figure 3.6 illustrates
the filtered high-frequency currents injected at 30 kHz over an injection period of 5
degrees, at speeds of 380 rpm and the rated speed of 1200 rpm. The encircled indicates
the settling time of the filter, and the dashed arrows demonstrate the inductance
variation imitated by the high-frequency current. It is apparent that by choosing 30
kHz, enough useful cycles are secured for injection across the entire speed range up to
the rated speed, ensuring accurate fault detection. The peak value remains consistent
for both scenarios, as previously discussed. Moreover, there is flexibility in adjusting
the injection duration, allowing for more cycles at the same frequency. Similarly, the
frequency can be increased with certain limitations while keeping the injection duration
fixed. However, detecting low-amplitude signals at very high frequencies is challenging,
and achieving a narrower bandwidth at higher center frequencies makes the filter design

more intricate.

380 rpm p 1200 rpm
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Figure 3.6: Filtered high-frequency currents at 30 kHz for injection width (6p1° - Op2°) of
5° at (a) 380 rpm (b) 1200 rpm.
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3.3.3 Effect of Load and Speed Variation on the Fault Indicator

When devising any fault detection method, ensuring reliability is a critical priority. The
impact of speed and load variations on the diagnostic arrangement defines the reliability of
the algorithm. Injection is performed in the inactive quadrant phase, which is not involved
in torque generation. It essentially means that the inductance of this unenergized phase is
solely dependent on the rotor position. Consequently, any load torque alterations do not
influence the peak value of the high-frequency current. Furthermore, this value remains
nearly constant across different speeds, leading to the conclusion that the fault indicator

is not affected by changes in speed.

3.4 Experimental Validation & Results

3.4.1 Experimental Setup

Position
Oon Oofr |O Ve
Nref Current —— -
= Hysteresis SW'tCI?mg Assymetric R/6 SRM e
Logic Converter
Band
To Phase
Phase Currents Windings
Speed

HF Signal Injection Curr.ent Band-pass
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M Circuit leiu t
: Vol a2

Figure 3.7: Overall block representation of the drive with diagnostic arrangement.

The complete block diagram illustrating the 8/6 SRM drive with the integrated
diagnostic setup is depicted in Figure 3.7. As mentioned, the presented approach is tested
and confirmed under two control strategies. Under the CCC strategy, the phase currents
of the SRM are controlled to align with a reference value computed based on the desired

speed and a specific load torque demand. The motor is additionally operated at its rated

Table 3.1: Specifications of 8/6 SRM

Parameter Value Parameter Value
Rated output power 1 hp Stack length 102 mm
Rated input voltage 2V No. of poles (Stator/Rotor) 8/6
Rated speed 1200 rpm Phase resistance 0.6 ©
Stator outer diameter | 165 mm Stator pole arc 22.5°
Stator inner diameter | 85 mm Rotor pole arc 30°
Rotor outer diameter | 84.5 mm Number of turns/pole 54
Rotor inner diameter | 33.5 mm Air gap 0.5 mm
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Figure 3.8: Experimental setup.

speed using the APC strategy to assess the effectiveness of the proposed technique at
higher speeds. A comprehensive explanation of the diagnostic arrangement is provided in

the subsequent sections of this chapter.

A testing setup has been developed for an 8/6 SRM with specifications outlined in
Table 3.1. This setup is designed to analyze various fault conditions, as illustrated in
Figure 3.8. In phases A and B windings, multiple taps are incorporated to emulate the
ITSC faults of varying magnitudes. A conventional AHB converter is built to drive the
motor using the Semikron IGBT module SKM100GB12T4. The four-phase currents of
the motor are sensed using a Hall-effect-based LA-55 sensor with a bandwidth of DC-200
kHz. These sensed currents are fed back to the controller via analog-to-digital converter
channels, forming a crucial part of the control scheme. Additionally, speed feedback
is obtained through a Baumer-manufactured incremental encoder, which generates 1000
pulses per revolution. This encoder is synchronized with an absolute encoder to ensure

precise rotor position tracking. Control and signal injection logic are implemented in the
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Figure 3.9: Auxiliary circuitry for fault diagnosis.

DSP micro controller TMS320F28379d. The switching signals generated by the controller
are then routed to the gate-emitter terminals of the IGBTs employed in both the AHB
and the injection circuitry. These signals are facilitated through Skyper 32 PRO drivers.
The additional circuitries employed for diagnosing I'TSCs are illustrated in Figure 3.9. A
function generator is utilized to generate a high-frequency sinusoidal signal, and its current
sink capacity has been enhanced to meet the current demand. OPA-633, a current buffer
amplifier, as shown in Figures 3.8 and 3.9, is employed for this purpose. The output of
this amplifier is directed to the windings following the injection logic detailed previously.
The injection circuity is also presented in Figure 3.9. A configuration comprising eight
Schottky diodes capable of managing high frequencies, along with two IGBTSs, is employed
for each phase. In a scenario where phase C is engaged for torque generation between
position 15° - 30°, both T} and T5 are triggered concurrently. This action injects a signal
into phase A, commencing from the position (63, - 62,) as indicated. In a similar fashion,
the remaining IGBTs (T3 - Tg) are controlled for the other phases. The LA-55 current
sensors encounter challenges in accurately detecting low-amplitude currents, particularly
at higher frequencies. A solution involves incorporating a sense resistor to address this
issue. The current readings in the windings are translated in terms of voltage by measuring
the voltage drop across this resistor (v; — va2). As depicted, a differential amplifier is
implemented to sense the voltage drop across the resistor. The amplifier output is then
directed to a filtering stage. A two-stage narrow-band pass filter utilizing high-speed
Op-Amps THS-4032 to capture the signal at the frequency of the interest. This filter
is designed with a center frequency of 30 kHz. The resultant filtered signal is compared
against a predefined threshold voltage via an Op-Amp-based comparator. This step serves

to identify instances of I'TSC and pinpoint the specific faulty phase within the motor.

The experimental results for both CCC and APC are analyzed in detail the subsequent
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Table 3.2: Experimental Parameters

Parameter CCC APC
DC Input Voltage, V. 2V 2V
Speed reference, N,y 380 rpm -
Current Hysteresis Band +0.4 A -
Switching frequency 8-12 kHz -
Nature of HF signal Sinusoidal | Sinusoidal
Amplitude of HF signal, V;, 15V 15V
Frequency, fi,; 30 kHz 30 kHz
Injection width for each phase, (61-62) 5° 7°
Cut-off frequency of band-pass filter, (fr-f1) | 28-32 kHz | 28-32 kHz

sections. The parameters used for implementation of the proposed diagnosis technique is
tabulated in Table 3.2.

3.4.2 Diagnosis with Chopped Current Control

At a speed of 380 rpm and with a load torque (Tjpqq) of 0.5 Nm, the machine draws a
reference current of 5 A as depicted in Figure 3.10. Due to the limitations of the channels
in the oscilloscope, only the currents for phases A and the quadrant phase C' are observed.
Zoom window 1 provides a clear visual representation of the filtered high-frequency signal
for each phase throughout the machine cycle. As the injection width remains consistent for
all phases, the voltage signal encounters similar variations in inductance for each phase in a
healthy state. Notably, the peak value of the high-frequency signals for all phases exhibits
nearly identical magnitudes, signifying a healthy winding condition. Zoom window 2

highlights the distinctive inductance pattern detected by the injected signal specific to
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Figure 3.10: Rotor position, phase A & C currents and HF signals for healthy windings
condition under CCC.
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Figure 3.11: Rotor position, phase A & C currents and HF signals for one pole ITSC of
2 turns in phase A under CCC.

phase D. Within this window, Region I spanning (641°-042°) showcases an abrupt variation
in magnitude in contrast to Region II. Region I corresponds to the settling time of the
filter, where the output stabilizes after a few cycles. In Region II, the period of interest,
the magnitude of the high-frequency current increases, as previously discussed. The peak
of the signal is observed at around 64,°, used for identifying the winding conditions. A
residual current is present because of the filter after the injection width concludes, but
this current diminishes to zero after a few cycles, as illustrated in Region III. Notably, the
diagnostic approach remains unaffected by the characteristics of these two regions, namely
T and ITI. Figure 3.11 illustrates a faulty condition where two turns within one of the poles
of phase A are short-circuited during the running condition. Despite this fault, there is
no significant observable change in the current of phase A. Notably, the high-frequency
signal associated with phase A displays an increased magnitude in comparison to the
other phases. Minor fluctuations are noticed in the signals of the adjacent phases D and
B concerning the faulty phase A. This phenomenon arises due to the substantial rise in
mutual interaction between the faulty phase and its adjacent phases, attributed to the
ITSCs. Conversely, the signal linked to phase C; situated at a quadrant opposite to the
faulty phase A, remains unaffected, as depicted in Figure 3.11. In this proposed method,
the fault is detected only when the phase quadrant to the faulty phase is energized for

torque production, elaborated and explained in Fig. 3.12.

For the purpose of identifying the onset of ITSCs, a threshold voltage of 3.8 V is
employed, which is 1.2 times greater than the peak value observed in the healthy condition.
This voltage is compared against the amplitude of the high-frequency signals through a

comparator mechanism. The outcome of this comparison functions as a fault indicator,
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as depicted in Figure 3.12. Notably, during the healthy operation of the motor, the
threshold voltage surpasses the peak value of the high-frequency signals. In this situation,
the comparator output becomes saturated at -15 V, signifying an absence of faults. This

scenario is evident in the zoomed-in section labeled as zoom window 1 in Figure 3.12.
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Figure 3.12: Rotor position, threshold voltage, HF signals and fault flag depicting the
dynamics for healthy and faulty conditions under CCC.
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Figure 3.13: Flow chart depicting fault detection and faulty phase identification.
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For the identification of the faulty phase, it becomes necessary to have access to
information regarding the position of the rotor. The activation of each phase relies on the
rising slope of the inductance profile, which depends on the rotor position. In our control
scheme, phase C is being activated between 15°-30° for positive torque production. The
quadrant phase A is being injected for which the flag goes high in between 15°-30°, shown
in zoom window 2 of Fig. 3.12. When the flag rises while phase C' is conducting, it signifies
the occurrence of a fault in phase A. Likewise, if the fault flag becomes elevated within
the 45°-60°, the faulty phase can be identified as C. Merely monitoring the flag status and
the position at which it becomes high provides insight into the faulty phase. This process
is elucidated in the flowchart illustrated in Figure 3.13.

3.4.3 Severity of the ITSCs

Figure 3.14(a) and (b) displays the peak of the high-frequency signal in the case of single
pole ITSC, involving 2 turns (equivalent to 4%) and 27 turns (equivalent to 50%) within
phase A, respectively. It is used to roughly approximate the number of shorted turns,
i.e., the severity of the I'TSC. The peak value increases with the increasing severity. For
instances of 4% and 50% ITSC, the corresponding peak values are 4.6 V and 5.1 V, in
Figure 3.11
depicts the peak value corresponding to the healthy condition. A significant difference of

1.4 V is evident between the peak values of the healthy and 4% ITSC conditions. This

comparison to the value of 3.2 V recorded for a healthy state (vpear(n))-

distinction proves substantial enough to establish a threshold voltage, thereby preventing
any inadvertent triggering of the fault indicator. Additionally, this difference confirms the

increased sensitivity of the proposed technique in detecting even minor instances of I'TSC
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Figure 3.14: Severity of the ITSC (a) Peak value for 4% ITSC (b) Peak value for 50%
ITSC (c) Percentage shorted turns versus SIrgc plot.
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Figure 3.15: Phase C current, threshold voltage, HF signals and fault flag at load torque
of 3 Nm operating with CCC.
within the winding.

A normalized severity index SIpgc is also introduced for enhanced clarity. This index

is formulated as follows:

STiree = Upeak(f) — vpeak:(h)7 (3.6)
Upeak(h)

where vpq(r) represents the peak value associated with the faulty conditions. The

graphical relationship between the percentage of shorted turns and SI;rgc is presented

in Figure 3.14(c), facilitating an estimation of the number of shorted turns. When the

SIrrsc value falls within the range of 0.5 to 0.55, the percentage of shorted turns can be

approximated to be around 20-30%.

3.4.4 Dynamic Behavior of the Diagnosis Technique

Figure 3.15 presents the outcomes obtained when the SRM operates at a constant speed
of 380 rpm under an elevated load torque of 3 Nm while experiencing an ITSC involving
2 turns within one of the poles of phase A. In this particular situation, the motor draws
a current of approximately 10 A, as demonstrated. In zoom window 1 of the figure,
the state before the fault is apparent, wherein the indicators associated with each phase
remain below the predetermined threshold limit, as previously discussed. Subsequently,
the magnitude of the high-frequency signal linked to the faulty phase A surpasses the
threshold value, leading to the saturation of the fault flag at +15 V. It clearly signifies the

onset of an ITSC fault, as depicted in zoom window 2 of the figure.

Figure 3.16 illustrates the behavior of the diagnostic approach under varying load

conditions. There is an obvious change in the phase current with closed-loop control
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due to the variation in load torque. However, it is worth highlighting that despite these
load fluctuations, the peak amplitude of the high-frequency signals remains relatively
consistent. The threshold greater than the peak of the high-frequency current forces the
fault flag to be saturated at -15 V, indicating no-fault operation. Under the influence of
closed-loop control, the motor encounters speed fluctuations attributed to load variations.
These fluctuations are visually demonstrated in the magnified views in zoom windows 1 and
2 of Figure 3.17. When comparing two distinct speeds, 220 rpm and 400 rpm, it becomes
evident that the number of cycles injected differs for both cases. This count diminishes for
the higher speed of 400 rpm. However, despite these differences, no observable alterations
exist in the peak values for both speeds. The fault flag consistently saturates at -15 V,
showcasing the immunity of the fault indicator. As outlined previously, the validation of
the theoretical basis is confirmed through the results depicted in Figures 3.16 and 3.17.
These findings serve to substantiate that the proposed method possesses robust detection

reliability.

Furthermore, an assessment of the resilience and efficacy of the proposed method under
dynamic conditions is conducted by creating I'TSCs during load and speed transients. A
single pole ITSC involving 2 turns is introduced in phase A while the motor undergoes a
load transition, as depicted in zoom window 1 of Figure 3.18. In response to the fault,
the fault flag goes high, correlating with the increased peak of the high-frequency signal
corresponding to the faulty phase. This response is visually illustrated in zoom window 2
of the figure. Figure 3.18 presents the diagnostic outcome when the motor is subjected to
ITSC during a speed transition. In this case, the fault is created in phase A as the motor

speed is transitioning from 132 rpm to 420 rpm under a load torque of 0.5 Nm. The peak

of the fault indicator, corresponding to the injured phase, surpasses the predetermined
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Figure 3.16: Phase C current, threshold voltage, HF signals and fault flag under load
variation from 0.5 to 3 Nm operating with CCC.
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threshold, leading to the fault flag saturating at +15 V. This phenomenon is distinctly

presented in zoom window 1 of Figure 3.19, where the peak of high-frequency current

for phase A increases within the period when phase C conducts to generate torque. The

initial and final speeds, denoted as 132 rpm and 420 rpm respectively, can be inferred

from the frequency of the phase currents as portrayed in zoom windows 2 and 3 of the

same figure.
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to I'TSC during speed transition from 132 rpm to 420 rpm.
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Figure 3.20: Phase A current, threshold voltage, HF signals and fault flag for healthy and

faulty condition under APC.
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Figure 3.21: Phase A current, threshold voltage, HF signals and fault flag for healthy and
faulty condition under APC.

3.4.5 Diagnosis under Angle Position Control

The motor is run without any load at a speed of 1150 rpm, achieved by applying the
full DC-link voltage. Similar outcomes to those explained under the CCC strategy are
obtained using the APC method. Figure 3.20 illustrates the operation of the SRM in both
healthy and faulty conditions. The fault-free state is displayed in the first zoom window,
where the four-phase high-frequency signals exhibit the same peak values. The threshold
voltage consistently remains higher than the peak values, causing the fault flag to saturate
at -15 V. One pole ITSC of 2 turns is created in phase A at the instant shown. The effect
of ITSCs of larger turns on the magnitude of the faulty phase current of SRM is prominent
for APC. However, for minor I'TSCs, the effect is not that noticeable, as presented in zoom
window 2. Following a fault, the post-fault phase current magnitude does not experience a
substantial alteration. As the peak of the injected signal corresponding to the faulty phase
increases, the fault flag is raised, indicating an I'TSC occurrence. The fault flag returns to
the -15 V saturation point once the fault is cleared. Identifying the faulty phase and the

extent of the fault can be determined similarly, as discussed under the CCC strategy.

Figure 3.21 displays the behavior of the diagnostic method when the motor is subjected
to varying load conditions. Notably, there is no significant impact on the fault indices,

and as a result, the fault flag consistently stays at a saturation level of -15 V.

The response time of the diagnosis method depends on the instant the fault occurs and
the phase active at that instant. However, the exact time of detection is not certain.
At most, it could be slightly less than the time needed to complete a full machine
cycle. Since SRMs are known for their robust fault tolerance, this delay in detection

can generally be accommodated. The method introduced employs an extra diagnostic
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setup, which introduces an additional expense to the system. However, for safety-critical
applications like EV and aerospace, the relative cost of the components concerning SRM
and its converter is hardly significant as operational amplifiers and IGBTs of low current
and voltage are required. It is important to note that the proposed technique not only
aids in detecting I'TSC faults involving a smaller number of turns but also contributes to

minimizing breakdown losses.

3.5 Conclusions

ITSCs are responsible for creating localized hotspots within the windings of electric
machines. If left unchecked, these ITSCs can lead to catastrophic failures, as they have the
potential to propagate and eventually cause complete insulation breakdown. This chapter
proposes an online diagnostic approach designed to trigger a fault alert whenever motor
behaviour deviates due to ITSCs. In this method, a high-frequency signal is injected into
the non-torque producing phase of the switched reluctance motor SRM to detect changes
in inductance caused by ITSCs. The advantage is its independence from the specific
control strategies employed to run the motor, as it utilizes inactive phases for injection.
Experimental outcomes demonstrate that the proposed method is extremely sensitive,
even to minor I'TSCs. These minor faults are challenging to identify as their impact is
not very apparent in the motor performance. Detecting them can significantly mitigate
industrial downtime by preventing substantial winding failures in the machine. Moreover,
this method identifies the faulty phase and roughly estimates the number of shorted turns
by monitoring the peak values of high-frequency signals. The issue of detection reliability
has also been tackled, accounting for both load fluctuations and variations in speed. This
diagnostic method is applicable for identifying I'TSCs in switched reluctance machines with
3 or more phases, whether used as motors or generators. Additionally, it can potentially
diagnose other faults, such as eccentricity /hybrid fault conditions of ITSCs and eccentricity

in switched reluctance machines, suggesting future avenues for research in this field.
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Diagnosis Technique for ITSCs in
SR Ms for Entire Speed Range with

Lower Complexity

4.1 Introduction

The present chapter introduces a novel diagnosis method for ITSCs in SRMs for the entire

speed range using signal injection, eliminating the complexity of the technique discussed

in the previous chapter. The additional circuitries used for diagnosis purpose discussed in

the previous chapter has been eliminated, and a new method has been devised. The crux

of the technique with some of its key advantages are as follows:

1)

In the context of this study, the switches controlling the motor phases are deliberately
operated at high frequency. It occurs specifically within low torque operational
regions around their respective unaligned rotor positions. This operation occurs over
a consistent injection width within an electrical cycle. The outcome of this process
is a series of current pulses, each attaining uniform magnitude over a specific fraction
of the injection width. These pulsed currents are juxtaposed against a predefined
threshold value to ascertain potential short circuits within the motor phase windings.
This comparative analysis serves as the basis for short-circuit identification. A
specific control scheme does not bind the proposed technique. It can be adapted
for application SRMs under various control methodologies covering the entire speed
range. As elaborated in subsequent sections of this chapter, minor adjustments to
the injection period accommodate this versatility. One notable advantage of this
method is its minimal computational load. The decision-making process relies solely
on straightforward comparisons. Notably, the diagnostic procedure does not require

supplementary hardware components, reducing the complexity.

The method proposed in this study exhibits higher sensitivity, enabling the
identification of ITSCs involving as few as four turns (equivalent to approximately
4% of the total turns within a phase). This method also possesses the capability to
determine the specific phase affected by the fault and to provide an estimate of the

number of short-circuited turns. Under higher loads, the impact of saturation becomes
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apparent in SRMs, leading to a sudden dip in the inductance of the torque-producing
phase. Due to the sequencing of the injection process before the phases engage in
torque generation, the influence of unsaturated inductance predominantly determined
by rotor position only becomes significant during the injection width. Consequently, the
technique remains unaffected by saturation effects at higher loads. This characteristic
ensures that the fault indicator remains impervious to variations in load conditions.
Furthermore, it is noteworthy that fluctuations in the motor speed do not affect the

fault indicator.

Figure 4.1(a) illustrates an AHB converter driving an 8/6 SRM. The prevailing control
strategies for SRMs encompass CCC and APC. CCC is the preferred approach in situations
characterized by low to moderate speeds. Conversely, the control strategy automatically
transitions to APC due to the technical challenges of effectively employing chopping
techniques at higher speeds due to strong back emf. The current flow patterns during the
excitation and freewheeling periods within the context of the asymmetric configuration
are depicted in Figure 4.1(b). Figure 4.2(a) showcases the incremental inductance profile
around the rotor position for a specific phase within an 8/6 SRM. This profile has been
derived from FEM simulations conducted at varying current levels. Notably, the influence
of saturation becomes evident at current levels exceeding 8A. Segment II of the profile is
the positive torque region, while negative torque is obtained in segment IV. The portion of
segments I and III is a low torque region as the rate of change in inductance is very small,
as depicted. ITSC in pole A’ of phase A with currents in different winding parts following
the fault is also depicted in Fig. 4.2(a). It showcases how the uniformity and symmetry
of the flux distribution are perturbed in the presence of a winding fault. Moreover, the

presence of winding shorts decreases both the self-inductance and resistance within the

Pole A

=Vdc T~

(b)

Figure 4.1: Basic configuration of 8/6 SRM driven by an asymmetric half-bridge converter.
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Figure 4.2: Inductance profile of the test motor (a) Incremental inductance illustrating
saturation effect obtained in FEM (b) Effect of ITSC with increasing severity on the
unsaturated inductance profile.

faulty phase. The impact of ITSC on the inductance profile, as the number of shorted turns
increases, is portrayed in Figure 4.2(b). The unsaturated inductance profile is exclusively
presented for the faulty scenario, as the diagnostic methodology is nowhere linked to
saturation effects, as elaborated upon subsequently. The graph clearly illustrates that the
inductance diminishes with the growing severity of ITSC, a relationship directly linked
to the square of the number of turns. Additionally, the mutual inductance between the
unaffected and shorted turns contributes to the reduction in effective inductance. The
effect of ITSCs on the performance of SRM considering both the control schemes have

already been discussed and can be referred from Chapters 2 & 3.

4.2 Propositions of the Diagnosis Technique

4.2.1 Theoretical Background of the Proposed Scheme

During the operational phase of motoring in an SRM, the phase exhibiting a positive

slope in its inductance profile is energized to harness positive torque. This favorable
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Figure 4.3: Principle of diagnosing ITSC.

region, labeled Segment II of the inductance profile and characterized by a positive slope,
is effectively employed for this torque generation, as depicted in Figure 4.3. Furthermore,
an alternative strategy involves activating the phase within region I(b) of Segment I. This
approach enhances the motor torque by creating overlapping phase currents, as illustrated

in Figure 4.4. It contributes to an increased torque output from the motor.

I II 111 v
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15° Unsaturated
Inductance
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i Low ﬂ"
; do .
i High Speed
1 So
Overlap
~e ™A
Phase
current Single Phase Excitation
0, 6, 6

Figure 4.4: Phase current of SRM in single phase excitation, overlap condition and high
speed operation.
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Figure 4.5: Healthy and eccentric rotor (static eccentricity of 40%) at aligned and
unaligned rotor positions.

The phase switches are operated at a fixed high frequency in the low torque region I(a)
of segment I for a fixed injection width (0; - 62) to inject pulse current before the particular
phase is activated for torque production. This procedure is visually represented within the
highlighted yellow zone in Figure 4.3. The described process is systematically repeated
for each phase. During this repetition, pulse currents are injected into their respective
phases within their corresponding low torque regions around unaligned rotor positions.
These pulse currents are exclusively influenced by the inductance, which solely depends
on the rotor position within the specified injection width. This particular injection of
pulse currents helps diagnose I'TSCs within the SRM. Notably, the magnitude of the pulse
current escalates with the reduction in inductance attributed to short circuits occurring in
the phase windings. This phenomenon is depicted in Figure 4.3. Between the two available
low torque regions, preference is given to region I(a) within segment I for injection, as
opposed to the low torque region in segment III. For single-phase excitation or phase
overlap conditions, segment III can also be used for injection if the phase current decays

to zero well before the low torque region. However, at higher speeds, phase currents persist
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Figure 4.6: Inductance profiles for healthy and eccentric rotor (static eccentricity of 40%).

well into the major portion of segment III, as illustrated in Figure 4.4. This prolonged
presence of phase currents in segment III constrains the feasibility of operating phases
at a higher frequency within this segment. Moreover, selecting the preferred injection
region does not compromise the inherent flexibility of phase overlapping. Any phase can

be activated between the positions marked as 6, to enhance torque output.

Opting for this specific injection region also confers immunity to potential complications
such as manufacturing defects and eccentricity. These issues lead to the inductance
variation in SRM. However, the effect on inductance is opposite to that caused by ITSC.
It increases due to the change in the air gap in the motor, except for the unaligned rotor
positions. In the case of rotor eccentricity, air gap reluctance is not equal for both poles
of the energized suffering phase. In such inequality, other flux paths appear through the
unenergized adjacent stator poles. Therefore, the pole of the energized phase adjoining
the shortened air gap has greater flux linkage than the other pole of the same phase. Due
to the additional flux paths, the overall reluctance reduces, leading to an increase in the
inductance. However, this is not true for all the rotor positions. Figure 4.5 shows the flux
lines for healthy and eccentric rotor conditions at aligned and unaligned rotor positions.
A constant current of 1 A energizes the phase along which the rotor poles are aligned. It
can be inferred that under eccentricity at an aligned rotor position, the flux linking the
poles of adjacent phases increases compared to a healthy condition. It implies a reduction
in reluctance, leading to an increase in inductance. The flux linking to the adjacent poles
is almost similar at the unaligned rotor position shown in Fig. 4.5 (c¢) and (d). Therefore,
with the same reluctance path, no changes would be observed in the inductance around
the unaligned rotor positions. The inductance profile of the most suffered phase obtained

in the FEM simulations for healthy and eccentric rotor conditions is shown in Fig. 4.6.

The proposed method has been implemented for control schemes featuring fixed turn-on
and turn-off angles. A specific region has intentionally been set aside for injection to
facilitate the diagnostic process. This separation ensures that the diagnostic pulse currents
remain independent from the phase currents. However, certain control techniques involve

the real-time evaluation and adjustment of turn-on and turn-off angles throughout the
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motor operation. In such cases, the turn-on angle can vary and may fall before or
after the unaligned rotor position. Consequently, the diagnostic approach cannot be
effectively separated from the current profiling, reducing diagnostic efficacy. Nevertheless,
the viability of the proposed method can be preserved by designating a segment within
the negative torque region for injection, depicted in Figure 4.7. This approach guarantees
the feasibility of the diagnosis method even when dealing with control strategies that

dynamically update the turn-on and turn-off angles during operation.

N
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------- Turn-on at or after unaligned

A A M position
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Turn-on before unaligned
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Figure 4.7: Turn on at and before the unaligned position with the feasibility of injection.

4.2.2 Injection Methodology and Frequency Selection

The upper and lower switches within the same phase leg are synchronized to be turned
on and off simultaneously. This coordinated action introduces fixed high-frequency
voltage pulses strategically around unaligned rotor positions, as depicted in Figure 4.8(a).
The resulting pulse currents exhibit distinct peaks corresponding to the impedance
profile within the designated injection width, predominantly reflecting the unsaturated
inductance value. To prevent continuous current flow within the injection width and
ensure that the current diminishes to zero before the commencement of the subsequent
cycle, a duty ratio (D) lower than 0.5 is adopted for the high-frequency voltage pulse.
This configuration, along with a higher frequency selection, contributes to diminishing
the amplitude of the pulse currents. This adjustment not only prevents motor saturation
but also mitigates incurred losses. Also, it can be observed that a specific portion (6 -
f2) within the overall width (61-62) presents a uniform inductance profile. Therefore, the

peak value of the different pulses within this fraction would acquire the same magnitude



Chapter 4. Diagnosis Technique for ITSCs in SRMs for Entire Speed Range with Lower
66 Complezity

I(a) ﬂ‘ ~0 h_}Flat I;glli(e:tance — ipeak(]TSC)
. do ipeak(h)

T\

L Ipeak

10

L £ Y i .
T Vdc"\ T V¥ de

=M shorted turns
Vinj = Vdc

(a) (b)

A

Figure 4.8: (a) Flat inductance profile (§71-62) within the injection width (6,-62) (b) Pre
and post-fault winding equivalent circuit considering injection.

as shown in Fig. 4.8(a). As the phase inductance between f; and 6 is assumed to be
constant and neglecting the small phase resistance Ry, the peak value ip,eqx(5) of the pulse

current in the healthy condition can be related to inductance Ly (0f1-02) as

. ‘/inj
1 eaq ~ ‘D7
peak(h) Lp(0p1 —02) X finj

(4.1)

where V;,; and fi,; are the magnitude of the injected voltage and frequency respectively.
At higher frequencies, the influence of inductive reactance would be dominant compared
to the phase resistance. Therefore, the phase resistance is neglected in the formulation as

it has a negligible effect on the impedance observed during the injection width.

Figure 4.8 illustrates the equivalent winding circuit before and after a fault occurrence,
considering the injected current. Let IV, denote the total number of turns in an intact
winding, and 0V, represent the total number of shorted turns. In normal operating
conditions, the relationship Ly (0f1-02)= Lp(62)= Ngh /R is valid, where R signifies the
reluctance of the system. During ITSC incident, the inductance values of the remaining
intact turns (Lpp), the shorted turns (Ly), and the mutual inductance (M) existing
between the remaining intact turns and the shorted turns can be reasonably approximated

as follows:

(Nph - 5Nph)2

= = (1—6%Ly(62), (4.2)

Lipn(62) =
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Ly(02) = DL ep, ), (43)
M(02) = 6(1 — &) Lp(62)- (4.4)

The effective inductance of the faulty phase (L.s¢) under ITSC can be approximated as:

Lef(02) = Lpn(02) — M(6-)

. (4.5)
= (1= 67)Lp(b2) — 6(1 — &) Ln(62).

As the inductance of the faulty phase decreases, there is an observable increase in the
peak of the high-frequency pulsed current (ipeak( rsc)), as illustrated in Figure 4.8. It
is compared to a predetermined threshold value, which serves as a diagnostic criterion
for identifying ITSCs. The threshold value is established through empirical analysis,
considering the percentage change in the peak values of high-frequency current during
both healthy operating conditions and scenarios involving a 4% ITSC, as observed in
FEM simulations.

The variation in the inductance profile near the unaligned rotor position has been
previously discussed. For each phase, the injection width (6;-62) is kept constant at 5°,
with nearly half of this span falling within the zone of flat inductance. It is crucial to
ensure sufficient pulses within the range of 671 and 63 that exhibit comparable amplitude.
This adequacy of pulses is vital for precise comparison with the predefined threshold
value. For this purpose, the frequency is chosen so that an adequate number of pulses are
present within the flat inductance zone, which applies to the entire speed range. Having a
minimum of 7-8 pulses within the injection width guarantees the availability of 3-4 pulses
within the flat inductance region, enabling the convenient identification of I'TSC. The
injection frequency required to achieve the minimum necessary pulse count (V) can be

correlated with the rated speed (NV,qateq) in rpm, and this relationship is expressed as:

Np X N'rated X 060

(91 — (92) x 10 (46)

finj ~
where 6. is one electrical cycle in degrees.

Considering a rated speed of 1200 rpm and having 7 pulses within 61-62 of 5°, the
injection frequency is calculated as 10 kHz using equation (4.6). The number of pulses
within this zone exhibits an inverse relationship with the speed, remaining higher at lower
speeds, as depicted in Figure 4.9. It is worth noting that the frequency of injection can
be increased up to the limit governed by the capabilities of the semiconductor switches
in the motor-driving converter. Moreover, the pulse currents contribute to related losses,
which can be managed by selecting an appropriate injection frequency. The torque and

losses due to injection are discussed in the subsequent section.
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Figure 4.9: Variation in number of pulses due to change in speed.

4.3 Experimental Validation & Results

4.3.1 Experimental Setup

The functional block diagram, incorporating control and diagnosis, is illustrated in Figure
4.10. The proposed technique is validated for the entire speed range, employing CCC up
to medium speed and APC for higher speed. The motor speed, which serves as feedback
to the controller, is integrated to determine the rotor position, a crucial factor for both
control and fault detection. The controller dictates the ON and OFF positions (6,, and
Oorf) to excite the phases sequentially to operate the motor. Each phase is activated
for 15° in single-phase excitation mode. The respective phases are switched around
their unaligned positions at a frequency of 10 kHz for a duration of 5° to introduce
pulse currents, as previously detailed. For instance, in Figure 4.10, high-frequency
pulses are injected into phase A between 34° and 39°. The injection strategy adheres
to the flat inductance zone concept explained earlier, with the resulting pulse currents
for diagnostic purposes represented for better comprehension. Fault flags corresponding
to each phase are determined based on the rotor position and phase currents, with the
underlying logic in the accompanying flowchart. The magnitude of pulse currents in phase
A, surpassing a predefined threshold value i; as set in the controller, triggers the fault
flag, as demonstrated. Fault flags serve a dual purpose: detecting the occurrence of
ITSCs and pinpointing the faulty phase within the motor. The efficacy of the proposed
method is verified experimentally under diverse loading conditions and speed variations.
Moreover, the robustness is substantiated through transient studies that account for the

motor dynamic behavior under varying load and speed conditions.

A specialized test setup has been developed to emulate various levels of ITSCs,
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Figure 4.10: Block diagram depicting control and fault diagnosis logic.

consisting of a custom 1 hp, 72 V, 8/6 SRM equipped with assorted winding taps in two
phases. The same is depicted in Figure 4.11. Each phase comprises 108 turns, with 54 turns
wound around a single pole. The operation of the SRM is managed through a Semikron
IGBT module SKM100GB12T4-based AHB converter. For the execution of control and
diagnosis logic, the currents flowing through all four motor phases are detected using
hall-effect sensors, specifically LA-55 sensors. These sensed currents are then fed back
into the analog-to-digital converter channels of the controller. A 1000 pulse-per-revolution
incremental encoder coordinated with an absolute encoder determines the speed and rotor
position. The control and diagnosis logic is implemented in a digital signal processor
TMS320F28379d at a sampling rate of 1e-05 seconds. Notably, the proposed diagnostic

approach is rigorously assessed using the fundamental drive structure of the SRM without
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Figure 4.11: Experimental setup.

necessitating any supplementary hardware components.

A comprehensive analysis of the experimental outcomes obtained under CCC and APC
is presented. SRM is energized using a DC link voltage of 72 V, and an injection frequency
of 10 kHz is employed for the entirety of the experimental validation. Pertinent parameters
such as the applied load torque and the operational speed are explicitly cited wherever

necessary to facilitate thorough explanations.

4.3.2 Diagnosis of ITSC in CCC mode

At a speed reference (N, r) of 380 rpm, the SRM is operated with a light load torque (7j5qq)
of 0.4 Nm. In this situation, the motor draws a current of 4 A per phase, effectively fulfilling
the torque requirement illustrated in Figure 4.12. As shown, two-phase currents (4 & D)
and rotor position are monitored for the healthy condition. For a closer examination, a
single electrical cycle spanning 60° is presented, with an excitation duration per phase
of 15° and an injection duration of 5°, depicted within the enlarged window labeled as
zoom window-1. This detailed view reveals that both phase currents exhibit identical
peak values (ipeqr(n)) of 0.34 A. This characteristic is explicitly demonstrated for phase A
in the focused view labeled as zoom window-2 within Figure 4.12. As elaborated earlier,
the predetermined threshold value (i;) essential for the diagnosis methodology is set to
1.4 times the peak value observed during normal winding conditions. This selection
considers a safety factor to ensure the fault flags are not erroneously triggered during

healthy operations.

Figure 4.13 presents the scenario of an ITSC in which approximately 4% of a phase
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Figure 4.13: Healthy and faulty operation depicting the variation in peak value of high
frequency pulse current in the faulty phase A.

winding, specifically in phase A, experiences a short-circuit, amounting to four turns over
one of the poles. The blue dashed region denotes the duration the SRM undergoes the
ITSC event. Under the conditions of ITSC during closed-loop operations, the reference
current is elevated to meet the load requirements. Consequently, both the healthy and
faulty phase currents experience an increase in magnitude. However, this increase in phase
currents remains relatively moderate for minor short circuits. This effect is demonstrated

in the zoomed-in windows labeled as zoom window-2 and zoom window-1 within Figure
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Figure 4.14: Phase currents and fault flags for two phases (A & D) under healthy and
faulty (ITSC of 4 turns over a pole) conditions.

4.13, illustrating the slight uptick in phase A and D currents, respectively, during ITSC
compared to healthy operating conditions. With current being directly regulated in CCC,
the impact of ITSC on the faulty phase current is subtly discernible when control precision
is high. During the chopping period, the current overshoots the hysteresis band due to
fluctuations in inductance, exemplified by the behavior of phase A current. The peak
value (ipeqr(f)) of the pulse current in the faulty phase A experiences an increase, rising
significantly to 0.54 A from its value under healthy winding conditions. As the number of
short-circuited turns intensify, leading to reduced inductance, this peak value experiences
further augmentation, as indicated in Figure reference to Figure 4.2(b). For instance, for
an ITSC involving 15 turns over a pole, this value rises to around 0.6 A. This escalation in
peak value helps gauge the severity of ITSC in SRMs. Conversely, no discernible alteration
is noted in the peak value of the pulse current within the adjacent healthy phase D. Even
for minor short-circuits, the change in peak value is significant, which helps easy diagnosis
of ITSC. This characteristic highlights the increased sensitivity of the proposed method

towards detecting minor I'TSC events.

The diagnosis of ITSC and the subsequent identification of the faulty phase involve
comparing the peak current values and a predetermined threshold value established within
the DSP. Moreover, fault flags are formulated for each phase, adhering to the logic
delineated in Figure 4.10. Figure 4.14 presents the phase currents of two adjacent phases
(A and D) alongside their respective fault flags. Due to the channel limitations of the
oscilloscope, the phase currents and flags are showcased only for these two specific phases.
The observations made within this demonstration apply to other phases as well. As the

fault is instigated by shorting four turns in phase A, the corresponding fault flag for this
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particular phase transitions to a high state (3.3 V). Conversely, the flag associated with
the adjacent phase D remains in a low state (0 V) throughout, affirming the presence of
a healthy winding condition. The impact of the fault on one phase does not dominantly
influence the others. It is worth noting that the fault flag for the problematic phase
subsequently reverts to a low state once the fault is rectified. The conditions before and
after the fault are visually presented in the zoomed-in windows labeled as zoom window-1
and zoom window-2 within Figure 4.14 to facilitate a clear understanding. The motor
is subjected to an elevated load torque of 2 Nm while maintaining the reference speed
at 380 rpm To assess the effectiveness of the proposed technique across diverse loading
conditions. This variation in load aims to validate the robustness of the method under
different operating conditions. As the motor is subjected to this intensified load, it draws
an approximate current of 8 A, as shown in Figure 4.15. A fault of the same magnitude
is intentionally created in phase A. As a result of this fault occurrence, the corresponding
fault flag experiences a transition to a high state, as depicted within the enlarged zoom

window-1.

4.3.3 Immunity of Fault Indicator under Load/Speed Fluctuation

In the context of designing a fault diagnosis system, ensuring reliability is of paramount
importance. The developed fault indicator must demonstrate consistent performance even
in the presence of load and speed fluctuations within the motor. Its responsiveness should

exclusively activate when the motor encounters actual faults.

The motor is subjected to an abrupt transition in load torque, shifting from 0.4 Nm

to 3 Nm, and subsequently reverting to its initial operational state. This load variation
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Figure 4.15: Phase currents and fault flags for two phases (A & D) under healthy and
faulty conditions at a higher load torque of 2 Nm.
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prompts an instantaneous shift in current from 4 A to 10 A, which then returns to 4 A
according to the torque demand. Remarkably, throughout this dynamic operational cycle,
the fault indicator or the peak of the pulse currents in each phase remain constant, as
depicted in Figure 4.16. This persistence in indicator values compels the associated fault
flags to remain at a low state, thereby signifying fault-free performance. The peak value
remains the same as the injection voltage experiences the same unsaturated inductance
within the injection width. Consequently, the fault indicator effectively remains decoupled

from variations in load torque applied to the motor.

Under closed-loop control, the motor speed experiences fluctuations in response to
varying loads, as illustrated in Figure 4.17. Specifically, the load torque exerted on the
motor is transitioned from 2 Nm to 0.4 Nm. Notably, how the load is relieved differs
from an abrupt step change; rather, it is gradually released due to the implementation
of a mechanical loading arrangement, as visualized in Figure 4.11 within the test rig.
This load-induced speed fluctuation is visualized in zoom window 1 and zoom window
2 within Figure 4.17, with speed varying between 238 rpm and 434 rpm. An intriguing
observation is that the peak values of the pulse currents maintain a value of 0.34 A
throughout this speed range. However, the number of pulses within the defined injection
duration diminishes at higher speeds. With no change in the fault indicator, the fault

flags remain low, representing the fault-free operation.

4.3.4 Diagnosis of ITSC amid Load and Speed Transients

The robustness of the proposed methodology during transitional stages involving
fluctuations in both load and speed has been empirically validated. During a transition

period where the torque demand escalates from 0.4 Nm to 3 Nm while maintaining a speed

; ; ; 2s/div
Phase A . &:D.Current ... ™%

(2A/div)

oy i
L

~, Fault Flag-A (5V/div)
_» Fault Flag-D (5V/div)
ON I ? ; Time/div: 2s/div

Zooml| g Zoom?
o PO, 1oms/civ

1 25kPts

uF-q il

i1H

10ms/div| i
25kPts|

i.ipeak %..0.34 A | dpeak =034 A

N

il

I

114

Zoom (1) : : » Zoom @

Figure 4.16: Immunity of the fault indicator under load variation from 0.4 Nm to 3 Nm.
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Figure 4.18: Fault diagnosis amid load transient with change in load torque from 0.4 Nm
to 3 Nm at the speed reference of 380 rpm.

reference of 380 rpm, an I'TSC event is deliberately introduced. Specifically, four turns
within a pole of phase A are short-circuited, as portrayed in Figure 4.18. The activation of
the fault flag for the corresponding faulty phase serves as a clear indicator of the occurrence
of ITSC.

Furthermore, to evaluate the performance during speed transients, the reference speed

varies from 300 rpm to 660 rpm while keeping the load torque constant at 0.4 Nm, as
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evidenced in Figure 4.19. Like before, during the transitional phase between the initial
and final reference speeds, four turns within phase A are momentarily short-circuited. In
this context, the fault flag associated with phase A is triggered, signalling an augmentation
in the magnitude of the pulse current within this specific phase. It substantiates
the effectiveness of the method in accurately diagnosing ITSCs, even under transient

conditions.
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Figure 4.19: Fault diagnosis amid speed transient with change in speed from 300 rpm to
660 rpm at the load torque of 0.4 Nm.
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4.3.5 Diagnosis of ITSC in APC mode

Operating the SRM at its rated speed of 1200 rpm entails applying a full DC link voltage
of 72 V. Under such high-speed conditions, the conventional chopping process, which
transitions the control mode from CCC to APC, is not feasible. Depicted in Figure 4.20,
the APC mode of operation is showcased in both healthy and faulty scenarios. Notably, the
diagnostic methodology remains consistent with the discussion presented earlier. An I'TSC
event involving four turns is deliberately introduced within phase A. The manifestation
of this fault is marked by the fault flag transitioning to a high state. Additionally, a
substantial shift in the magnitude of the current within the faulty phase is evident. This
shift is perceptible in the detailed views provided in zoom window-1 and zoom window-2
within Figure 4.20, which effectively portray the conditions before and after the fault
occurrence. Intriguingly, there is no observable fluctuation in the flag corresponding to
the adjacent healthy phase D. This collective evidence attests to the adaptability and
efficiency of the proposed method even when the motor is operated at higher speeds,

irrespective of the control techniques employed.
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Figure 4.20: Phase currents and fault flags for two phases (A & D) under healthy and
faulty (ITSC of 4 turns over a pole) conditions in APC mode.
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Figure 4.21: Peak values of the high frequency pulse current for 14% and 25% ITSC in
phase A.

4.3.6 Fault Severity

Figure 4.21 illustrates the peak magnitudes of high-frequency pulse currents associated
with 14% and 25% ITSCs within phase A. This representation serves as a means to
approximate the severity of the fault occurrences. The peak value increases with the
increasing number of shorted turns. For instance, the peak current attains values of 0.65
A and 0.72 A for ITSCs of 14% and 25%, respectively. Comparatively, as stated earlier,
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the peak current values for both a healthy winding and a 4% ITSC stood at 0.34 A and
0.54 A, respectively. This comparison of peak values affirms the capability of this diagnosis
to not only detect the presence of ITSCs but also to differentiate their degrees of severity.
Furthermore, for easy comprehension, the severity index (SI) is formulated, which is given

as

z-peak(ITSC) B ipeak(h) (47)

SI = . ’
Ypeak(h)

where ipeqr(rrsc) and ipeqr(n) are the peak values for faulty and healthy conditions. Fig.
4.22 illustrates the severity plot that helps estimate the number of shorted turns. For
ITSC, with SI falling between 0.8 and 1, the percentage of shorted turns can be estimated
to be around 10 - 20%.

4.4 Loss & Torque investigation due to Injection

The introduction of high-frequency pulses for diagnostic purposes leads to supplementary
losses and unwanted torque in the motor. This study delves into the analysis of copper
losses and the resultant torque generated during the defined injection span of 5°. By
disregarding the influence of back electromotive force and accounting for a negligible
winding resistance (R,,=0.6 (2), alongside the presumption of minimal perturbation in
inductance within the injection region, the pulse current 4, (t) can be mathematically

expressed as follows:

Ve Xt
5‘51*293; for 0 — DT.
iputse(t) = § XEOTD - for DT — 2DT. (4.8)
0, for 2DT — T.

where T is the pulse period (shown in Fig. 4.8), D is the duty ratio, Vj. is the dc link

voltage, and L(6;-02) is the inductance within injection width. The average current in
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Figure 4.22: Severity plot between percentage shorted turns and severity index.
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time T can be articulated as

. fOT ipulse (t)dt

I _p?_ Vi
av —

= = DT (4.9)

Considering the injection width for one of the phases (phase A) between 34°-39°, the RMS

current can be evaluated as

Loem |2 [ D2 Vi ppagg (4.10)
e 5 /a4 L(0; — 6) ' ‘

Therefore, the copper loss within 34°-39° can be denoted as

do. (4.11)

P - VZT2DR,, /39 1
5 34 L2(01 — 62)

The expression in (4.11) indicates that the copper loss (P.) can be minimized by
strategically choosing the injection frequency and pulse duty ratio while keeping other
variables constant. Opting for a higher injection frequency and decreasing the duty ratio
reduces the amplitude of pulse currents. In healthy conditions, the peak pulse current
value is 0.34 A per phase when the injection frequency is set to 10 kHz, and the duty
ratio is maintained below 0.5. Consequently, it can be inferred that such a pulse current
magnitude, especially when compared to the load current within a narrower injection

window, exerts a relatively minor impact on the overall losses.

Also, the maximum torque (7},,) generated as a result of injection in every pulse period

can be represented as

1 Vie
Ty =
do

=3 T —ay PP

. (4.12)
Although injection is done in the region where the rate of change in inductance is minimal,
moreover, selecting a higher injection frequency and lowering the duty ratio ensures further

minimization of the unwanted torque.

4.5 Conclusions

This chapter introduces a novel diagnostic approach for identifying ITSCs in SRMs.
The proposed method involves the injection of high-frequency pulses into the motor
phases around their respective unaligned rotor positions. The chapter delves into
the foundational background and meticulously outlines the formulation, followed by
experimental validation. The core concept revolves around translating variations in
inductance due to ITSCs through the application of high-frequency pulses. The method
strategically utilizes the low torque flat inductance zone around the respective unaligned
rotor position. This region exhibits minimal inductance alterations, minimizing the

undesired torque generation during the pulse injection. Moreover, the injection frequency
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within a confined width is selected to ensure that the magnitude of the ensuing pulse
current does not lead to substantial motor losses. Since diagnostic pulses are introduced
into the phases during non-active torque production intervals, the method operates
independently of the control mechanism. As a result, it remains adaptable for SRMs
operating under various control strategies. This method exhibits higher sensitivity for
detecting even minor ITSCs and boasts robust reliability when subjected to load and
speed fluctuations. The technique has a good transient response and works efficiently
under load /speed variations during the transition period. The method offers fast diagnosis
without necessitating complex computations employing a basic comparative logic approach
within the time domain. Importantly, the technique requires no supplementary hardware
beyond the foundational drive structure, thus offering an efficient and streamlined

approach to diagnosis.



Chapter 5

Conclusion & Future Scope

5.1 Conclusions

Chapter 1 of the thesis discusses the importance of the requirement of the fault
management system for the reliable operation of electric machines. The basics of SRMs,
their comparison with the conventional motors and possible faults are presented in detail.
An exhaustive literature on short circuit faults and their consequences on the performance
of SRM has been included. The need for diagnosis techniques for I'TSCs in SRMs that
account for 21% of all electrical faults is also highlighted. Also, in-depth literature
has been incorporated regarding the comparative study of the available techniques for
ITSCs in traditional motors like IMs and PMSMs, highlighting their features and research
gaps in the techniques available for SRMs. The thesis objectives have been drawn to
fill the research gaps and develop sophisticated diagnosis techniques for I'TSCs to make
SRM technology more reliable and adaptable. Chapter 2 of the thesis deals with the
first objective, which targets a diagnosis technique for ITSCs in SRMs for low and
medium-speed applications operating under chopped current control. The effect of the
ITSCs on the performance of SRM operating under CCC mode has been portrayed in
detail using FEM and experimental analysis. The background of the proposed method
based on monitoring post turn-off current in the flat inductance zone around aligned rotor
positions has been thoroughly discussed. The easy implementation and robustness of the
proposed method under different operating and transient conditions have been validated
by experimentation on the test rig of 8/6 SRM. The technique offers higher sensitivity
regarding the least severity detected (ITSCs of 4% shorted turns in a phase). Chapter
3 of the thesis deals with the second objective, which targets a diagnosis technique for
ITSCs in SRMs independent of control strategies. The technique has been developed
employing an additional circuitry that injects a high-frequency voltage signal into the
idle phases. Utilizing the auxiliary circuit and idle phase for injection decouples the
diagnosis technique from the control. The proposed method has been validated and
demonstrated experimentally for CCC and APC; however, as it decoupled from current
profiling, it can also be applied to SRMs operating on advanced control techniques. The
method offers superior performance, be it severity (ITSC of 2 turns is detected) and
reliability under different operating and transient conditions, but at the price of increased
complexity and cost to the traditional SRM drive. Chapter 4 of the thesis deals with the

third objective and focuses on eliminating the complexity involved in the second objective
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without compromising the features of any sophisticated fault diagnosis system. The fault is
diagnosed by analyzing the behavior of the pulsed current injected by operating the phases
at a high frequency in the flat inductance zone around the unaligned rotor positions.
The proposed technique applies to SRMs independent of control strategies. Also, the
robustness of the proposed scheme has been demonstrated experimentally by subjecting
the motor to abrupt speed/load change, proving its higher reliability. It also offers a
higher sensitivity to ITSCs of fewer turns. No additional hardware is used for diagnosis

and decision-making, reducing the complexity and cost.

5.2 Future Scope

The thesis proposes three diagnosis strategies for ITSCs in SRMs to make the technology
more reliable and adaptable in various safety-critical applications. The three methods
discussed in the thesis have capabilities that can be further exploited to harness other

important outcomes. The future scope of the work is discussed here.

All three proposed methods discussed in the thesis have been formulated to translate
the variation in inductance due to ITSCs in SRMs. As mentioned, the effect of eccentricity
faults on the inductance is quite opposite to that of ITSCs depicted in Figure 4.6. It can
be observed that the inductance of the faulty phase due to eccentricity increases compared
to the healthy motor. These faults (static, dynamic & mixed eccentricity) can be identified

using the three proposed methods, which are explained here:

1) The post turn-off phase currents are monitored for diagnosing the ITSC, as discussed
in Chapter 2. The decay time of the phase currents in the flat inductance zone,
which reduces due to the increase in inductance due to ITSCs, is evaluated in terms
of pulses for the duration equivalent to the decay time. However, with the increase
in the inductance due to eccentricity, the target decay time will reduce compared to
the healthy condition. The effect on the decay time is quite the opposite for both
eccentricity and ITSCs; hence, eccentricity faults can be easily identified using the

proposed technique.

2) A high-frequency voltage signal is injected into the negative torque region of inactive
phases to translate the inductance variation, as discussed in Chapter 3. The peak
value of the high-frequency current increases due to the reduction in the inductance
of the phase suffering from ITSC. However, due to eccentricity, the peak of the
high-frequency current corresponding to the faulty phase would reduce due to a
reduction in inductance. Therefore, the method can be applied to SRMs to identify

eccentricity defects effectively.

3) The motor phases are switched at a high frequency around their respective unaligned
rotor positions to diagnose the ITSC, as discussed in Chapter 4. Also, it can be observed
from Figure 4.6 that there is no variation in the inductance due to the eccentricity fault

around the unaligned rotor positions. However, with a minor change in logic, operating
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the phases at a high frequency in their negative torque region can be used to identify

eccentricity faults.

The proposed methods have been analyzed and validated for ITSCs in SRMs, and the
fault indicators have been devised accordingly. The behavior of the fault indicators under
other fault conditions and multiple fault scenarios needs to be analyzed to identify and
distinguish the type of faults. It would help the SRMs to be more reliable and adaptable

in various safety-critical applications.

The proposed techniques discussed in Chapters 3 & 4 can also be extended and
accompanied by the sensor-less techniques based on signal injection, making the sensor-less

techniques tolerant to faults, thereby enhancing the fault resilience of SRMs.
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Chapter A

Appendix

A.1 Threshold determination

The thresholds for identifying the fault using the proposed techniques discussed in
Chapters 3 & 4 have been decided empirically by performing FEM analysis. The threshold
factor (y) in Chapter 3 is defined by analyzing the high-frequency currents produced in
the winding due to injection. The currents for healthy and ITSC of 2 turns are presented
in Figure A.1. The peak values for healthy and faulty conditions (ipeqr(n) and ipeqr(f1)) arve
8.1 mA and 5.3 mA, respectively. The percentage change in the peak values for the case
mentioned is around 50%. This deviation is large enough to decide a threshold factor. We
have set a threshold value of 20% more than the peak value for healthy winding conditions.
Therefore, the value of the threshold factor (y) is 1.2. 3.2 V is the peak value appearing
for the healthy case in the experimental analysis under CCC, and the threshold voltage is
set to 3.8 V, which is approximately 1.2 times 3.2 V. The threshold value can be defined
at the time of installation of the diagnosis system in the drive after testing that SR motor.

Similarly, the threshold value in Chapter 4 is defined by analyzing the high-frequency
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Figure A.1: High-frequency current for healthy and ITSC of 2 turns.

currents produced in the winding due to injection in the finite element analysis of the test
motor. The currents for healthy and ITSC of 4 turns are presented in Figure A.2. The
peak values for healthy and faulty conditions (ipeqn(n) and ipeqr(s)) are 0.33 A and 0.52 A,
respectively. The percentage change in the peak values for the case mentioned is around
50%. This deviation is large enough to decide a threshold factor. We have set a threshold
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value of 40% more than the peak value for healthy winding conditions. The threshold
value can be defined at the time of installation of the diagnosis system after the finite

element analysis of the motor.
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s 4% ITSC ety 032 A
=04/ ipeaty= 0.33 A
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89
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Figure A.2: High-frequency current for healthy and ITSC of 4 turns.

A.2 Simplified fault flags

It can be observed that the fault flags in Chapter 3 & 4 keep toggling between 0 & 1
for the entire fault duration. A simplified phase fault flags can be displayed in various

ways, such as using light-emitting diodes, SR flip-flops, or a moving average. In this

., T

Fault Flag-A (5V/div)

iR Slmphﬁed FlagA(SV/dlv)

,n? ?‘ﬁ“.“".”.‘ fﬁ"%%: I’

Figure A.3: Simplified fault flag acquiring a high state (3 V) during the entire fault
duration and a low state (0 V) for fault-free operation.

representation, a high state (3V) indicates faulty period, while a low state (0V) signifies
normal, fault-free operation. To simplify the fault flag for our test motors, the moving

average of the phase fault flags demonstrated earlier have been evaluated. This simplified
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flag is shown in Figure A.3. Notably, this simplified flag remains in the high state as long

as the fault persists and switches to zero once the fault has been cleared.
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