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SUMMARY

The objective of this PhD research is to develop simple, robust, and non-intrusive
condition monitoring methods for induction motors fed by closed-loop inverters and
claw-pole generators with built-in rectifiers. While the flexible energy forms synthesized
by these connected power electronic converters greatly enhance the performance and
expand the operating region of induction motors and claw-pole generators, they also
significantly alter the fault behavior of these electric machines and complicate the fault
detection and protection. A comprehensive literature survey suggests that the current art
of condition monitoring of power-converter-fed electric machines is underdeveloped
compared to the maturing condition monitoring techniques for grid-connected electric
machines.

In this work, special characteristics of the connected closed-loop inverter and
rectifier have been thoroughly analyzed, with particular interest in their impact on fault
behaviors of the induction motor and the claw-pole generator. Based on the
understanding obtained from the theoretical and experimental analysis, several sensorless
thermal, mechanical, and insulation monitoring methods are proposed by smartly
utilizing special features and capabilities of the connected power electronic converter.

This thesis first investigates the stator turn-to-turn fault detection for induction
motors fed by closed-loop inverter drives. A comprehensive survey of existing stator
turn-fault detectors reveals that the major disadvantage of conventional methods is that
the process of learning the inherent asymmetry of the induction motor is highly
complicated. Such complexity directly limits the practicability of these methods in real

world applications. In this work, it is discovered that motor current controllers in the

XX1



closed-loop inverter can keep the three-phase current symmetrical no matter a stator turn
fault exists or not. This unique feature is utilized to essentially eliminate the learning
process of the motor inherent asymmetry during stator turn-fault detection. The proposed
method is evaluated experimentally and the results show that the proposed fault detector
is highly sensitive and easy to implement.

In addition to detecting a solid stator turn fault, an early warning of the stator
insulation degradation is also highly desired. A stator thermal monitoring method is thus
proposed in this work to protect the closed-loop inverter-fed induction motor from
insulation degradation caused by thermal overload. The stator temperature is indirectly
estimated from the stator resistance. The closed-loop inverter is used to inject a DC
current into the motor windings in an online fashion. Since only the DC bus voltage
sensor is available in typical closed-loop inverter drives, the major challenge of this
method is how to accurately estimate the DC component of the motor terminal voltage
despite inverter nonidealities. The proposed method is finally implemented in real time in
a custom-built programmable inverter drive. The experimental results demonstrate that
the method gives accurate and robust stator temperature estimation regardless the
operating condition of the induction motor.

The health monitoring of claw-pole generators with built-in rectifiers is also studied
in this thesis. Despite the limited literatures on the major failure modes of claw-pole
generators, several common types of faults are successfully identified and studied in
detail. Different from grid-connected AC generators, the built-in rectifier of the claw-pole
generator makes it difficult to access the three-phase voltage and current measurements.

Hence, conventional condition monitoring methods based on AC signals can no longer be
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used. To overcome this challenge, an experimental analysis is performed to better
understand the overall waveforms and spectra of the voltage and current of the claw-pole
generator. Several harmonic components in the output current spectrum are identified to
be related to various faults of the claw-pole generator.

Faults of claw-pole generators are classified into two categories: External faults (or
system-related faults) and internal faults. Specifically, the external faults of claw-pole
generators studied in this thesis include the serpentine belt slip and serpentine belt defect.
For the serpentine belt slip, the speed of the claw-pole generator is estimated indirectly
by tracking the rectifier ripple frequency in the output voltage signal. Hence, the fault is
reliably detected by comparing the estimated generator speed with the measured speed of
the prime mover (vehicle engine). The defects on the serpentine belt, on the other hand,
modulate the transmitted torque and speed of the claw-pole generator every belt cycle. It
is therefore detected by monitoring some specific side-band current harmonics near the
rectifier ripple frequency.

The internal faults of claw-pole generators studied in this thesis include the stator
turn-to-turn fault, the rotor eccentricity, and the worn bearing. It is discovered that with
unbalanced three-phase inputs, the output current of the rectifier will exhibit increased
harmonic at one third of the rectifier ripple frequency. This signature is used to detect
stator turn faults. Once the stator turn fault is detected, an analytical model of the claw-
pole generator with fault is also derived to establish an accurate mapping relationship
between the observed fault signature and the fault severity. The experimentally validated
model enables the design of well-informed post-fault protection strategies, which prevent

the stator turn fault from progressing into catastrophic generator failures while
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maintaining maximum limp-home capability of the vehicle. The effect of rotor
eccentricity on the rectifier output current is also discussed. It is found that the rotor
eccentricity will produce an additional reluctance torque oscillation, which will give rise
to current harmonic at the shaft frequency of the generator. This signature is successfully
utilized to detect rotor eccentricity. Finally, the detection of generalized bearing
roughness is investigated. It is found that that the bearing wear in a belt-driven claw-pole
generator can lead to slight change of the effective generator pulley diameter through one
or more possible fault mechanisms. The change of effective pulley diameter of the
generator is going to further shift the frequency of rectifier ripple harmonic in the
generator output current. Through multiple accelerated bearing aging tests and control
tests, it is confirmed that the frequency deviation of the rectifier ripple harmonic is
strongly correlated to the bearing wear in claw-pole generators and can be used as a fault
indicator of the generalized bearing roughness.

Whereas this PhD research only focuses on the condition monitoring of two specific
types of electric machine systems, the fundamental ideas behind each proposed condition
monitoring technique is quite universal and appeals to a much wider variety of electric
machines connected to power electronic converters. The two main categories of power-
converter-fed electric machines that benefit from this research are,

¢ Inverter-fed electric machines for motoring and generation applications
e Rectifier-connected electric machines for generation applications
To sum up, this PhD research has a broad beneficial impact on a wide spectrum of

power-converter-fed electric machines and is thus of practical importance.
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CHAPTER 1 Introduction and Objective of the Research

1.1 Background

As the most commonly used electromechanical energy-conversion device in the
modern civilization, AC electric machines have played indispensable roles in electric
power generation, transportation, industrial processes, and residential applications. In
many applications, electric machines are subjected to environmental stresses, such as
high ambient temperature, high moisture, and a corrosive and dusty environment. These
environmental stresses, combined with machines’ internal electrical, mechanical, and
thermal stresses, could seed faults in electric machines. These incipient faults can develop
into catastrophic machine failures if left undetected. Such failures result in not only costly
repairs, but also significant financial loss because of unscheduled downtime in industrial
plants or safety hazards in transportation applications.

The history of condition monitoring and diagnostics of electric machines is almost as
old as electric machines themselves. Initially, the electric machines are only protected in
a very crude way against a misuse such as over current or over voltage [1]. With
advancements in sensor technology, digital processors, and signal processing techniques,
it has now become possible to detect machine faults at their very inception, well before
material machine failures occur [2-4]. The detection of incipient faults of electric
machines allows time for preventive maintenance to be scheduled, which greatly
improves the overall system reliability, availability, and maintainability in a wide range
of sensitive applications.

To detect and isolate specific incipient faults, different types of sensors are added to

electric machines. These include search coils for stator or rotor faults [5], infrared sensors



for bad electrical connection [6], thermal and accelerometers for bearing faults [7], etc.
However, sensors and associated installations and wirings are costly and intrusive for
many applications. Hence, only very large and expensive electric machines nowadays are
equipped with some of these sensor-based condition monitoring schemes.

In the last two decades, the research on the so-called sensorless condition monitoring
of electric machines has gained a lot of momentum. Instead of deploying expensive
special-purpose sensors for fault detection, existing sensors and hardware can provide
rich wellness information of the machine that has traditionally not been utilized. For
example, in industrial plants, the voltage and current measurement available in the motor
control center can be used for condition monitoring purposes. In motor drives, the
existing current sensors and DC bus measurement can provide useful information about
the wellness of the electric machines.

However, due to historic reasons, most fault-detection methods available nowadays
are designed with only grid-connected electric machines in mind. With the growing
emphasis on energy efficiency and inexpensive availability of power electronics, more
and more electric machines are now interfaced with various types of power electronic
converters, some of which even have sophisticated control. While the flexible energy
forms synthesized by these power electronic converters greatly enhance the performance
of electric machines in a much expanded operating region, they also have a significant
impact on fault behaviors of electric machines and introduce a lot more complexity in
terms of fault detection and protection. In most cases, conventional fault-detection
methods for grid-connected electric machines cannot be applied to power-converter-fed

machines anymore. This necessitates detailed analyses of the effects of power converters



on various faults of electric machines so that simple and reliable fault-detection schemes
can be developed.

The large number of power electronic converters and electric machines available
nowadays makes it unrealistic to study every possible combination of them. The scope of
this PhD research is thus focused on the condition monitoring of two exemplary types of
power-converter-fed electric machines:

¢ Induction motors fed by closed-loop inverter drives
e (Claw-pole synchronous generators connected to output rectifiers

Whereas only these two specific types of electric machine systems are studied in
detail, the fundamental principles of proposed condition monitoring techniques are quite
universal and can benefit a much wider array of electric machines connected to power
electronic converters. Even with so many combinations of electric machines and power
electronic converters nowadays, most of them can be classified in to one of the following
two broad categories:

1. Inverter-fed electric machines for motoring and generation applications
2. Rectifier-connected electric machines for generation applications

The condition monitoring techniques proposed for induction motors fed by closed-
loop inverters can be easily extended to benefit the electric machines in Category 1. The
condition monitoring methods proposed for claw-pole generators with built-in rectifiers,
on the other hand, can be adapted to benefit the electric machines in Category 2.
Therefore, this PhD research has a broad beneficial impact on a wide spectrum of power-

converter-fed electric machines and is thus of practical importance.



1.2 Induction Motors Fed by Closed-loop Inverter Drives

The induction machine is one of the most prevailing types of electric machines used
nowadays thanks to its relatively low cost, low maintenance, and simple construction.
Induction machines are used as motors in most applications, which earn its name as the
workhorse of the modern industry.

Induction motors can be connected to the grid directly, or connected to power
converters such as open-loop inverter drives or closed-loop inverter drives. This study
mainly focuses on the condition monitoring of closed-loop inverter-fed induction
machines.

Closed-loop inverters are power converters with current or torque feedback control
capabilities. Closed-loop induction motor drives find many applications in high-
performance motion control and traction system, such as cranes and hoists, elevators,
winding process, material handling, hybrid and electric vehicles, modern railway system,
diesel-electric ships, and rolling steel mills, where zero-speed torque capability and
highly dynamic torque response are required. Compared to the grid-connected or open-
loop inverter-fed electric machines, the machines fed by closed-loop inverters are
generally connected to the most important types of loads. Equipped with current sensors
and digital processors, the inverter drives are also ideal platforms for implementing the
sensorless condition monitoring schemes. In reality, however, closed-loop controlled
machines turn out to be the least studied category in terms of fault detection, mainly
because the closed-loop control dramatically changes the fault behaviors of the electric

machines and complicates the fault analysis [8].



As one of the weakest components in induction machines, the stator winding
insulation failures accounts for about 30~40% of induction machine failures in industrial
applications [1, 9-12]. In closed-loop induction motor drives, the large dv/dt caused by
the pulse width modulation (PWM) of the inverter will result in even higher electric
stress on the induction machine, especially on the first few turns in the terminal end of
the stator winding [13]. Therefore, the condition monitoring of the stator insulation of
inverter-fed induction machine is the primary focus of this work. The thesis will propose
methods that not only detect solid stator insulation faults but also monitor the insulation

degradation through indirect thermal monitoring.

1.3 Claw-pole Generators with Built-in Rectifiers

A claw-pole generator is essentially a wound-rotor synchronous generator with a
built-in rectifier and voltage regulator. The DC side of rectifier is often connected to a
DC-link energy storage device, such as a capacitor, an ultra-capacitor, or a battery. The
unique claw-pole shape of the rotor makes the generator inexpensive to manufacture in
mass scale and caters to applications where low cost is the paramount. In fact, the claw-
pole type synchronous alternator (or generator) is the dominant type of machine used in
automotive electric power systems and some small marine electric power systems.

In the past few decades, the push to improve fuel economy, address increased safety
and emission regulations, and provide consumers with a luxury driving experience has
resulted in a rapid increase in the demand for electric power in automobiles [14]. The
power consumption of an average vehicle grows to twice what it was a couple of decades

back [15]. Today’s passenger vehicles use up to 120 motors, up to 70 Electronic Control



Units (ECUs), and a whole host of sensors and electro-mechanical actuators, all of which
require a reliable and efficient power source.

A failure of the claw-pole generator is considered to be a so-called “walk-home”
incident or a very severe case of failure that can leave a motorist stranded [16, 17].
Timely and accurate detection of alternator problems will not only decrease “walk-home”
incidences but will also significantly decrease misdiagnoses, thereby resulting in
significant warranty cost savings for auto manufacturers [16-23].

While there has been active academic research on the condition monitoring of large
wound-rotor synchronous generators that are directly connected to the grid [24-26], the
literatures on the detection of incipient faults for claw-pole generators are extremely
limited. The primary reason is that the built-in rectifier and the stringent cost constraint
make it difficult to monitor the three-phase AC quantities of the generator. Hence,
conventional fault-detection methods based on three-phase current or voltage
measurements can no longer be used.

Faults of claw-pole generators are classified into two categories: External faults (or
system-related faults) and internal faults. Specifically, the external faults of claw-pole
generators studied in this thesis include the serpentine belt slip and serpentine belt defect.
The internal faults of claw-pole generators studied in this thesis include the stator turn-to-
turn fault, the rotor eccentricity, and the worn bearing.

In addition to conventional automotive applications, an AC generator with a rectified
DC link is also a standard arrangement in many standalone electric power systems, such

as hybrid/electric vehicles, electric ships, aircraft, and wind turbines. Therefore, the



research on claw-pole generators with built-in rectifiers can also be carried over to many

other similar applications, which results in a much broader impact.

1.4 Problem Statement

Condition monitoring of AC electric machines fed by power electronic converters is
of great importance to ensure the overall system reliability, availability and
maintainability in a wide range of sensitive applications.

The objective of this PhD research is to develop simple, robust and non-intrusive
condition monitoring methods for two exemplary types of power-converter-fed electric
machines: closed-loop inverter-fed induction motors and claw-pole generators with built-
in rectifiers.

The study proposes to undertake several important aspects of condition monitoring
of these two types of machines, which include stator turn-to-turn fault detection and
stator thermal monitoring for induction machines; and the detection of important external
faults (serpentine belt slip and serpentine belt defects) and internal faults (stator turn-to-

turn fault, rotor eccentricity, and worn bearing) for claw-pole generators.

1.5 Dissertation Outline
Chapter 2 reviews the previous work on the condition monitoring of closed-loop
inverter-fed induction machines, with a special focus on the stator turn-fault detection
and stator temperature estimation. The chapter also discusses the disadvantages and
limitations of the present techniques. Chapter 3 reviews the previous work on condition
monitoring and fault diagnostics for claw-pole generators with built-in rectifiers, also
with their limitations discussed. The proposed stator turn fault detector and stator

temperature estimator for closed-loop drive-fed induction motors are presented in

7



Chapter 4 and Chapter 5, respectively. The modeling and a general spectral analysis of
the claw-pole generator is presented in Chapter 6. Chapter 7 presents methods to detect
external faults for claw-pole generator. The methods to detect internal faults are
presented in Chapter 8. Experimental results are presented to validate all proposed
condition monitoring schemes. The conclusions, contributions, and the recommendation

for future work are summarized in Chapter 9.



CHAPTER 2 Previous Work on Insulation and Thermal Monitoring

of Induction Machines Fed by Closed-loop Inverter Drive

2.1 Overview

According to several industrial surveys, conducted by IEEE Industry Application
Society (IAS) [1, 10, 11], Electric Power Research Institute (EPRI) [9], and Thorson [12,
27], the stator winding insulation failure is a major failure mode for induction machines
in industrial applications, which accounts for about 30~40% of total induction machine
failures. In closed-loop induction motor drives, the large dv/dt caused by the pulse width
modulation (PWM) of the inverter will result in even higher electric stress on the
induction machine, especially on the first few turns in the terminal end of the stator
winding [13]. This may result in even higher failure rate of the winding insulation if the
induction machine is not specially designed for inverter operation.

As a major root cause to stator insulation degradation [28], the thermal overload of
induction machines also demands special research attention.

In this chapter, the methods for stator turn-fault detection and stator temperature
estimation for induction machines are reviewed. The condition monitoring techniques for
induction machines fed by different power sources (namely the grid, open-loop inverters,

and closed-loop inverters) are thoroughly discussed and compared

2.2 Detection of the Stator Turn Fault
Among various types of faults in electric machines, the stator fault is one of the most
commonly encountered faults and receives arguably the most research attention. Most
stator failures start with a breakdown of the turn-to-turn insulation of the stator winding.

Large circulating current will then flow in the shorted turns, overheating or even melting



the adjacent winding insulations. If left undetected, the incipient stator turn fault can
develop into severe stator winding or stator core failures [29], as shown in Figure 2.1.
The time to disaster varies from a third of a second for random-wound machine to several

minutes or longer for large form-wound machines [30].

(b) Stator re damage

Figure 2.1: Electric machine stator failures [29].
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2.2.1 Stator Turn-fault Detection for Grid-connected Induction Machines

Numerous researches have already been published in an attempt to detect the
incipient stator turn fault before the catastrophic stator failure occurs. The dominant
majority of the existing methods are aimed at electric machines connected directly to the
grid.

It was first proposed in [31] to use the negative-sequence component of the
machine’s three-phase currents as the fault signature for a stator turn fault. The method is
well received and various techniques are consequently proposed to extract the negative-
sequence components or its equivalence from the stator current and/or voltage, which
includes phase-shift analysis [32], current-envelop analysis [33], Park’s vector approach
[34], the extended Park’s vector approach [35], the stator current in multiple reference
frames [36, 37], negative-sequence impedance [38], and the wavelet transform of the
stator current [39, 40].

Moreover, the fault induced negative-sequence current, when coupled with the
positive-sequence supply voltage, produces a torque (or power) oscillation at twice the
stator frequency. This frequency component in the instantaneous power [41] and the air
gap torque [42] was also used to detect the stator turn fault.

For grid connected machines, however, it was soon realized that [30] the negative-
sequence current can also be caused by other factors, such as the inherent asymmetry of
the electric machine, the time-varying three-phase unbalance of the grid voltage supply,
or slightly different gains in the three-phase measurement channels. Hence, the negative-
sequence current alone is not a reliable fault indicator. As a result, a large portion of the

research efforts has been devoted to how to deal with these non-ideal factors. Neural-
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network-based methods [43], sequence-impedance-matrix-based methods [44], and
purely data-based (look-up table) methods [30] have all been proposed to compensate for
such unbalanced voltage and machine inherent asymmetry. Some of the methods [44]
have already achieved very high detection sensitivity (detecting a 1-turn fault). However,
industry adoptions of these state-of-the-art turn-fault detectors are still extremely limited,
mainly because of the high implementation complexity of such methods. All these
compensation techniques [30, 43, 44] require complicated calibrations or lengthy learning
processes of the machine inherent asymmetry with different amount of voltage unbalance
conditions. Some methods may also demand high computational effort [43]. This
significantly increases the implementation complexity of the fault-detection methods and
hampers their popularity in real-world applications.

Other than stator turn-fault detectors based on negative-sequence components,
methods using other fault signatures, such as the zero-sequence voltage [45], slot
harmonics [46], angular fluctuation of the current’s space vector [47, 48], and induced
voltage during machine turn-off [49, 50], are also proposed. Observer-based parameter-
identification methods are also investigated in [51, 52]. However, most of these methods
[45-52] are still less sensitive compared to the state-of-the-art negative-sequence-based
methods [44], and some of the methods [49, 50] does not provide continuous protection

of the electric machines against stator turn faults.

2.2.2 Stator Turn-fault Detection for Open-loop Inverter-fed Induction Machines
Open-loop inverters are power converters capable to generate variable-frequency
poly-phase voltages. Open-loop inverters find many applications in low-cost motor drive

systems, such as fans, pumps, conveyors, mixers, and centrifuges, where energy
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efficiency is important but the dynamic performance of the machine is not a major
concern. Since different IGBT bridges in an open-loop inverter share the same DC bus
voltage and identical switching patterns, the fundamental poly-phase output voltages are
generally balanced and symmetric.

Electric machines connected to open-loop inverters usually behave similarly with
their grid-connected counterparts in the case of faults. Theoretically, most fault-detection
methods that work for grid-connected machines should also be applicable to machines
fed by open-loop inverter after some modification. However, many of those methods are
extremely inconvenient to use in practice because inverter-fed machines have variable
fundamental frequencies and consequently much more complicated operating conditions.
The inherent asymmetry of the induction machine thus must be learned as a function of
the fundamental frequency in addition to the load level.

It was discussed in [44] that the stator turn-fault detector for grid-connected
induction machines may also be applied to open-loop inverter-fed induction machines if
the inherent asymmetry of the induction machine is sufficiently learned. However, the
learning process involves an experimental setup shown in Figure 2.2, in which a resistor
or variac is used to artificially introduce voltage supply unbalance.

This learning process is very intrusive for grid-connected induction machines
already. It becomes even more inconvenient and intrusive for inverter-fed machines
because the inherent asymmetry of the machine needs to be learned as a function of the

fundamental frequency in addition to the load level.
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Induction
Machine

Figure 2.2: Experimental setup for unbalancing the three-phase supply voltage [44].

To reduce the dependency of the baseline fault signature (or healthy characteristic)
of the induction machine on its operating conditions, a high-frequency signal injection

method is proposed in [53] to detect stator turn faults, as shown in Figure 2.3.
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Figure 2.3: High-frequency voltage injection for stator turn-fault detection [53].

By injecting a fixed high-frequency voltage signal into the induction machine, the
fault is detected by monitoring the high-frequency negative-sequence current, as
illustrated in Figure 2.4. The method is capable to detect a 2-turn stator short circuit with

reduced sensitivity to the operating condition of the machine.
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However, the method also has several critical downsides. First, because of the
inductive nature of any induction machine, only very small high-frequency negative-
sequence current (1~3 mA) can be observed even in the presence of the stator turn fault.
The detection of such small current component requires high-precision A/D converters,
which may not be available in many open-loop inverter drives. Second, the high-
frequency signal also demands very high sampling frequency in data acquisition (as high
as 200 kHz in some cases) [54], which is too expensive for most inverter drives. Lastly,
high-frequency signal injection may also have unwanted effects such as increased

vibration and core losses.
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Figure 2.4: Current waveform before and after high-frequency voltage injection [53].

To address the sensitivity issue of the high-frequency negative-sequence current, it is
proposed in [54] to use the high-frequency zero-sequence voltage to detect the stator turn
faults. In [54], it is shown that in the presence of a stator turn fault, the injected high-

frequency voltage signal will interact with the saliencies in the stator transient inductance
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to produce a high-frequency zero-sequence voltage for a Y-connected induction machine.
The experimental result in [54] verifies that the high-frequency zero-sequence voltage is
a more sensitive fault signature compared to the high-frequency negative-sequence
current. However, monitoring such zero-sequence high-frequency voltage requires
additional voltage sensors, A/D converter and access to the neutral terminal of the
induction machine, which are typically not available in either open-loop or closed-loop

induction motor drives.

2.2.3 Stator Turn-fault Detection for Closed-loop Inverter-fed Induction Machines

Closed-loop inverters are power converters with current or torque feedback control
capabilities. Closed-loop inverters find many applications in high-performance motor
drive system, such as cranes and hoists, elevators, winding process, material handling,
and vehicle traction, where zero-speed torque capability and highly dynamic torque
response are required. The controller in a closed-loop inverter tries to regulate the
machines’ current or torque to follow some reference value by cleverly synthesizing an
appropriate voltage space vector. The reference torque or the reference current, on the
other hand, is either predetermined, or is the output of a higher-level control loop, such as
the speed regulator or the voltage regulator.

Compared to grid-connected or open-loop inverter-fed electric machines, machines
fed by closed-loop inverters are generally connected to the most important types of loads.
Equipped with current sensors and digital signal processors, the closed-loop inverters are
also ideal platforms for implementing the sensorless condition monitoring schemes. In
reality, however, closed-loop controlled machines turn out to be the least studied category

in terms of fault detection. There are mainly two reasons for this.

16



(1) Similar with open-loop induction motor drives, closed-loop induction motor drive
has variable fundamental frequency which greatly expands the operating
conditions of the induction machine. Therefore, many fault detection methods
developed for grid-connected machines are practically inconvenient to use for
closed-loop inverter-fed machines.

(2) More importantly, the current or torque regulator in a closed-loop inverter
dramatically changes the fault behaviors of the induction machine and
complicates the fault analysis [8]. Current regulators with a bandwidth of a few
hundred Hertz are not uncommon in today’s motor drives. Such high-bandwidth
current regulators will suppress the negative sequence current in induction
machines and render conventional negative-sequence-current-based methods
useless.

The fault detection for closed-loop controlled induction machines was first discussed
in [8, 55]. It was discovered that under very severe stator unbalance conditions (16.6% of
one of the phase winding being shorted), the negative-sequence current due to the fault
will exhibit itself in the currents in the synchronous reference frame, i; and i, as
harmonic components at twice the stator frequency. It is claimed in [8] that the harmonic
component in iy does not vary too much with the control gains of the current regulator
and is therefore a proper fault signature. However, [8] considers only very severe stator
unbalance conditions which make the observations not suitable to detect subtle unbalance
such as stator turn faults. Moreover, the current regulators considered in [8] are simple

proportional compensators. These kinds of controllers are likely to have poor control
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performance and are not realistic representations of current regulators used in real-world
closed-loop drives.

The impact of closed-loop control on the stator turn-fault detection was discussed
more thoroughly in [56]. It was discovered in [56] that a reasonably well-tuned current
regulator migrates most of the fault-related negative-sequence component from the
current to the voltage. Based on this observation, [56] proposes a fault detector that uses
the negative-sequence voltage as the fault indicator, as shown in Figure 2.5. An artificial
neural network is employed to learn the inherent asymmetry of the induction under
various operating conditions. The experimental results demonstrate that the method is

able to detect a 2-turn fault at about 60% of the motor’s rated speed.
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Figure 2.5: Neural-network-based stator turn-fault detection scheme [56].

However, the training of the neural-network (NN) detector for a closed-loop

controlled induction machine was inconvenient and intrusive for many applications. To
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sufficiently learn the inherent asymmetry of the induction machine, not only are the
training data obtained at different motor speeds and load conditions, but they are also
acquired at different levels of voltage unbalance. Two autotransformers are inserted in
series with two phases of the induction machine to arbitrarily adjust the magnitude and
phase of the negative-sequence voltage, as shown in Figure 2.6. Such additional hardware
makes the training of the neural network a strictly off-line process and significantly

reduces the practicability of the method.
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Figure 2.6: Experimentai se&lp for inducing voltage unbalances for a inverter-fed
induction machine [56].

A robust stator turn-fault detector was proposed in [44] for grid-connected induction
machines. The proposed fault detector achieves very high sensitivity of reliably detecting
I-turn fault out of 216 turns per phase. Since the method is derived from a physical
impedance-matrix model of the induction machine as shown in equation (2.1), it is
claimed in [44] that the method should be equally effective for open-loop or closed-loop

inverter-fed induction machines.
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where the subscript p, n and z indicate the positive sequence, negative-sequence and zero-
sequence respectively.

However, just like the previous stator turn-fault detector, the method in [44] also
requires injecting different voltages unbalance into the induction machine in order to
learn its inherent asymmetry. As shown in the experimental setup in Figure 2.7, the
artificially voltage unbalance is introduced by a resistor or a variac. For closed-loop
drives which have variable fundamental frequency and load levels, such learning stage is

too inconvenient and intrusive for many applications.
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Figure 2.7: Overall scheme for testing the stator turn-fault detection scheme [44].

In spite of all the complexities introduced by the closed-loop control, the fully
controlled inverter also opens up new possibilities for active stator turn-fault detection for

induction machines. The same high-frequency voltage injection methods [53, 54]
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described in section 2.2.2 for open-loop induction motor drive can be applied to closed-
loop induction motor drive as well. If the frequency of the injected voltage signal (1~2
kHz) is chosen well beyond the bandwidth of the current control loop, the current
regulator is not able to react fast enough to cancel the high-frequency voltage injection.
Hence, a closed-loop inverter will behave similarly with an open-loop inverter in the
high-frequency domain and the same stator turn-fault detector can be applied. However,
drawbacks of the turn-fault detector for open-loop induction motor drives also apply to
closed-loop versions, namely the small amplitude of fault signature and the demanding
requirement on the precision and sampling frequency of the data acquisition devices.

[57] proposes a stator turn-fault detector that is exclusively designed for direct-
torque-controlled (DTC) induction motor drive. It is well known that a stator turn fault in
an induction machine introduces torque oscillations at twice the stator frequency. The
detailed analysis in [57] shows that the fast torque controller in a DTC motor drive will
react to cancel these torque oscillations, thus introducing negative-sequence component
and third-order harmonic in the stator flux of the machine. Moreover, in a DTC drive the
stator flux is forced to follow a round locus with a narrow hysteresis band as shown in
Figure 2.8 (a). Thus the negative-sequence flux component can only be very small
because any significant negative-sequence component in the stator flux will make the
flux locus an ellipse as shown in Figure 2.8 (b). Therefore, the main signature of the
stator fault shifts to the third-order harmonic in the stator flux, and further exhibits itself

in the three-phase stator currents.
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Experimental results demonstrate that the method is able to detect a 3-turn short
circuit of an induction machine. Unfortunately, the fault detector is only demonstrated at

a single operating point.
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Figure 2.8: Representation of the flux hysteresis band and stator flux locus imposed by a
DTC induction motor drive [57].

2.3 Thermal Monitoring of Stator Winding

In addition to aforementioned methods that detect solid stator turn faults of induction
machines, it is also desirable, in many applications, to monitor the health of stator
insulation before actual short circuit occurs. The insulation surge testing is one such
example that is widely accepted in the industry [58]. By applying some high-voltage
surge to the machine terminals, the weak spot in the stator insulation can be briefly
broken down and exhibit itself in the surge waveform. Therefore, the health of the stator
insulation can be roughly evaluated. However, such testing usually requires specialized
hardware or instrument, which is beyond the scope of this study.

Another technique for monitoring the machine insulation condition is to measure the
differential leakage currents of each phase winding [28] of the machine. However, the
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method requires one pair of high performance current sensors installed in the machines’
terminal box for each phase winding. The high cost of the sensors and additional wirings
makes the solution economically feasible only for very large and expensive electric
machines.

A quite different perspective to approach the stator insulation-degradation problem is
through the stator temperature monitoring. As a major root cause to stator insulation
degradation, the thermal overload of electric machines receives widespread research
attention [59-67]. The typical thermal limits for different stator insulation classes are
summarized in Table 2.1 [68].

Table 2.1: Temperature limits for different insulation classes [68].

Insulation Ambient Rated Temperature Hot Spot
Class Temperature (°C) Rise (°C) Temperature (°C)
A 40 60 105
B 40 80 130
F 40 105 155
H 40 125 180

As a rule of thumb, it is widely believed that a machine’s life is reduced by 50% for
every 10°C increase above the stator winding temperature limit [69]. As opposed to
insulation surge testing or differential leakage current measurement, the stator
temperature estimation does not provide a direct monitoring of the stator insulation
condition. However, accurate stator temperature monitoring does allow the electric
machine to operate safely within its thermal limits without being too conservative on
machine load levels. This prevents the stator insulations from deteriorating due to the
over temperature but still maximize the availability and performance of the electric

machine. This section reviews several state-of-the-art stator temperature estimators for
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induction machines, with a special focus on thermal monitoring for inverter-fed induction

machines.

2.3.1 Thermal Monitoring for Grid-connected Induction Machines

The state-of-the-art thermal monitoring scheme for grid-connected induction motors
utilize simple thermal models or embedded temperature sensors to monitor the winding
temperature. However, the simple thermal model is generally far too conservative.
Embedded temperature sensors and associated wirings, on the other hand, increase the
overall system cost.

Other possible methods to estimate the motor temperature include high-order
thermal-model-based methods and parameter-based methods. An example of high-order
thermal model is shown in Figure 2.9 [70]. Higher-order thermal model-based methods
model the different parts of the motor separately and give better thermal dynamics [63,
67]. The thermal resistance and capacitance need to be calculated from the motor
dimensions or offline experiments [62, 66]. The high-order thermal model-based method
is robust, but the thermal parameters are not constant and need to be recalculated under

different operating conditions.
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Figure 2.9: Four-nodes second-order tl_lermal model for induction machine [70].
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Parameter-based methods estimate the temperature from the variation of the
resistance. The accuracy of this method is not affected by the running condition and the
cooling mode. The methods to identify the resistance can be further divided into
induction motor model-based approaches and signal-injection-based approaches. Motor
model-base approaches calculate the resistance of the stator and rotor using the induction
motor equivalent circuit. Algorithms have been proposed to calculate the rotor and stator
resistance under the steady state [61] or the transient state [64]. These approaches don’t
require offline experiment and can respond to changes in the cooling conditions.
However, the stator resistance is usually so small compared to motor inductances that
accurate resistance estimation is very difficult. The signal-injection-based temperature
estimator calculates the stator resistance from the DC components of the voltage and
current. The DC bias can be created by an extra injection circuit connected in series with
one phase of the machine [65] or by using a soft starter [59, 60], as illustrated in Figure

2.10.
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Figure 2.10: Soft-starter-based DC current injection for stator thermal monitoring [60].
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2.3.2 Thermal Monitoring for Open-loop Inverter-fed Induction Machines

In inverter-fed induction machines, motor losses are functions of input frequency,
voltage magnitude, motor speed, and etc. Therefore, it is more difficult to estimate the
stator temperature using the thermal-model-based methods because these models can
show significant parameter sensitivity, with their performance dependent on the operating
condition of the machine.

On the other hand, signal-injection-based thermal monitoring methods estimate the
machine stator resistance directly, with reduced sensitivity to the operating conditions of
the machine. However, most inverter drives are only equipped with current sensors and
one voltage sensor that measures the DC bus voltage. It is difficult to estimate the stator
resistance accurately without requiring additional machine terminal voltage
measurement. Despite the challenge, several signal-injection-based methods have been
developed for stator temperature estimation.

In [71], a temperature estimation method based on high-frequency voltage signal
injection is proposed. The transient impedance of the induction machine, which is related
to the stator and rotor resistance, is identified to estimate the temperature of the machine.
The method could ideally reduce the sensitivity of the thermal estimation scheme to
operating conditions. However, in almost all induction machines, the inductance in the
transient impedance dominates the resistance in the high-frequency region. This greatly
limits the accuracy of the method.

The DC-injection-based thermal monitoring method for open-loop induction motor
drive is first reported in [72]. The method injects a DC bias in the voltage command and

measures the corresponding DC current response using the current sensors. In the
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absence of any terminal voltage measurement in a typical inverter drive, the voltage
reference command was initially used in [72] to calculate the injected DC voltage.
However, it was soon realized that inverter non-idealities, such as the dead time and
conduction voltage drop of the power electronic switches will distort the injected DC
voltage [72]. Thus, the injected DC voltage is generally different from the commanded
DC voltage.

To work around the effect of dead time and other inverter non-idealities, [72]
employs a look-up table to store the true injected DC voltage at different load levels of
the induction machines given the same voltage reference command. However, this
compensation technique requires complicated calibrations, and even then it only reduces

the resistance dependency on load levels at a single motor speed [72].
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Figure 2.11: Modified voltage space vector for DC signal injection [73].
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A variant of above method to estimate the stator winding resistance for open-loop
induction motor drive is reported in [73]. The DC voltage is created by offsetting the
origin of the voltage vector by a certain amount in a standard space-vector modulation
(SVM) scheme, as shown in Figure 2.11. The method still suffers from the same problem
in [72], i.e. the actual injected voltage varies with load levels even with the same
reference DC voltage. A slightly different approach is proposed to work around this
problem in [73]. A look-up table was constructed to store the injected DC current at
different load conditions at a reference temperature. Satisfactory stator temperature
estimation has been achieved at several predetermined load levels. However, the method
is still not able to provide reliable stator temperature estimation at load levels and speed
conditions other than those pre-calibrated ones. Since both the speed and the load level
vary greatly in a drive-fed induction machine, complete calibrations of either the DC
voltage or DC current are cumbersome and beat the original purpose of using DC-

injection-based methods over thermal-model-based methods.

2.3.3 Thermal Monitoring for Closed-loop Inverter-fed Induction Machines
Thermal monitoring methods that are exclusively designed for closed-loop induction
motor drives are very limited in literature. It is discussed in a PhD thesis [74] that if the
current control loop can be disconnected briefly during the steady-state operation of the
closed-loop drive, the DC voltage can then be injected in a similar fashion as did in open-
loop inverter. However, no simulation or experimental results were given for the
proposed method. Moreover, the loss of current control of the induction motors, even for

a short period of time, is unacceptable in many applications.
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In performance-sensitive or safety-critical applications, such as the electric traction
motors for electric/hybrid vehicles, the winding temperature of the electric machine are
still predominantly measured by thermal couples. However, thermal couples and

associated wiring and measurement circuit increases the overall system cost.

2.4 Chapter Summary

This chapter provides an up-to-date review of methods to detect stator turn faults and
methods to estimate the stator temperature of the induction machines. Condition
monitoring schemes for grid-connected, open-loop inverter-fed, and closed-loop inverter-
fed machines have all been reviewed and discussed.

Among numerous literatures published in detecting stator turn-faults for grid-
connected machines, negative-sequence-component-based methods still have the highest
detection sensitivity granted that the voltage unbalance and inherent machine asymmetry
are properly compensated for. However, the use of these methods towards inverter-fed
induction machines is extremely inconvenient in practice because of the much expanded
operating region of the inverter-fed induction machines. To reduce the sensitivity of the
detection scheme on machines’ operating conditions, high-frequency signal-injection
based methods are proposed. The impact of closed-loop control on the detection of stator
turn faults is also reviewed and discussed in this chapter. However, most existing stator
turn fault detectors for closed-loop induction motor drives require intrusive calibration of
the machines’ inherent asymmetry, which greatly limits their practical use in industry.

As for the preventive monitoring of stator insulations, the on-line monitoring of the
stator winding temperature is a viable solution. Both the thermal model-based methods

and machine-parameter based methods have been reviewed and compared in this chapter.
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As one of the machine-parameter based methods, the signal-injection-based active
temperature estimation is the preferred method for thermal management for inverter-fed
induction machine because it is generally more accurate than other methods and less
sensitive to various operating conditions of the machine. The major challenge to
implement these methods in inverter drives, however, is that most inverters lack the
terminal voltage sensors and power switches have some non-ideal characteristics. Such
effects make it difficult to estimate the actually injected DC voltage from the voltage

command.
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CHAPTER 3 Previous Work on Condition Monitoring of Claw-pole

Generators with Built-in Rectifiers

3.1 Overview

The claw-pole generator is the heart of virtually all automotive electric power
generation and storage (EPGS) systems. Many critical systems in modern vehicles, such
as braking, steering, engine control, and vehicle stabilization, all depend on a reliable and
efficient supply of electric energy.

In a typical automotive EPGS system as shown in Figure 3.1, the vehicle engine is
coupled to the claw-pole generators through pulley-serpentine belt assemblies. The claw-
pole generator is essentially a wound-rotor synchronous machine with a built-in rectifier.
A pulse-width-modulation (PWM) regulator connected to the field winding regulates the
output voltage of the generator at an appropriate level to maintain the state of charge of
the battery and to supply sufficient electric power to different electric loads in the
vehicles. Since the generator is directly coupled to the vehicle engine, both the speed and
the load level of the claw-pole generator vary greatly during a typical urban driving
cycle. This is different from a grid-connected synchronous machine whose speed stays
mostly constant.

While there has been active and systematic research on the sensorless condition
monitoring of induction and synchronous machines in the past several decades [2-4, 24-
26], research on the condition monitoring of claw-pole generators is still in its early stage.
So far, virtually no published statistics are available on common failure modes or failure
mechanisms of claw-pole generators. Related literature on the detection of generator

faults is also very limited and far from systematic [16-23]. Nevertheless, it is widely

31



accepted that the faults of claw-pole generators can be broadly classified into external
faults and internal faults. Faults that occur in systems external to the generator but have
an impact on its operation are denoted as external faults, or system-related faults. Faults
that happen inside the machine are called internal faults.

This chapter reviews the existing condition monitoring methods for both categories
of faults for claw-pole generators. The merits and limitations of each method are

thoroughly discussed.
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Figure 3.1: Illustration of an automotive EPGS system.

3.2 Detection of External Faults
In [16], a model-based fault-detection scheme was proposed to detect three types of
external faults for claw-pole generators, including the belt-slip fault, the diode fault, and
the voltage-regulator fault. The schematic of the model-based generator-fault detector is
shown in Figure 3.2.
An equivalent input-output model of a healthy claw-pole generator is formulated and

parameterized in [16]. The model is based on a set of simplified state-space equations of
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the generator. The inputs to the model are the generator speed and the voltage setpoint,

and the outputs of the model are the generator field voltage and the output current.
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Figure 3.2: Model-based fault diagnostic scheme for claw-pole generator [16].

The belt-slip fault and the voltage-regulator fault are detected by comparing the
outputs of the model to the outputs of the claw-pole generator being monitored. The
differences between the two outputs form a residual vector with two elements. Very large
residuals indicate a fault in the claw-pole generator. The belt-slip fault and voltage-
regulator fault can be further discriminated by examining the individual elements in the
residual vector in more detail.

To detect a diode fault, a simplified generator model with the diode fault was built.
The diode fault is detected if the outputs of the monitored generator match the outputs of
generator model with the diode fault.

However, the method proposed in [16] suffers from several major flaws. First, the
simplified generator model in [16] is unlikely to represent the real claw-pole generator

very well under any operating conditions. Thus the modeling errors of the generator alone
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can result in large residuals that may falsely trigger the fault alarms. Second, no electric
load except for the battery is modeled in this method. The variations of the electric load
in vehicles can change the generator output current considerably. Such variation in output
current will also cause false alarms.

A similar approach was undertaken in [17] by the same authors to detect the faults at
a higher level of the vehicle EPGS system, such as the loose connection fault and the
battery fault. However, the method still suffers from the same problems of modeling
inaccuracies and electric-load variations. No experimental results were given for either of
the methods [16, 17].

A different approach to the detection of belt slip was proposed in [20]. Instead of
modeling the claw-pole generator using the state-space equations, the method utilized the
linear input-output relationship of the field voltage and battery voltage (equivalent to the
cable voltage drop or the load current) in the steady state to detect the belt-slip fault. An
illustration of the linear relationship is shown in Figure 3.3.
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Figure 3.3: Illustration of the linear relationship between battery voltage V), and field
voltage F,. for a given voltage set point [20].
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One advantage of the method is that it requires only very low sampling rate.

However, the disadvantage is that the method requires complicated calibrations of field
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voltage and battery voltage under various operating conditions. Moreover, when the
generator speed is low, the method may fail because the output of the voltage regulator

may become saturated.

3.3 Detection of Internal Faults

The modeling of claw-pole generators with internal faults is usually much more
difficult than the modeling of generators with only external faults. This is because
internal faults have significant impact on the generators’ electromagnetic structure, which
necessitate major modifications to the detailed generator model and generator parameters.

To avoid the difficulty in modeling a faulty machine, neural networks (NNs) are
employed to directly learn the mapping relationship between the fault symptoms and the
fault types of claw-pole generators [22]. The faults investigated in [22] are as follows:

(1) Stator-winding grounding fault and stator turn-to-turn fault

(2) Rotor-winding one-point grounding fault, two-point grounding fault, and broken

winding fault

(3) Voltage-regulator short-circuit fault and open-circuit fault

(4) Rectifier open-diode fault

To diagnose these faults in the claw-pole generator, the three-phase voltages, three-
phase currents, field current and neutral-point voltage of the faulty generator are
compared with those of a known healthy generator. The eight residuals are then
compressed into 24 fuzzy-logic variables, which are fed to a neural network. The neural
network used in [22] is a multi-layer-perception neural network (MLPNN) with one input
layer, one hidden layer and one output layer. The simulation results demonstrate that the

fuzzy neural network can diagnose the aforementioned types of generator faults.
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However, the method is strictly an offline diagnostic method. Not only do some of
the measurements (three-phase voltages and currents) difficult to access in an online
environment, but the performance of the method is also heavily dependent on the training
data available to the neural network. In a less controlled online environment, sufficient
training of the neural network at various generator speed and load levels is not realistic.

In addition to aforementioned fault-detection schemes for claw-pole generators,
some other methods are also proposed to monitor the condition of the entire automotive
EPGS system. However, most of those methods emphasize on the condition monitoring

of the battery, which is beyond the scope of this study.

3.4 Chapter Summary

This chapter reviews several methods to detect external and internal faults of claw-
pole generators. Compared to the systematic research on the condition monitoring of
conventional AC electric machines, the condition monitoring of claw-pole generators
remains largely unexplored. One major reason is that the complicated claw-pole
geometry makes it difficult to accurately model a faulty generator using conventional
state-space equations. The other reason is that the built-in rectifier of the generator makes
it difficult to access the three-phase voltage and current measurements that are essential
in the condition monitoring of conventional AC electric machines.

The existing research on fault detection of claw-pole generator is very preliminary
and few of the proposed condition-monitoring schemes have actually been validated by
experiments. Nevertheless, the discussions in the literatures reveal useful information
about the common failure modes of claw-pole generators, which is helpful for future

research.
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CHAPTER 4 Stator Turn-fault Detection for Induction Machines Fed

by Closed-loop Inverter Drives

4.1 Overview

As discussed in Chapter 2, considerable amount of research have been done on the
sensorless detection of stator turn-to-turn faults for induction machines in the past two
decades. However, industry adoptions of these stator turn-fault detectors are still quite
limited. The major hurdle lies in the implementation complexity of the methods. This
problem becomes even more challenging for closed-loop inverter-fed induction motors,
which have a much wider speed range than that of conventional grid-connected induction
motors. Therefore, simple implementation is a crucial requirement of the proposed fault-
detection scheme in this study.

The incipient stator turn fault can develop into serious stator winding failures or core
failures in minutes or even seconds [30]. The fast-propagating nature of the stator turn
fault requires that the proposed condition monitoring scheme is capable to detect the fault
soon after it happens. Therefore, very fast real-time signal processing routine is required
to achieve this goal.

In addition to above challenges, the closed-loop inverter connected to the induction
motor also opens up new possibilities for advanced condition monitoring of electric
machines. The onboard current sensors, the DC bus voltage sensor, and the DSP
controller make it possible to integrate the condition monitoring algorithm as part of the
normal control routine of the inverter. The capability to control the power switches freely

also makes the active condition monitoring possible by injecting signals into the

37



machines. Therefore, the proposed method should take full advantage of closed-loop

inverter to achieve improved condition monitoring performance.

4.2 Closed-loop Impact on Stator Turn-Fault Detection
The stator turn fault in a grid-connected induction motor typically introduces some
asymmetry to the three phase windings and consequently gives rise to the negative-
sequence current of the machine. This fault-induced negative-sequence current, combined
with the positive-sequence voltage, results in small torque (speed) oscillations at twice

the line frequency.
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Figure 4.1: A simplified diagram of a closed-loop induction motor drive.

For closed-loop controlled induction motors, however, the effect of stator turn faults
is quite different. As shown in Fig. 1, a typical closed-loop motor drive contains an outer,
low-bandwidth speed-regulating loop, which generates a current (torque) command for
the inner, high-bandwidth current-regulating loop. In most cases, the current regulator is
implemented in the synchronous reference frame. Thus, the negative-sequence current
will represent itself as a harmonic component at twice the stator frequency [56].
Generally, the speed oscillation caused by the incipient turn fault is very small because of
the inertia of the motor and mechanical load. Moreover, the oscillating frequency is in
most cases well above the bandwidth of the speed loop. Therefore, the stator turn fault is

actually “invisible” to the speed loop of the motor drive. As a result, the output of the
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speed regulator, which is the current (torque) command, is hardly affected by the stator
turn fault.

The bandwidth of the inner current loop, on the other hand, is usually higher than the
frequency of the negative-sequence current at twice the stator frequency for a reasonably
well-tune current controller [56]. Ideally, if the current regulating effect is perfect, the
actual current of the induction machine is forced to be exactly the same with the current
command no matter the stator turn fault has occurred or not. That is, the current regulator
will suppress any extra negative-sequence current induced by the stator turn fault. This
important observation is the basic assumption of the proposed stator turn-fault detector

and locator.

4.3 Proposed Method to Detect Stator Turn Fault

It is well known that the negative-sequence voltage of a healthy induction machine in

steady state can be expressed by the equation as follows,

v'=z,1,+Z,-1, 4.1
where superscript 4 indicates the machine is healthy. [, and I, are the negative- and
positive- sequence currents. Z,, is the negative-sequence impedance of the machine at a
certain operating condition.

Ideally, if the machine and all measurement channels are perfectly symmetric, the
transfer impedance (Z,,,) from I, to V, should be zero. In reality, Z,, is never exactly zero
due to the inherent asymmetry of the machine.

If a stator turn fault occurs in the induction machine, it will change the asymmetric
behavior of the induction machine. This effect can be modeled by introducing another

term AZ,, into the expression of the negative-sequence voltage [44],
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v =(Z,+AZ,)1,+Z,,-1] 4.2)

where superscript f indicates the machine has stator turn faults, and AZ,, is the change of
the transfer impedance Z,, resulting from the fault. Note that equation (4.1) and (4.2)
share the same I, and Z,, if their operating conditions are the same. In addition, all the
quantities here are complex numbers, with phase angles referring to the same basis,

typically the phase angle of the positive-sequence voltage.

Dividing equation (4.1) by Ifl' and dividing equation (4.2) by I,{ yields,

v Z,

I 1hp 1,+Z,, .3)
an an + np

St 2, (4.4)

Eliminating Z,, in equation (4.3) and (4.4) gives,

vy ooyl Z +AZ Z
n ( " 2 ””J. (4.5)
o I I
Finally,
Vf _yh I;f
( If] n n Ih
AZ, +|1-2|Z =—""" (4.6)
np h np
I I

Equation (4.6) is a fundamental relationship that can be utilized to detect the stator
turn fault. The left-hand side of the equation contains the quantities that indicate the
faulty conditions, and the right-hand side of the equation only consists of the quantities

that can be directly monitored.
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If an induction machine being monitored is still healthy, then the characteristic of the
entire drive system is never changed. Therefore, I' =1/ and V" =V’ . Equation (4.6)

will collapse to AZ,, = 0, which means no change in Z,, can be observed.

If a stator turn fault does occur in the induction machine, in general, there will be
I"#1' and V" #V/ . Equation (4.6) therefore becomes

, (4.7)
AZ, +(1-1]11!)Z, =A=0,

where A is the evaluated value of the right-hand side of equation (4.6).
For mains-fed induction machines, the non-zero value A does not offer much useful
information because Ifl' can be easily different from I,{ just due to the time-varying

voltage unbalance conditions in the power grid. Thus, it is difficult to tell the true value

of AZ,, from A. But for induction machines connected to closed-loop motor drives,

according to the analysis in section 4.2, there will be I" =1/ even if stator turn fault

occurs, which means (1—1 nf / I:)an is always much smaller than AZ,,. Therefore, AZ,,

= A, i.e., the non-zero value A calculated from measurements is basically the change of
Zyp.
To summarize, the stator turn fault in a closed-loop drive can be detected by

evaluating the right-hand side of equation (4.6). If there is no stator turn fault,

Vf _Vh I;f
n n h
A7 = L _o (4.8)
np I

If there is a stator turn fault,

41



Vf _Vh I;f
n n Ih )
AZ,, ~———=#0

p

4.9)

Note that the proposed method monitors the fault signature AZ,, directly. Thus, it
eliminates the complicated process to learn the inherent asymmetry (Z,,) of the healthy
machine, which requires multiple sets of test data under different voltage unbalance
conditions [44]. In contrast, the proposed fault detector needs only one set of baseline
current and voltage measurements when the machine is healthy, greatly reducing the
complexity of implementation. This is especially advantageous for drive-fed induction

machines whose stator frequency and slip are both varying.

Moreover, if the slight difference between I,:' and I,{ is completely ignored, or if the

magnitude of I,:' and I,{ are both very small to begin with, then equation (4.6) can be

further simplified to,

v/ -y’
AZ,, = I (4.10)

p
Strictly speaking, equation (4.10) can be used only when the following condition is

satisfied,

BW

speed

<< 2f€ << BWcurrent b (4'1 1)
where BW,,,, refers to the speed-loop bandwidth, BW._ . refers to the current-loop

bandwidth and f, refers to the stator frequency.

Equation (4.10) reveals the fact that it is the negative-sequence voltage that contains
the most information of the stator turn fault for a closed-loop controlled induction

machine. This observation agrees well with the opinions in [56] . However, method in
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[56] only uses the magnitude of V, as the fault indicator. Whereas equation (4.6) and
(4.10) has inherently taken into account the phase difference of V:’ and an , making itself

a more reliable and sensitive turn-fault detector.

4.4 A Special Case of Multiple Motors Connected to a Single Closed-loop Inverter
— Fault Location

In industrial applications such as steel processing, or in traction systems, a single

closed-loop inverter is sometimes driving two or more parallel-connected motors to

distribute the traction torque [75, 76], as shown in Figure 4.2.

LOAD

AC Source Rectifier Inverter

Motor 1

Ny

Motor 2

L L]

LOAD

Figure 4.2: A torque-distribution scheme using multiple motors fed by a single closed-
loop inverter.

This special arrangement of motors and inverters generally has a lower cost, smaller
package size and lighter weight compared to a single-inverter, single-motor and

mechanical-differential alternative [75, 76], as illustrated in Figure 4.3.
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Figure 4.3: A torque-distribution scheme using a mechanical differential and a single
large motor fed by a single closed-loop inverter.

For such a closed-loop multiple-motor drive in Figure 4.2, it is often not good
enough to just tell whether there is a stator turn fault or not, but is also desirable to know
which one of the multiple motors has the fault. This additional step is denoted as fault
location in this study.

This section thus deals with the location of stator turn fault for such closed-loop
multiple-motor drives. Whereas the proposed fault locator has rather specialized
applications, the process to derive such fault locator sheds helpful insights into the fault
behaviors of closed-loop controlled machines. The experimental results of the fault
locator also further validate the analysis in section 4.3.

To locate the stator turn fault in a closed-loop multiple-motor drive, it is necessary to
have independent current measurement for each parallel-connected machine. Fortunately,
this is indeed the case for many high-performance closed-loop multiple-motor drives [75,

76]. Hence, no extra hardware is needed if the fault-locating feature is to be implemented
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in these drives. For drives with only one set of current sensors that monitors the sum
current of all the motors, the location of the stator turn fault is difficult unless additional
current sensors are installed.

In case of a stator turn fault, the negative-sequence current flowing into the two
individual machines will both change considerably. However, the wunderlying
mechanisms for the current changes are quite different.

For the healthy machine, the change of I, is solely caused by the change in V.

Without losing any generality, let’s assume Motor No. 1 is healthy, then

V= Zon 1 +Z,, Y (4.12)
v/= Z 1, +Z,, YN (4.13)

Note that the superscript f and 4 only denotes that the entire drive system has stator
turn fault or not. Motor No. 1 is always healthy.

Subtracting equation (4.12) from (4.13) yields

|V v
o7 (4.14)
Ir{1 _I:l

Equation (4.14) is very useful. It shows how to obtain the negative sequence
impedance of the healthy machine from voltage and current measurements.
For the machine with stator turn fault, however, the change of I, is caused by a

combination of the change of V, and the change of Z,,, i.e,

w7 (4.15)

h _
‘/n - anZ IpZ nn2 n2?

v/i=(z 7. (4.16)

nn2

+Aan2)-Ip2 +7Z

np2

Subtracting equation (4.15) from equation (4.16) gives,
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an _Vnh Aanz 'Ipz

£ =7 _ 4.17
17{2_17132 " Ir{z_lrlzz ( :

Compared to equation (4.14), equation (4.17) has a similar form on the left side of

AZ

—fnpz hpz on the right due to the added stator turn fault.

2 tn2

equation but has an extra term

I _ysh
n

— .~ will not yield the negative sequence impedance of the faulty machine.

n2 n2

Hence,

f h

The true value of —7———- can be obtained, again, by utilizing the relationship, I'=1",

n2 n2

or,
I'+1" =1 +1/, (4.18)
I =1 =—1,-1"). (4.19)
The left-hand side of equation (4.17) becomes,

vi-vl oyl

=~ — . (4.20)
17{2_[:2 I;{I_I:l
Considering equation (4.14), equation (4.20) finally becomes,
v/ -V
== . (4.21)
17{2 - Ir]:2

The result given by equation (4.21) is very interesting. It reveals the fact that no
matter how severe the stator turn fault is, the value of equation (4.21) only depends on the
negative sequence impedance of the healthy machine Z,,,;. While the impedance Z,,,; may
vary with the operating conditions of the induction machine, it is always resistive and

inductive.
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The above analysis leads to the design of a simple yet reliable fault locating

algorithm: once a stator turn fault is detected in a multiple-motor drive, the expression

(Vf —Vnh)/ (I ST ) can be evaluated for every single machine. Then if the evaluated

n

result lies in the first quadrant of the complex plane, the machine is healthy. If the
evaluated result turns out to be abnormal, lying in the third quadrant of the complex

plane, the machine has stator turn faults.
Since (an —Vnh)/(l,{ —I:’) typically yields the negative sequence impedance for a

healthy machine, this fault-locating method is denoted as Z,, evaluation method for short

in the following sections.
4.5 Signal Processing Techniques

4.5.1 A Post-processing Workflow for the Lab

Proper signal processing is vital to ensure the high sensitivity and short response
time of the stator turn-fault detector and locator. To validate the proposed method in the
lab, the signal processing follows a posting-processing fashion. Figure 4.4 shows a
workflow that extracts the positive- and negative- sequence components from the three-

phase current measurements. The three-phase voltages are processed in a similar

approach.
L 5 I,
) N 7 2 00 joa07 N N ==
l_bj/ 71—3(%"'%3 +iemT L) T//\’_T/ T/I
lc Current Vector Calculation p
Sampling Low pass filtering Windowing Zero Padding Transformation Extracting
Sequence
Components

Figure 4.4: Signal processing workflow to extract sequence components.
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As shown in Figure 4.4, the three-phase currents are first sampled at 5000 Hz. Then
the current samples are passed through a second-order digital low-pass filter with a cut-
off frequency of 1000 Hz, eliminating any aliasing distortion in the sampled current data.

The filtered three-phase currents are used to calculate the current space vector,
- 2. . jomi3 - jAn/3
I=§(z +i,-e +i -e ). (4.22)

It has been shown in [77] that the discrete Fourier transform (DFT) of the current
space vector 7 can automatically separate the positive- and negative- sequence currents
for all frequency components. This feature is very useful in the sequence-component
analysis of drive-fed machines whose stator frequency is not exactly known. In other
words, DFT of 7 not only locates the stator frequency but also separates the sequence
components simultaneously.

The length of the signal being processed each time is an important design trade-off
for the turn-fault detector. With longer signal duration, the sequence components can be
extracted more accurately. But this results in slower response of the detector. In the
experiment, the signal is processed in the block of roughly 5 cycles of current waveforms,
or 0.25 s when the motor speed is 600 rpm and 0.5 s when the speed is 300 rpm.

Before applying DFT to the current space vector, it is necessary to window the
current signal first to reduce the leakage effect. In this study, a Blackman window is used.
As mentioned earlier, the sampling duration is about 0.25~0.5 seconds. If the sampled
data are transformed to frequency domain directly, the resolution of the current spectrum
will be about 2~4 Hz. This frequency resolution is not good enough to accurately locate
the fundamental frequency. Hence, the complex current signal is zero padded by a

multiple of 32~64 in this experiment. Since zero padding is equivalent to band-limited
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interpolation in the frequency spectrum, the fundamental frequency can therefore be
located more accurately.

Figure 4.5 shows an example of an experimental current spectrum given by the
above signal processing routine. The positive-sequence current is located at 10.11 Hz
with a magnitude of 20.45 dB. Hence, the negative-sequence current must be at -10.11
Hz and its magnitude is -24.88 dB. The phase angles of positive- and negative- sequence

current can be extracted in a similar fashion from the phase spectrum.

Magnitude [dB]

e N

-60 -40 -20 0 20 40 60
Frequency [Hz]

Figure 4.5: A magnitude spectrum of the current space vector.
The signal processing workflow for the three-phase voltages is almost exactly the
same with that of the currents described above. The only difference lies in the calculation

of the voltage space vector. The voltage space vector is defined as,

j2ri4

+v, e’ (4.23)

cn

= 2
V==w,+tv, e
3( an bn

In practice, however, the terminal-to-neutral voltages v,,, v, and v, are hardly

accessible for a 3-wire machine. Thus equation (4.23) is rewritten as,

—v,)-e'"], (4.24)

cn

% =§[(van v )+, =v,) e (v

which yields a very simple result as,
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2 ' (4.25)

Hence, the voltage space vector can be obtained using any two measurements of

line-to-line voltage.

4.5.2 Goertzel Algorithm for Real-time Implementations

The above signal processing scheme employs zero-padded FFT to determine the
stator frequency and extract sequence components. However, such calculations may be
difficult to implement in real time due to the limited computational capability of the
digital signal processors in many motor drives.

Fortunately, virtually all motor drives know exactly what the stator frequency is.
Hence, there is no need to calculate the entire voltage or current spectrum but only
several spectral bins.

To identify the frequency components in a signal at predetermined frequencies, the
definition of DFT can be directly used. But a more delicate approach is to use the

Goertzel algorithm, which calculates the DFT bins as recursive difference equations [78],

s(n)=x(n)+2cosLraw)s(n—1)—s(n—2), (4.26)

y(n)=s(n)—e " “s(n-1), (4.27)
where x(n) is the input signal in time domain, @ is frequency of interest, in cycles per
sample, s(n) is an intermediate sequence and y(n) is the DFT bin at the frequency w.

By setting the frequency w at exactly the positive or negative of the stator frequency,
I, and I, can be calculated with no need for zero-padding as that in Figure 4.5. Moreover,
since the Goertzel algorithm updates the estimation of the DFT bin recursively at each

time step, it can be easily integrated into the existing control routine of the motor drive
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with trivial computational effort and virtually no additional memory requirement.
Figure 4.6 shows a current spectrum given by the proposed real-time signal
processing routine. The two DFT bins calculated by the Goertzel algorithm match the

results in Figure 4.6 perfectly.
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Figure 4.6: DFT bins of the current space vector calculated by Goertzel Algorithm.

4.6 Experimental Validation on Commercial Closed-loop Inverter

4.6.1 Experimental Setup

Figure 4.7 shows a special test bench which is custom made for experimentally
validating the stator turn-fault detection method for closed-loop induction motor drives as
well as the fault location method for closed-loop multiple-motor drive.

Two identical induction motors (5, 6), whose ratings and parameters are summarized
in Table 4.1, are supplied by a commercial closed-loop inverter drive (2). A customized
test bed (3) is built to couple the shafts of both motors and transfer the motoring torque to
the mechanical load, a DC generator (8), through a transmission belt (4). The field
winding of the DC generator is connected to a 120 V DC voltage source (7) and
generated power is dissipated on a resistor bank (9). The three-phase voltages and

currents of both machines are monitored by two sensor boards (10, 11). The measured
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signals are then passed on to the computer through a NI data acquisition device (12).
Finally, a LabVIEW program (13) running on the computer monitors and records the
voltage and current waveforms.

In the experiment setup, the separate current measurements of both motors are just
for validating the fault-location method. Only the sum current is used for fault detection.

(1) AC 480V Source

(2) Allen-Bradley Closed-loop Motor Drive

(10) Current and Voltage Sensors

(13) PC with LabVIEW

{12) NI Data Acquisition

(11) Current Sensors Device

' (6) Healthy Induction
T —— Machine
(4)Transmission Belt

(5) Induction Machine with
Access to Stator Turns

(7) DC 120V Source -
(8) DC Generator

(9) Resistor Bank
Figure 4.7: Experimental setup for validating stator turn-fault detection and location in a
closed-loop multiple-motor drive.

In order to induce a stator turn-fault, one of the induction machines (5) is modified

such that four adjacent turns of the stator winding are attached with taps, which are then
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brought outside stator housing. The four taps are numbered 1, 2, 3 and 4 respectively.
Any two of them can be shorted through a 50-A/50-MV fuse to create a stator turn fault.
A short circuit of tap 1 and 2 is denoted as a 1-turn fault. A short circuit of tap 1 and 4, on
the other hand, is a more severe 3-turn fault.

Table 4.1: Parameters and ratings of the test machine for stator turn-fault detection

Parameter Value
P rated 5 (hp)
Poles 4
Vrated 230 (V)
Irated 12.4 (A)
Nm,mted 1745 (rpm)
R 0.47 (ohm)
R, 0.33 (ohm)
L, 73.1 (mH)
Ly 2.5 (mH)
Ly, 3.8 (mH)
No. of turns Two parallel windings
per phase each with 108 turns

To prevent the shorted turns from overheating, the drive is running well below its
nominal speed in the experiment. For 1-turn fault, the drive is running at a maximum of
600 rpm. For 2-turn and 3-turn fault, the drive is running only at a maximum of 300 rpm.
In this way, the output voltage of the drive is well below its nominal value. Thus the
circulating current in the shorted turns is always kept within 3 times of the motor rated
current.

The motor drive in Figure 4.7 is a commercial Allen-Bradley 1336 drive operating in
field-oriented control. The bandwidth of the speed loop is set to the maximum achievable
value, or 30 rad/s (4.78 Hz). Still the bandwidth of the speed loop is far lower than the
frequency of the torque oscillation, which is about 20 Hz when the motor is running at

300 rpm.
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4.6.2 Experimental Results

The detection and location of the stator turn fault in a multiple-motor drive system
involve two stages. In the first stage, all the sequence components, such as V), V,, I, and
I, (1,1, 1,2, I,; and I, if the fault are also to be located), are calibrated for different
operating conditions when the drive is known healthy. In the second stage, the condition
of the drive is being continuously monitored and compared with the calibrated values
using the aforementioned techniques. The calibrated operating conditions and induced
fault levels are summarized in Table 4.2.

Table 4.2: Operating conditions and fault levels considered in the experiment

Speed (rpm) Load Induced Faults
300 Zero load Healthy, 1-turn, 2-turn, 3-turn
300 0.03 slip Healthy, 1-turn, 2-turn, 3-turn
600 Zero load Healthy, 1-turn
600 0.03 slip Healthy, 1-turn

A. Fault Detection
Before calculating the AZ,,, it is worthwhile taking a look at how the stator turn fault

actually impacts the extracted sequence components of voltage and current.
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Figure 4.8: A comparison of extracted sequence components from various tests.
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Figure 4.8 shows four sets of current and voltage sequence components when the
multiple-motor drive is running at 300 rpm with no mechanical load. Among the four sets
of measurements, two of them are taken when the motors are healthy and the other two
are taken when one of the motor has a 3-turn fault. The magnitude and phase angle of the
total negative-sequence current of the induction machines only changes slightly after the
stator turn fault occurs. On the contrary, both the magnitude and phase angle of the
negative-sequence voltage have changed substantially as a result of the stator turn fault.
This observation experimentally validates the theoretic analysis that the regulating effect
of closed-loop drive will keep the negative-sequence current almost unchanged.

The experimental result for fault detection is shown in Figure 4.9. The estimated
AZ,, from equation (4.6) are plotted in the complex plane for various operating

conditions and fault levels.
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Figure 4.9: Scatter plot of AZ,, at different operating conditions and fault levels.
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As can be seen from Figure 4.9, when the drive is healthy, the corresponding AZ,, is
within the vicinity of the origin. For all the other faulty cases, the AZ,, obviously deviate
from the origin of the complex plane, clearly indicating the existence of the stator turn
fault. Figure 4.9 not only separates the faulty conditions from the healthy conditions, but
it also reveals several interesting facts as follows:

The magnitude of AZ,, increases as the stator turn fault becomes more severe. This
result is not surprising since 1-turn fault generally creates less amount of asymmetry than
the 3-turn fault does.

As the load level goes up, the phase angle of AZ,, tends to decrease and the
magnitude of AZ,, generally becomes smaller. This result agrees well with the simulation
result in [44] and is backed by the theoretic analysis in [79].

Moreover, the magnitude of AZ,, also increases with the motor speed. The 1-turn
fault at 600 rpm yields larger magnitude of AZ,, than it does at 300 rpm. This is because
higher motor speed usually means higher output voltage of the inverter drive. As a result,
the circulating current in the shorted turns will become larger, which gives rise to the
level of asymmetry of the stator winding. However, even when the motor speed is merely
300 rpm and there is only 1 out of 432 turns (216 turns per phase per machine) being
shorted per phase, the detecting scheme still has no problem separating the fault from
normal operating conditions.

B. Fault Detection

The fault-location method is first tested when the multiple-motor drive is running at

300 rpm with a slip of 0.03. The negative-sequence impedances of the two individual

56



h h
n n

machines are evaluated using the expression (V,,f -V )/ (I,{ —1 ) for all different fault
levels, as shown in Figure 4.10. Again, Motor 2 is induced with stator turn faults.

In Figure 4.10, (V,,f —V;’)/(I;Z—I:l) of the healthy machine all lie in the first

quadrant of the complex plane. (an ' —V,,h)/ (I L—1 :2) of the faulty machine all lie in the

third quadrant, approximately symmetric with (V,,f —Vnh)/ (I -1 fl) with respect to the

origin of the complex plane. This observation verifies the theoretical derivation of
equation (4.21). Figure 4.10 also verifies that different fault levels do not have a notable
influence on the estimated negative-sequence impedance. The estimated Z,,; of the
healthy machines is approximately 0.5 + j0.4 Q, which agrees reasonably well with the

value calculated using the machine parameters in Table 4.1, about 0.64 + j0.40 Q.
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Figure 4.10: Scatter plot of Z,, at 300 rpm and 0.03 slip with various fault levels.
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A similar diagram can be drawn for other operating conditions as well. Figure 4.11

shows the fault-locating results still at the same 300 rpm but with zero load torque. In this

plot, (an A ) / (I L—1 :2) of the faulty machine are in the third quadrant of the complex

plane, roughly symmetric with (an—Vnh)/(I ,{'1—1,’,’1) of the healthy machine. The

estimated Z,,; of the healthy machine, however, have changed from 0.5 + j0.5 € to about
0.5 +j0.9 Q. This is because at no load condition, the slot leakage path of the machine is
less saturated by the relatively small positive-sequence current. Consequently, the
inductance part of Z,,,; becomes larger. This phenomenon is especially obvious for small
induction machines which typically have narrow slot openings.
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Figure 4.11: Scatter plot of Z,,, at 300 rpm and no load with various fault levels.
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When the motor speed is increased to 600 rpm, the faulty machine can still be

separated from healthy one, as shown in Figure 4.12. Since the stator frequency has
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increased, the estimated Znnl of the healthy machines is now about 0.7 + j1.4 Q for no

load condition and about 0.7 + j0.8 Q when the slip is 0.03.
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Figure 4.12: Scatter plot of Z,,, at 600 rpm and various load levels with 1-turn fault.

4.7 Practical Considerations for Real-time Implementation
Several practical aspects still need to be considered so that the above stator turn-fault
detector can be successfully implemented in real time in a closed-loop induction motor

drive.

4.7.1 Terminal Voltage Estimation

The proposed stator turn-fault detector requires terminal voltages of the induction
machine fed by the closed-loop inverter. Those voltages are simply measured by voltage
sensors in section 4.6. However, typical induction motor drives have no terminal voltage

measurements but only a voltage sensor that measures the DC bus voltage. In this case,
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the three-phase terminal voltages can be estimated using the commanded duty cycles and
the measured DC bus voltage. Non-ideal behaviors of inverters, such as the dead time,
the switching device voltage drop, and the switching device turn-on/off delay, can be
properly compensated using the method described in detail in section 5.4. The
compensation for those inverter nonidealities greatly improves the accuracy of the
terminal voltage estimation and therefore improves the sensitivity of the stator turn-fault

detector.

4.7.2 Bandwidth of the Current Controller

As stated in section 4.2 and 4.3, the very basic assumption of the proposed method is
that the current controller can suppress any negative-sequence current of the induction
machine even if there is a stator turn fault. This assumption holds very well for the
specific inverter and the induction machine used in the experiment, as evidenced by
Figure 4.8.

However, given many different types of closed-loop inverters and induction
machines for various applications, there might be rare cases that the natural bandwidth of
the current controller does not reach twice the stator frequency at certain speeds of the
induction machine. In those scenarios, the current controller may not able to fully
suppress the negative-sequence current, which may result in deteriorated performance of
the stator turn-fault detector.

An active negative-sequence-current suppressor can be implemented in the inverter
controller to completely eliminate this concern. For field-oriented controlled induction
machines, for example, the current controller is normally implemented in the

synchronous rotating reference frame. The negative-sequence current thus exhibit itself
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as current oscillations at twice the stator frequency in this reference frame. However, in a
reference frame that rotates at the synchronous speed but in the opposite direction, the
negative-sequence current become DC. Therefore, another pair of current controllers
implemented in the reverse-rotating synchronous reference frame can easily suppress any
remaining negative-sequence current regardless the speed of the induction motor. A
diagram of the proposed negative-sequence-current suppressor is shown in Figure 4.13.
In addition to the normal current control loop, the function blocks in the red box make up

the optional negative-sequence current suppressor.
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o Filtering Regulator], *
p| Filtering | o, | Reference Frame | g Vo | Reference Frame

Figure 4.13: Current controller enhanced with negative-sequence-current suppressor.

Specifically, a simple DC notch filter is used to remove DC currents in the
synchronous reference frame. This is equivalent to eliminate the positive-sequence
current. After the notched currents are transformed to the reverse-rotating reference
frame, a low-pass filter is used to extract the small DC components, which is equivalent
to the negative-sequence current. A pair of current controllers is then used to drive these

small DC components to zero.

4.7.3 Real-time Implementation
To demonstrate the feasiblity of the method in terms of real-time implementation, a

programmable inverter drive was designed and built. Two photographs of the inverter are
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shown in Figure 4.14. The inverter has a quite standard setup of the power stage,

consisting of a front-end rectifier, a DC-link capacitor, a choker inductor, and three

standard IGBT bridges.
Gate drive
Sensor board
board
Power
stage
FPGA
Interface
DSP board
board
(a) Inverter with top cover in place cover removed

Figure 4.14: Photographs of the inverter built for validating real-time condition
monitoring methods of electric machines.

The control architecture of the inverter is shown in Figure 4.15, which includes the
DSP board, the FPGA interface board, the gate drive board, and the sensor board. The
DSP board is a commercial ADSP-21369 evaluation board by Analog Devices©. It
serves as the main processing power of the inverter. The main clock frequency of this
DSP is 450 MHz. Directly mated with the DSP board is an interface board using Xilinx
Spartan-3 FPGA, which handles routine tasks such as translating duty cycles from the
DSP into actual gate signals, translating pulses from the speed encoder into the speed
measurement, and translating serial data from the sensor board into parallel data. The

gatedrive board amplifies the gate signals from the FPGA interface board and drives the
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IGBT switches. Two inverter output currents and the DC link voltage are measured by
the sensor board and converted into serial digital signals, which are then sent back to the

FPGA interface board via optical fibre links.
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Figure 4.15: Control architecture of the inverter built for validating real-time condition
monitoring methods of electric machines.

Each measurement channel employs a 12-bit A/D converter. The inverter runs at 10-

kHz PWM frequency, and the duty cycle can be varied from O to 1 with the increment of
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1/2000. An indirect field-oriented control scheme is implemented in the inverter drive
with space-vector modulation (SVM). The proposed stator turn-fault detector is
integrated in real time in the control algorithm using the signal processing technique
described in section 4.5.2.

The real-time test results verify that the proposed stator turn-fault detector is highly
computationally efficient. The entire motor controller and fault detector only takes up
about 6 percent of the total computational capability of the DSP.

Some samples of the test results are shown in Table 4.3 to demonstrate the feasibility
of the real-time stator turn-fault detector. Data in Table 4.3 are acquired when the
induction motor is running at 900 RPM. The first two columns summarize the sequence
components given by the motor controller when the induction motor is healthy. The last
two columns show the sequence components given by the motor controller when the
induction motor has a 1-turn fault.

Table 4.3: Sequence components extracted by the inverter controller in real time.

Sequence No Fault No Fault 1-turn Fault 1-turn Fault

Component #1 #2 #1 #2
I|,A 0.00277  0.00317 0.00168 0.00216
yas ° 121.5 39.3 -79.3 25.72
|1,, , A 11.51 11.47 11.59 11.56
4, ’ -34.87 -34.96 -34.62 -34.67
V.,V 0.1022 0.1185 0.1545 0.1865
2V, ° -82.92 -93.25 -121.40 -123.85
|V,, , V 74.54 74.54 74.33 74.42
VA 0 0 0 0

With the negative-sequence-current suppressor proposed in 4.7.2, the inverter shows

very good performance in rejecting any negative-sequence current. No matter there is
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fault or not, the amplitude of the negative-sequence current is always regulated below 4
mA. By compensating for inverter nonidealities, the negative-sequence voltage
estimation is also accurate and consistent. The magnitude and phase angle of the
negative-sequence voltage with fault is found to be clearly different from those without
fault.

The experimental results given by the real-time stator turn-fault detector is similar to
those obtained from the commercial closed-loop inverter. Therefore, they are not

repeated in this section.

4.8 Chapter Summary

This chapter has proposed a highly sensitive stator turn-fault detector based on
monitoring AZ,, of induction machines fed by closed-loop motor drives. The method is
different from existing techniques in the sense that it has taken advantages of the current
regulating effect of the motor controller to eliminate the learning process of machine
inherent asymmetry. For multiple-motor drives, a fault-locating method has also been
derived by carefully analyzing the interactions of multiple parallel motors in the presence
of the stator turn fault. The limitation of the fault locator is that it requires independent
current measurement of each machine.

The proposed stator turn fault detector and locator have both been validated through
experimental testing. The main advantages of the proposed methods are as follows,

(1) Sensitive: 1-turn stator fault can be reliably detected and located, even when the

motor speed is as low as 300 rpm and there are as many as 216 turns per phase.

(2) Fast: Faults can be detected and located in 5 cycles of fundamental waveform.

65



(3) Simple: Only one set of calibrations is required when the motors are known
healthy. There is no need to vary the amount of voltage unbalance to learn the
inherent asymmetry of the induction machine.

(4) Robust: The method is immune to inherent asymmetry in the motors and
measurement channels.

The feasibility of implementing the stator turn-fault detector in real time in a closed-
loop inverter is also discussed and tested. Some practical aspects are considered,
including real-time signal processing technique, accurate terminal voltage estimation
despite inverter nonidealities, and improved current control performance in suppressing
negative-sequence current. The real-time experimental results show that the method is

suitable for real-time implementation.
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CHAPTER S Stator Thermal Monitoring for Induction Machines Fed

by Closed-loop Inverter Drives

5.1 Overview

In addition to the above method that detects a solid stator turn fault, it is also
desirable to monitor the health of the stator insulation even before a solid short circuit
occurs. The thermal overload of electric machines is a major root cause to stator
insulation degradation. Accurate stator thermal monitoring can prevent the machine from
being thermally overloaded and thus alleviate the degradation of stator insulation [59-67].
At the same time, accurate stator temperature information also helps to boost the
availability and performance of the overall drive system without being too conservative
on the motor temperature.

As discussed in Chapter 2, the DC-injection-based stator temperature estimator has
many advantages over the conventional thermal-model-based stator temperature
estimators for AC electric machines. Over the last decade, several methods have been
reported using the DC signal injected by external circuits [65] or soft starters [59] to
estimate the stator winding temperature of the induction machines. However, the method
has not yet been successfully extended to inverter-fed induction machines. The lack of
direct terminal-voltage measurement poses the biggest challenge for stator temperature
monitoring of induction motors fed by closed-loop inverter drives.

The thermal monitoring scheme proposed in this chapter overcomes this difficulty.
The principle of the method is explained below and is also validated by simulation and

experimental results.
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5.2 Principle of Stator Winding Temperature Estimation
Figure 5.1 shows a typical closed-loop motor drive which contains an outer, low-
bandwidth speed-regulating loop, which generates the current (torque) command for the

inner, high-bandwidth current-regulating loop.

dq
DC Bus abc
Speed v, Gated |_1 }—| AA *i(
Regulator o ,-bv
Current PWM | GareB J
Regulator [ - [ Module > VSl i" M
d > GateC

-

Figure 5.1: A simple method to inject DC current into induction motors fed by closed-
loop inverters.

DC currents can be injected into the three-phase winding of the induction machine
by superimposing a sine-wave component onto the current command #, and i o
A, =1, cos6, Ai, =—1, sin6, (5.1)

where 0 is the transformation angle of the d-q reference frame. For field-oriented
controlled induction machines, 6 is typically chosen as the angle between the rotor flux
linkage and phase-A winding.

If the current controller has enough bandwidth to enforce such additional current

components, then the following DC currents will be injected into the motor’s windings,
N =1, N, =-05],, AN =-05],, (5.2)
Note that DC current cannot be injected by superimposing a sine-wave component
onto the voltage command VZ andv;, because the injected voltage reference will be

quickly canceled out by the high-bandwidth current control loop. The proposed DC
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current injection does not require any direct switch-level interference by the motor
controller, which makes it easy to implement.

The injected DC current will inevitably produce a torque pulsation at the machine’s
electrical frequency. The torque oscillation can be minimized by choosing a relatively
small DC current level. Moreover, due to the low-pass filtering effect of the motor
mechanical inertia and the typically limited bandwidth of the speed control loop, the
speed controller is not able to counteract the injected DC currents. Therefore, the
effectiveness of the DC current injection is not affected. In rare cases, if the mechanical
inertia of the machine and the load is relatively small and the bandwidth of the speed
control loop is sufficiently high, the injected current offset could be attenuated or even

canceled out by the speed controller. In this case, a small sine-wave component can be

added to the speed reference to induce an oscillating i;, thereby still realizing the DC
current injection.

A®, =a@,sin8, (5.3)

Once the currents in equation (5.2) have been injected into the motor’s winding, the

DC stator resistance can be calculated as,
2 dc
R = 5 b 5.4)

where V5 and 1 are the DC components of V_, and I, respectively. i, can be readily

obtained from phase-current measurement. vV, , on the other hand, is generally not

directly measured but can be indirectly synthesized from the PWM duty cycles and the

DC-link voltage measurement. Both the current sensors and DC bus voltage sensors are
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commonly available in typical motor drives. Therefore, the proposed thermal monitoring
method is nonintrusive.

To track the stator temperature over time, the stator resistance Ry is first estimated at
room temperature fy) during the algorithm commissioning stage. Once the reference
resistance Ry and the reference temperature 7y are obtained, the winding temperature

can then be deduced as a function of the estimated stator resistance R, as,
R
t =(fo+k1)z‘—k1. (5.5)

According to International Annealed Copper Standard (IACS), k; is 234.5 for 100%
IACS conductivity copper, or 225 for aluminum, based on a volume conductivity of 62%
[69]. The accuracy of the parameter-based methods is not affected by the running
condition and the cooling mode of the machine.

Since the temperature of stator windings changes slowly, the DC current can be
injected into the motor for a very short period of time every a few minutes so that the

increased loss and torque ripple due to DC current can be minimized.

5.3 Simulation Validation
The principle of the method is validated by a simple simulation using
Matlab/Simulink, as shown in Figure 5.2. A typical indirect vector control scheme is

implemented with both the speed and current controllers. The current offset is added to
the current reference 1, and L To minimize the simulation time, the stator temperature is

varied very fast as a predefined function of time.
The DC current is chosen to be 3 Amps and injected continuously after the motor is

started. The stator winding temperature is calculated according to (5). as shown in Figure
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5.3, the temperature estimation error is less than 2 °C. This simulation validates the basic

principle of this nonintrusive thermal monitoring method.
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Figure 5.2: Simulink simulation of a field-oriented controlled induction motor with DC
current injection.
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Figure 5.3: Estimated stator winding temperature given by the simulation of the DC
injection method.

5.4 Terminal Voltage Estimation
Accurate extraction of the DC component in the line voltage, v, , is critical for

calculating the stator resistance of the induction machine. In a typical closed-loop
inverter drive, the terminal voltages are estimated from the PWM duty cycles and the

measured DC bus voltage as,
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‘/aN =D .Vdc ’ (56)

where D, is the phase-A duty cycle generated by the current regulator, V. is the
measured DC bus voltage, V,y is the phase-A voltage with respect to the negative rail of
the DC bus.

The terminal voltages obtained from (5.6) are widely used for calculating the stator
flux for motor control purposes. But they are not accurate enough for estimating the
injected DC voltage, which is necessary for calculating the stator resistance. It is
observed from experimental tests that if equation (5.6) is used for terminal voltage
estimation, the estimated stator resistance will be inconsistent at different injected DC
current levels, different load levels, different motor speeds, and even different DC bus
voltages. Careful analysis and experimental data reveal that inverter non-idealities,
namely the dead time, the device voltage drop, and the difference between the device
turn-on and turn-off time delay, are the root causes for inconsistent stator-resistance
estimation.

Although inverter non-idealities are well known to the power-electronic community
[80-86], most research has been focused on their effects on the fundamental voltage
component or the harmonic distortion. The effect of inverter non-idealities on DC voltage
generation is seldom studied. The possible effect of dead time on DC voltage estimation
was initially discussed in [72]. Unfortunately, the discussion in [72] is very preliminary
and the effect was not analyzed quantitatively. The following sections will analyze the
effect of inverter non-idealities on DC voltage estimation in detail. Several compensation

techniques are also proposed to achieve consistent stator-resistance estimation.
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5.4.1 Effect of Dead Time on DC Voltage Estimation

Figure 5.4 illustrates the effect of dead time with only one leg of the inverter and the
DC link capacitor. The negative rail of the DC bus is chosen to be the voltage reference
point, denoted as point N in Figure 5.4. The output of the inverter bridge is connected to
phase A of the induction machine. The inverter bridge has a total of four legitimate
operating modes depending on the direction of the machine current (inductive load
assumed), as illustrated in Figure 5.4 (a) and (b). Neglecting any device voltage drop for

now, the voltage of the phase A winding, V,y, switches between 0 and V., as shown in

Figure 5.4 (c¢) and (d).
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) » »)] )
Mode 1: i, > 0, + Mode 3: i, <0,
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(c) Reduced effective voltage

(d) Increased effective voltage

Figure 5.4: Illustration of the effect of the dead time.

The effect of the dead time makes the actual voltage applied to the phase A winding

different from that calculated from (5.6). When the inverter current is flowing outward (i,
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> 0), the rising edge of the output voltage V,y gets delayed by the amount of dead time as
shown in Figure 5.4 (c). The falling edge of the voltage pulse, on the other hand, is not
affected. Similarly, when the current is flowing inward (i, < 0), the falling edge of the
output voltage V,y gets delayed by the amount of dead time as shown in Figure 5.4 (d).
The rising edge of the voltage pulse, on the other hand, is not affected.

The impact of dead time on DC voltage estimation is graphically illustrated in Figure
5.5 through Figure 5.7. In Figure 5.5, each narrow voltage pulse represents the
contribution of the dead time to the terminal voltage in each PWM cycle (number of
pulses not drawn in scale). When the current is positive, the voltage pulses are negative
(negative contribution). When the current is negative, the voltage pulses are positive.

During normal operation of the induction machine, i, is sinusoidal with no DC offset.
Hence, the number of negative voltage pulses equals the number positive voltage pulses.

Over an entire current cycle, the dead time has no influence on the DC voltage.

A lg Vactual = Veommand

[
Lol

wt

- Vdc

Figure 5.5: Contribution of dead time on terminal voltage — No DC current offset.

When a positive DC offset is injected into the phase-A winding, the number of
negative voltage pulses is greater than the number of positive pulses, as shown in nFigure

5.6. Therefore, the dead time has an overall negative contribution to the DC voltage.
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Figure 5.6: Contribution of dead time on terminal voltage — Positive DC current offset.

With the same DC current offset, if the amplitude of the fundamental current becomes
smaller as shown in Figure 5.7, there will be even more negative voltage pulses and even
fewer positive voltage pulses. Hence, the net negative contribution of dead time on the DC
voltage will become even greater with smaller current amplitude (load level). Since the
mechanical load level of an induction motor is usually dependent on the motor speed, the
contribution of dead time is also speed-dependent. Moreover, if the DC bus voltage
becomes higher, the height of the voltage pulses in Figure 5.7 becomes higher, which will

also amplify the contribution of dead time on the DC voltage.

Vactual = Vecommand

- Vdc
Figure 5.7: Contribution of dead time on terminal voltage — Positive DC current offset
and smaller current amplitude.

Overall, the DC voltage is overestimated without considering the effect of dead time.

Moreover, the DC voltage is overestimated more when the injected DC current is higher,
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the load level is lower, the speed is lower (fan, or pump-like mechanical load), the dead
time is longer, and the DC bus voltage is higher. The dependence of estimated DC voltage
on so many factors is the root cause for inconsistent stator-resistance estimation, and is
extremely difficult to compensate using look-up-table based methods [72, 73].

To achieve consistent DC voltage estimation, an efficient and straightforward method
is to compensate the effect of dead time during each control cycle (also the PWM cycle) of
the motor controller. Equation (5.6) is modified to,

if i, >0,
Vv =(D, = Dy)-V,
if i, <0, ’
Vi =D, +Dy)-V,

5.7

where D is dead time normalized by the PWM cycle. Phase-B and phase-C voltages can

be estimated similarly.

5.4.2 Effect of Device Voltage Drop on DC Voltage Estimation

In addition to the dead time, the voltage drop across the IGBT device and the diode
is another inverter non-ideality that impacts the DC voltage estimation.

In Figure 5.8, the device voltage drop is analyzed with different operating modes of
the inverter. When the inverter current is flowing outward (i, > 0), the output voltage V,y
is reduced by the voltage drop across the upper IGBT and the lower diode. When the
current is flowing inward (i, < 0), the output voltage V,y is boosted by the voltage drop

across the lower IGBT and the upper diode.
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Figure 5.8: Illustration of device voltage drop.

The impact of device voltage drops on DC voltage estimation is graphically illustrated
in Figure 5.9. The voltage drop across the power devices is not constant but related to the
magnitude and polarity of the current. The net contribution of the device voltage drop on
the terminal voltage is negative with a positive DC current offset. The net contribution

depends on the injected DC current level and the AC current amplitude.
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Vactual = Vcommand

Figure 5.9: Contribution of device voltage drop on terminal voltage.

To account for the effect of device voltage drop, equation (5.7) is further improved
to,
if i, >0,
VaN = (Du - Ddt ) ’ Vdc - (Da - Ddt) ’ ‘/igbt (la ) - (1 - Da + Ddt) ’ Vdi()de (lu)
if i, <0, ’

VaN :(Du+Ddt).Vdc+(Du+Ddt).Vd (la)+(1_Da_Ddt)‘/tgbt(la)

(5.8)
iode

where Vi, and Ve are the voltage drop across the IGBT device and the diode
respectively, which are readily available in the device datasheet as a function of device
current, i,. Phase-B and phase-C voltages can be estimated in a similar fashion. Strictly
speaking, voltage drops across IGBT and diode also depend on the device temperature.
However, such dependency is low enough that its effect on terminal voltage estimation

can be neglected in practice.

5.4.3 Effect of Different Device Turn-on and Turn-off Time Delay

Any induction motor drive has some time delay between the triggering pulses
generated by the logic circuit and the actual IGBT bridge output. This delay is a combined
effect of the communication delay of the circuit, the gate drive dynamics, and the IGBT

dynamics, which are determined by the design of the inverter.
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It is found through experimental tests that for the inverter shown in Figure 5.13, the
overall turn-on delay is relative constant at 800 ns, and the overall turn-off delay is
approximately 1080 ns, regardless motor operating conditions. That means each IGBT
stays 280 ns longer than originally expected, and the width of the generated voltage pulse
can be either longer or shorter than the commanded voltage depending on the direction of
the output current.

The effect of turn-on/turn-off delay difference on the terminal voltage is graphically
illustrated in Figure 5.10. Figure 5.10 is very similar with Figure 5.6 except that the
polarity of the voltage pulses is opposite. Overall, the DC voltage is underestimated

without considering the effect of turn-on/turn-off delay difference.

Vactual = Vcommand

Figure 5.10: Contribution of different turn-on/turn-off delay on terminal voltage.

To account for the effect of device turn-on/turn-off time difference, equation (5.8) is
further improved to,
if i, >0,
VaN = (Da _Ddt +Ddly)'vdc _(Da _Ddt +Ddly)"/igbt(ia)
_(I_Da +Ddt _Ddly)'vdiode(ia)
if i, <0, ’
VaN = (Da +Ddt _Ddly)'vdc +(Da +Ddt _Ddly)'vdiode(ia)
+(1_Du _Ddt +Ddly)"/igbt(ia)

5.9
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where Dy, is the time difference of the turn-on and turn-off delay normalized by the PWM

cycle.

5.4.4 Over Modulation and Discontinuous PWM Methods

Equation (5.9) gives an accurate estimation of the motor terminal voltage by
compensating for inverter non-idealities, such as the dead time, the device voltage drop,
and the different turn-on/off time delay. However, in cases when the inverter enters the
over-modulation mode, or when the inverter is running with discontinuous PWM
schemes (DPWM,in, DPWM.x, DPWM), and etc), the commanded duty cycle D, can be
clamped to either O or 1. In such cases, there is no physical switching of IGBT devices
within that PWM cycle, and it is unnecessary to consider of the effect of dead time and
different device turn-on/off time delay.

Such special cases when the duty cycle D, is either 0 or 1 can be easily incorporated
into equation (5.9) by setting both Dy and Dy, to O for phase A for that specific PWM

cycle. The form of equation (5.9) remains unchanged.

5.5 Real-time Signal Processing Technique
Normally, the extraction of the DC component in the voltage and current is simply a
matter of low pass filtering. In this study, however, the magnitude of the DC voltage
component is much smaller than that of the fundamental voltage. More importantly, the
frequency of the fundamental voltage is constantly varying. It is thus difficult to design a
low-order IIR filter that has sufficient high-frequency attenuation characteristic. The
following signal processing technique is proposed to solve this problem, as shown in

Figure 5.11.
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In Figure 5.11 (a), a digital DC notch filter is first applied to the stator current in the
synchronous reference frame. Then the filtered current is transformed back to the natural
A-B-C reference frame. These two operations eliminate the fundamental component in
the stator current and leaves the DC component intact. Finally, a low pass filter is applied
to the phase current to eliminate other high-frequency harmonics, and the DC current is

extracted. The DC current is then integrated for a few seconds to reduce random errors.

Current at
synchronous  DC notch Ref. frame Low pass DC current
ref. frame filtering transformation filtering component
id J\ dq A
. . dc
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(a) DC current extraction
PWM duty
cycles and Terminal voltage Ref. frame DC notch Ref. frame Low pass DC voltage
DC link voltage  estimation transformation filtering transformation filtering ~ component
D d
a V c
Equation abe dq A ab
Dy B\ )\ i ST
. dq abc Ve
Vdc

(b) DC voltage extraction
Figure 5.11: Signal process techniques for extracting DC current and voltage.

In Figure 5.11 (b), the extraction of the DC voltage component starts with the
measured DC bus voltage and the commanded PWM duty cycles. The three-phase
terminal voltage is estimated from these quantities using equation (5.9). After
transforming the the three-phase voltages into synchronous reference frame, a DC notch
filter is applied. Then the filtered voltage is transformed back to the natural A-B-C
reference frame. These operations eliminate the fundamental component in the stator
voltage and leaves the DC component intact. Finally, a low pass filter is applied to the

terminal voltages to eliminate other high-frequency harmonics and the DC voltage is
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extracted. The DC voltage is also integrated for a few seconds to eliminate random

CITOorS.

5.6 Temperature Estimation Error Analysis
The error of the estimated temperature mainly comes from the error of the current
measurement and the DC voltage estimation. This section discusses several main sources
of errors in the measurement system and how they propagate into the error in the final

estimated winding temperature.

5.6.1 Errors Introduced by the Current Measurement

There exist two sources of errors in the current measurement channel.

The first error source is the inherent error of the analog current sensing circuit, which
is consisted of a Hall Effect current sensor and the associated calibration circuit. The
current sensing circuits for both phase of the experimental inverter in Figure 4.14 are
calibrated to the precision of 0.15% using a Fluke 187 multimeter.

The second error source is the quantization error introduced by the analog-to-digital
converter (ADC). As described in section 4.7.3, the experimental inverter uses typical 12-
bit ADCs. Since the peak-to-peak measurement range of the current signal is tuned to 75
A, the quantization error of the current signal is therefore 75/2'**'=0.00916 A. However,
the quantization error of the ADC is completely random. Therefore, it will be eliminated
during the current integration process described in section 5.5.

Therefore, the overall relative error introduced by the current measurement is 0.15%.
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5.6.2 Errors Introduced by the DC Bus Voltage Measurement

Without considering the inverter nonidealities, the terminal voltage is estimated as a
fraction of the DC bus voltage measurement V., as shown in equation (5.6). There are
also two sources of errors in the DC bus voltage measurement.

The first error source is the inherent error of the analog voltage sensing circuit,
which is calibrated to the precision of 0.025% using a Fluke 187 multimeter.

The second error source is the quantization error introduced by the analog-to-digital
converter (ADC). Since measurement range of the DC bus voltage is tuned to 0 to 400 V,
the quantization error of the current signal is therefore 400/2'**'=0.0488 V. However, the
quantization error of the ADC is completely random. Therefore, it will be eliminated
during the voltage integration process described in section 5.5.

Therefore, the overall relative error introduced by the DC bus voltage measurement

15 0.025%.

5.6.3 Errors Introduced During Inverter-nonideality Compensation

Considering inverter nonidealities, the terminal voltage is estimated using equation
(5.9). The commanded duty cycle D, and the dead time D, are synchronized with the
clock signal generated by a crystal oscillator on the FPGA board. Therefore, the error in
D, and D, can be neglected. The time difference of the IGBT turn-on/off delay is
calibrated by a high-precision oscilloscope and is also highly accurate.

However, the voltage drop across the IGBT v;g,, and the diode vgoq. may have some
error because the voltage drop across those power semiconductors is also dependent on
its junction temperature. In practice, the actual junction temperature and the one used in

the motor control program may be different by as much as 20°C. To quantify the error
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caused by power semiconductor temperature mismatch, assume that the on-state voltage
drops across the IGBT device and diode are the same, denoted as Veyice.
Equation (5.9) can then be simplified to,
if i, >0,
VaN = (Da - Ddt + Ddly) ’ Vdc - Vdevice (lu)
if i, <O, '
VaN = (Da + Ddt - Ddly) ’ Vdc + Vdevice (lu)

(5.10)

Figure 5.12 shows the on-state voltage drop of the IGBT anti-parallel diode under
different temperature from the device datasheet. According to Figure 5.12, if the IGBT
junction temperature is off by 20°C, the device voltage drop will be off by 0.087 V. With
the injected DC current at 5% of peak AC current amplitude, the positive half cycle of the
current waveform will be longer than the negative half cycle of the current waveform by
about 3.18% of the entire current cycle. Therefore, the effective DC voltage error caused

by the IGBT temperature mismatch is up to 0.087x3.18% = 0.00277 V for one phase.
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Figure 5.12: Device voltage drop curve at different temperature.
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5.6.4 Errors in the Estimated Temperature

The resistance of the stator winding is calculated as the quotient of the DC
component of line-to-line voltage and DC line current, as shown in equation (5.4). As
discussed above, the error in the estimated DC terminal voltage is caused by DC bus
measurement error and device temperature mismatch. Since these two errors are
independent, the overall relative error of the estimated DC component of line-to-line

voltage can be expressed as,

2
vie = \/(o.ozs%)%[%j : (5.11)
“Vab

where 2/3-V% is the DC component of the phase-A voltage.
The overall relative error of the DC current measurement is,

I“ =0.15%. (5.12)

a.err
Consider the error analysis rule for the quotient, the overall relative error of the

estimated resistance is,

2
R, = \/(0.025%)2 J{%J +(0.15%)" . (5.13)

ab

Since the physical relationship in equation (5.5) is highly accurate [69], the relative

error of the estimated temperature is also,

2
(t,+k) = \/(0.025%)2 +(O‘??#] +(0.15%)" . (5.14)

ab
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5.7 Experimental Validation

5.7.1 Experiment Setup

The programmable inverter drive previously introduced in section 4.7.3 and Figure
4.14 is also used to validate the proposed thermal monitoring method in real time. The
picture of the entire test setup is shown in Figure 5.13. The specification of the induction
machine is summarized in Table 5.1. The speed of the induction machine is measured by
a speed encoder and is fed back to the controller.

The fundamental principle of the proposed method determines that it can only
estimate the average temperature of the stator winding. Ideally, to validate the proposed
method, the average temperature of the stator winding needs to be measured. In practice,
however, measuring the average temperature of the stator winding when the motor is
running is quite difficult. To approximate the average winding temperature, eight
thermocouples are attached to different parts of the stator winding. Four of them are
attached to the drive-end stator winding while the other four are attached to the nondirve-
end stator widing. On each end of the machine, two thermocouples are inserted into the
stator slots and the other two are attached to the end winding. Using this setup, the
average reading of all eight thermocouples can be used as an approximation of the

winding average temperature for validation purposes.
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Figure 5.13: Experimental setup for DC-injection based stator resistance estimation.

Table 5.1: Parameters and ratings of the test machine for thermal monitoring

Parameter Value
P rated 5 (hp)
Poles 4
Vrated 230 (V)
Irated 13 (A)
Nm,rated 1745 (rpm)
R; 0.353 (ohm)
R, 0.424 (ohm)
L, 67.47 (mH)
Lls 2.59 (mH)
Ly, 3.88 (mH)

5.7.2 Measured Motor Waveforms

Figure 5.14 shows the iz and i, currents before and during current injection. The
induction motor is running at 600 rpm and 85% of rated current. The magnitude of the
injected current, Iy, is 1.0 Amps. It can be seen that the actual iy and i, follows the

superimposed sine-wave reference closely.
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Figure 5.15 shows i, and v, before and during DC current injection. While the stator
current has a noticeable DC offset after 0.2 seconds, the DC offset in the voltage are too
small to notice due to the large amplitude of the fundamental voltage. With an 5% of
additional DC current, the peak instantaneous current of the motor increases by 5%, and
the peak RMS current of the motor increase by only 0.25%. Such small increase of the
motor current will not affect the sizing of the inverter and power electronic components.

Using the real-time signal processing method described in Figure 5.11, the DC
components of i, and v,;, are extracted and shown in Figure 5.16. Note that Figure 5.16 has
a longer time span compared to Figure 5.14 and Figure 5.15 so that the DC components
can be shown more clearly. Both the voltage and current waveforms are smooth and clean,
which allows for reliable estimation of the stator resistance.

Figure 5.17 shows the electromagnetic torque and the speed of the motor before and
during DC current injection. The torque oscillation is at the stator frequency. The
amplitude of the oscillation is directly related to the injected DC current level and is about
5% of rated torque. Because of the inertia of the rotating mass, and the limited bandwidth
of the speed control loop, no speed oscillation is observed. The audible noises emitted by
the test bench before and during DC current injection are indistinguishable by human ears
as well as sound pressure level meters.

Since the thermal time constant of motors is in the range of several minutes, it is only
necessary to inject DC current for a few seconds every a couple of minutes, which further

minimizes the adverse effect of torque oscillations.
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Figure 5.16: DC components of stator voltage and current.
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Figure 5.17: Motor torque and speed before and during DC current injection.

5.7.3 Temperature Estimation at a Single Operating Condition

To validate the proposed method, the induction machine specified in Table 5.1 is
running continuously at approximately 85% of its rated current at 600 rpm for 2.5 hours.
One ampere of DC current is injected into the motor winding for a few seconds every
10~15 minutes. The reference stator resistance Ry is first estimated when the machine is at
the room temperature fy. Then the stator winding temperature is tracked over time using
(5). If necessary, the cable and contact resistances can also be compensated following
procedures outlined in [60]. To emulate a change in the motor cooling condition, a
thermal-insulation jacket is wrapped around the motor housing beginning at 70 minutes.

The experimental result is shown in Figure 5.18. The red dashed curve is the stator
winding temperature estimated by the proposed method. The blue solid line is the average
temperature measured by eight thermocouples. The estimated winding temperature tracks
the average thermocouple measurement very closely regardless the changing cooling
conditions. = The deviation between the estimated temperature and the average

thermocouple reading is less than 3 °C.
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The thin black dashed lines indicate the error band of the estimated winding
temperature using equation (5.14). The width of the error band increases slightly with the
estimated temperature. At about 77°C, the width of the error band is about + 2.45°C. The
relative narrow error band demonstrates that the proposed method has good temperature

estimation consistency.
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Figure 5.18: Stator winding temperature estimation at constant operating condition.

5.7.4 Temperature Estimation with Variable Operating Conditions

To verify the consistency of the method at variable operating conditions, similar
temperature tracking tests are also performed with variable load level, variable motor
speed, and variable DC bus voltage, as shown in Figure 5.19, Figure 5.20, and Figure
5.21, respectively.

In Figure 5.19, the induction motor is first running at 50% of its rated current for 40

minutes and then 90% of its rated current for another 85 minutes. The reference stator
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resistance Ry and the room temperature #, are obtained at the 50% rated current level. As
shown in Figure 5.19, if the inverter non-idealities are considered as discussed in section
5.4, the estimated winding temperature tracks the measured temperature closely even after
the load level has changed. The maximum temperature error is less than 5°C. However, if
the inverter non-idealities are not considered, the estimated winding temperature drops
significantly when the load level goes up. The maximum temperature deviation is almost
48 °C. This is because the stator resistance is more overestimated when the load level is

low and relatively less overestimated when the load level is high, as discussed in section

5.4.
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Figure 5.19: Stator winding temperature estimation with variable load level (error band
of estimated temperature removed for clarity).

In Figure 5.20, the speed of the induction motor changes from approximately 600
RPM to 840 RPM. Correspondingly, the load level changes from 76% rated current to
93% rated current. With all the inverter non-idealities considered, the estimated winding

temperature tracks the measured temperature closely even after the motor speed has
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changed. The maximum temperature error is less than 5°C. However, if the inverter non-
idealities are not considered, the estimated winding temperature drops significantly when
the motor speed goes up. The reason for the sudden drop of estimated temperature is

similar with that in Figure 5.19.

—@&— Measured temperature
10l —-@-= Est. temperature considering inverter non-idealities
-=-@-- Est. temperature w/o considering inverter non-idealities

100 ; : ‘ ‘
| | 1 : | | : :
9Ol - 600 RPM ,771,,,‘ ,,,,,,, 840 RPM I I
<————— >} ‘
| Nl | | |
80—~ R e e S =l

1 -
| | 1 | \“—’ : : :
0 S g I
5 i IR~ I
< 60f - e R B AL S E R :
® : // T | |
= BOL------ \77777;.!-!" e R [
: B2 et
8 40 e LA b S R— |
5 F g | | | | |

0 20 40 60 80 100 120 140
time [min]

Figure 5.20: Stator winding temperature estimation with variable motor speed (error
band of estimated temperature removed for clarity).

In Figure 5.21, the induction motor is running at 600 RPM with 77% of its rated
current. The DC bus voltage changes from 136 V to 196 V at 30 minutes into the test.
Again, with all the inverter non-idealities considered, the estimated winding temperature
tracks the measured temperature closely even after the DC bus voltage has changed. The
maximum temperature error is less than 5°C. If the inverter non-idealities are not
considered, the estimated winding temperature increases significantly as the DC bus
voltage goes up. This is because the stator resistance is less overestimated when the DC
voltage is low and more overestimated when the DC voltage is high, as discussed in

section 5.4.
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Figure 5.21: Stator winding temperature estimation with variable DC bus voltage (error
band of estimated temperature removed for clarity).

5.8 Chapter Summary
This chapter proposes a nonintrusive thermal monitoring scheme for closed-loop
drive-fed induction motors using DC current injection. The major contributions of this
paper are as follows,

(1) A simple method is proposed for injecting DC current into closed-loop drive-fed
induction machines without interrupting its normal operation.

(2) The major technical difficulty of DC-injection-based thermal monitoring, the
inconsistency in resistance estimation, has been overcome by carefully analyzing
and compensating for the effects of inverter non-idealities.

The proposed thermal monitoring scheme has the following advantages over existing

methods,
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(1) Non-intrusive: The method requires no additional sensors or hardware except for
those already available in closed-loop induction motor drives. Besides, only 1 Amp
of DC current (about 5% of the rated current amplitude) is injected every couple of
minutes into the stator winding. This results in minimal impacts on the torque
smoothness and energy efficiency of the motor.

(2) Easy-to-use: As demonstrated in the paper, the method can be easily integrated
with the existing control algorithm of the closed-loop motor drive with minimal
computational cost. No complicated calibrations, except for the estimated
resistance under room temperature, are needed to commission the method.

(3) Accurate: Compared to the temperature measurement taken by thermocouples, the
maximum error of the proposed method is less than 3 °C at a constant operating
condition and less than 5 °C with variable operating conditions for a 5-HP

induction motor.
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CHAPTER 6 Fundamental Aspects of Condition Monitoring of Claw-

pole Generators

6.1 Overview

The claw-pole synchronous generator is the heart of virtually all automotive electric
power generation and storage (EPGS) systems. Based on the literature survey presented
in Chapter 3, the condition monitoring of this crucial component in vehicles remains
largely unexplored.

Existing condition monitoring techniques developed for grid-connected AC
synchronous machines do not directly transfer to claw-pole generators. Failure modes of
claw-pole generators are different from those of conventional synchronous machines
because of its special application. The complex magnetic structure of the claw-pole
generator also makes the fault modeling challenging. Moreover, the AC voltage and
current information of the generator are difficult to access because of the built-in rectifier.

A general discussion is performed in this chapter to better understand the
fundamental aspects of claw-pole-generator condition monitoring. Common failure
modes of claw-pole generators are first summarized, among which several important
types of faults are selected to be investigated further in this study. The major procedures
to model the claw-pole generator in finite-element simulation software are also outlined.
Finally, spectral analyses are performed on the generator voltages and currents. Several

important fault signatures in the voltage and current spectra are identified and discussed.
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6.2 Failure Types and Failure Mechanisms
As discussed in Chapter 3, the faults of claw-pole generators can be broadly
classified into two categories: the external faults (or system-related faults) and the
internal faults. In an EPGS system, typical external faults include:
1) Serpentine belt slip
2) Defective serpentine belt
3) Loose or contaminated electrical connection

4) Improper mounting

Engine

Alternator with built-in rectifier

| loads

|
|
|
i
|
| =——— | Electric
l
|
|
|

Controllers

Figure 6.1: Illustration of the automotive EPGS system.

If the tension of the serpentine belt is smaller than required, slip may occur between
the serpentine belt and the generator pulley especially when the generator is carrying
heavy electric loads [20]. Belt slip accelerates the wearing of the belt and significantly
reduces the energy conversion efficiency and the output capability of the claw-pole

generator.
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In addition to the belt slip, the serpentine belt may also develop defects, such as
cracks or torn rubber on the grooves, as it ages over time.

If left undetected, both the belt slip and the belt defect may lead to premature
breakage of the serpentine belt. The breakage of the serpentine belt is a catastrophic
failure which results in loss of the electric power and all crucial accessories driven by the
same belt, such as the water pump, power steering pump, A/C compressor, air pump, etc.
Therefore, it is highly desirable to detect those faults in the incipient stage so that
preventive maintenance can be scheduled before catastrophic belt breakage occurs.

The loose or contaminated electric connections mostly occur at the positive or
negative terminal of the battery. It may cause starting problem of the vehicle.

The improper mounting will increase the vibration level of the generator. However,
this is much less a problem nowadays than before because very long mounting bolts are
typically used in modern designs of claw-pole generators.

In addition to the system-related faults, the internal components of the generator are
also subject to failures. A sectional view of a typical claw-pole generator is shown in
Figure 6.2. The mechanical assembly of the claw-pole generator contains not only the
wound-rotor synchronous machine, but also a plural of electrical and mechanical
components and accessories. Possible internal faults of generator include:

(1) Worn bearing

(2) Stator winding fault

(3) Short/open rectifier diode

(4) Voltage regulator fault

(5) Rotor winding fault

(6) Rotor eccentricity (bent shaft)

(7) Brush and slip ring fault
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(b) Generator circuit.

generator. 1 Generator,
1 Housing; la Exciter diodes,
2 Stator; 1b Positive-plate diodes,
3 Rotor; Ic Negative-plate diodes,
4 Voltage regulator with 1d Excitation winding;
brush holder; 2 Voltage regulator;

5 Collector rings;
6 Rectifier;
7 Fan.

3 Charge indicator lamp;
4 Ignition switch;
5 Battery.

Figure 6.2: Mechanical structure and electrical circuits of a claw-pole generator [87].

Unlike industrial electric machines, statistics on actual failure modes and failure
mechanisms of the claw-pole generators are extremely limited in the academic literature.
Interviews conducted with several experts in the automotive industry reveal that the worn
bearing is one of the most common faults in claw-pole generators. This is in agreement
with the past experience on the low-voltage induction machines [1, 9, 12].

The interview also verifies that stator turn-to-turn faults continue to be a major
contributor to stator winding failures of most wire-wound claw-pole generators. To

mitigate this problem, some recent designs of claw-pole generators feature a bar-wound
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winding design, as shown in Figure 6.3.  Stator turns in the bar winding have thicker
insulations in the stator slot and more clearance in the winding overhang, and thus pose a
lower risk of turn-to-turn short circuit. However, bar-wound windings are expensive to
manufacture because they typically require threading of stator bars in the stator slots. In
the foreseeable future, the dominant majority of the claw-pole generators will still be

wire-wound.

(b) bar-wound stator

Figure 6.3: Comparison of the bar-wound and wire-wound stator winding [88].

In addition to interviews with industry experts, some warranty data on claw-pole
generators replaced by auto dealerships is also kindly provided by General Motors (GM).
Due to the limited diagnostic capability at auto dealerships, the classification of failure
modes in this data is far from systematic and complete. Nevertheless, the data sheds some
helpful insight into short-term failure modes of claw-pole generators. A breakdown of

failure modes is shown in Figure 6.4.

100



4% 7% 1%

6%
LINTF

M System Related

M Diode

i Regulator

i Shaft and Bearing
M Others

L4 Un-determined
Figure 6.4: Major types of faults of generators replaced by auto dealerships under
warranty (Courtesy: General Motors).

As shown in Figure 6.4, about 8 percent of failures are system-related, including
loose connection and contamination of the overall charge system.

About 18 percent of failures are due to the rectifier diode damage. Diodes are
typically damaged by excessive housing press and electrical stress. In particular, short
diode is a much more common failure mode than open diode. When one diode becomes
shorted during the operation of claw-pole generators, there will be a large fault current
circulating between the phases, which quickly overheats and damages the other two
diodes in the same positive or negative bank. Hence, the damage to the diode rectifier is
often observed in banks.

About 6 percent of failures can be traced back to voltage regulators. The PWM
switch in the voltage regulator gets “stuck” either to the high level of the supply voltage
or the ground, which causes over-voltage or under-voltage problems in the generator
output.

About 4 percent of generator is diagnosed of mechanical problems, such as worn

bearing, bent shaft and etc, which are usually accompanied by excessive audible noises.
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Other types of faults include improperly seated electronic fastener, slip ring damage,
broken rotor winding and etc. Interestingly, however, about 56 percent of the claw-pole
generators are replaced by trained technicians with no trouble found (NTF) afterwards.
This is possibly due to misdiagnoses, or intermittent faults that are difficult to duplicate
[18]. Out of the 56 percent NTF generators, large portions of consumers have complaints
on increased noise level and starting/battery problem. Therefore, there may exist faults,
such as worn bearing and stator turn fault, which cannot be effectively determined by the
current generator diagnostic procedure at auto dealerships.

Among various types of external faults and internal faults of claw-pole generators,
the following ones will be investigated in this study:

(1) Serpentine belt slip

(2) Serpentine belt defect

(3) Stator turn-to-turn fault

(4) Rotor eccentricity (bent shaft)

(5) Worn bearing

Although some other types of faults, such as the loose electrical connection, diode
fault, and voltage regulator fault, are commonly encountered in practice, the detection
and isolation of these faults are relatively trivial and are therefore not included in this

PhD research.

6.3 Finite-element Model of the Claw-pole Generator
Detailed models of the claw-pole generator can help greatly in understanding and
analyzing the effects of various types of generator faults. Commercial finite-element

software is a convenient and proven tool for detailed modeling of transient behaviors of
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the electric machines [89]. It is generally more accurate and flexible than other modeling
methods such as magnetic equivalent circuit or analytical modeling [90, 91]. In the
proposed research, the finite-element models of the generators are built in Ansoft
Maxwell 3D ©.

Unfortunately, the design information of the claw-pole generator is not provided by
the manufacturer. In order to obtain the detailed design information, one of the generators
is completely disassembled and reverse engineered. The 3D solid model of the generator

is shown in Figure 6.5.
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Figure 6.5: Finite-element model of the claw-pole generator.

The model in Figure 6.5 is built to the level of detail that most important features of
the generator geometries are preserved. Some small geometric features are not modeled

because they can slow down the simulation process significantly. The green assembly is
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the stator core filled with three-phase wave-wound stator windings. The bronze assembly
is the claw-pole rotor core, excited by the field winding inside the rotor core. The deep
blue assembly is the rotor shaft. The model is very flexible in the sense that it can be
easily modified to represent different types of generator faults, such as a stator turn fault
or rotor eccentricity.

In addition to geometric dimensions, the accuracy of the finite-element model is also
highly dependent on the magnetic property of the stator and rotor core materials. The
material of the stator core is determined by visual inspection to be normal silicon steel
(M-19). To figure out the magnetic property of the rotor core, a ring-shape sample is cut
from the rotor of the disassembled generator. Two sets of coils are wound on the ring-
shape sample. By injecting a series of DC currents into one set of the windings and
measuring the transient-voltage responses of the other set of the winding, the DC B-H

curve of the rotor material can be obtained, as shown in Figure 6.6.
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Figure 6.6: Measured DC B-H curve of the rotor material.
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The finite-element model is validated by comparing the simulation results and
experimental results. Specifically, Figure 6.7 shows the simulated phase voltage and
measured phase voltage under the same speed and no load condition. The simulated

voltage agrees well with the measured voltage.
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Figure 6.7: Experimental and simulated open-circuit voltage waveforms.

Figure 6.8 and Figure 6.9 shows the spatial distribution of the magnetic flux in the
rotor and stator core of the generator respectively. The magnetic flux originally flows in
the axial direction inside the rotor yoke, but it is then bent by the rotor claws and
becomes oriented in the radial direction in the airgap. After the magnetic flux leaves one
rotor pole, it enters the stator core, links a few slots of stator conductors and then enters
back into the adjacent rotor pole. As can be seen in both plots, the distribution of the

magnetic is truly three-dimensional and highly complex.
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Figure 6.8: Magnetic flux distribution in the rotor core.
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Figure 6.9: Magnetic flux distribution in the stator core.
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6.4 Test Bench Setup

In terms of condition monitoring for claw-pole generators, possible physical

quantities that may be monitored include, field voltage, field current, three-phase stator

current, three-phase stator voltage, rectified generator current, and rectified generator

voltage. Among all these quantities, some are more difficult to access than the others.

Table 6.1 summarizes the intrusiveness of monitoring each of the aforementioned

quantities in the vehicle EPGS environment.

Table 6.1: Physical quantities that may be monitored in a claw-pole generator

Quantities Intrusiveness Comments

Monitored

DC output Very low Already monitored in the EPGS system.

voltage

DC output Low Already monitored in the EPGS system. But higher-

current bandwidth current sensor may be needed.

Rotor field Very low Already monitored in the EPGS

voltage

Rotor field Very high Major modifications to the generator voltage

current regulator are needed to monitor the field current.
Additional current sensor is needed.

Stator three- High Modifications to generator package and wirings are

phase voltages needed to monitor the AC voltage.

Stator three- Very high Major modifications to the generator stator windings

phase currents

are needed to monitor the AC current. Additional
current sensors are needed.

Due to the stringent cost constraint in automotive applications, condition monitoring

schemes for claw-pole generators should be nonintrusive and low-cost. Ideally, only the

DC output voltage, DC output current, and rotor field voltage should be used for

condition monitoring purposes.
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In this study, special modifications have been made to the experimental generator so
that all six physical quantities can be monitored. This helps better understand the effect of
the built-in rectifier on generator voltages and currents during the research stage.

In order to analyze the voltage and current spectra of claw-pole generators, a
generator test bench is built and shown in Figure 6.10. The “vehicle engine” is simulated
by an Allen Bradley © servo motor. Controlled by a PC, the servo motor drive is able to
simulate complex load profiles within a wide speed range. The servo motor is coupled to
the generator through a pulley-serpentine belt assembly. The generator is electrically
loaded with several high-current power resistors and one lead-acid battery. The generator
voltages and currents are monitored using LEM sensors. The measured data is recorded

by the National Instrument © data acquisition system.

AC 480-V source PM servo-motor driving the generator with abelt ~ Current and voltage sensors

Data acquisition
devices

Allen-Bradley servo-
motor drive

PC with servo-motor

Lead-acid battery
control software

High-current power resistors PC with LabVIEW
Figure 6.10: Test bench for claw-pole generators.

A similar but more advanced test bench is available for access at the GM EPGS test

facility, as shown in Figure 6.11. The digitally controlled DC load bank allows for
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continuous variation of the generator load level. A dSPACE © embedded processor also

allows for real-time validation of the proposed condition monitoring schemes.

Dynamometer PC with dSPACE
Speed Programming Software
Encoder '

Stator

' \
Measurement N dSPACE
\ Circuit [ V]| Processor /\\I:> Q
/

Rotor
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Continuously Adjustable

L 1(*’6(3:;’ DC Load Bank

o Rotor f ¥

- I+
-~~~ Adjustable Speed L
480 Vg: --- Motor Drive 12V Lead-acid
(AC) o—-Z2 Claw-pole Battery

Generator
<
L_lj <

Figure 6.11: EPES test facilities at General Motors.

A complete set of generator voltage and current waveforms obtained from above test
bench is shown in Figure 6.12~Figure 6.14

As can be seen in Figure 6.12, the field voltage is a PWM signal that switches
between -0.7V and the generator DC output voltage. The switching frequency is at about
400 Hz. The field current is mainly DC, with some ripples induced by the PWM
switching of the voltage regulator.

The line-to-line voltage and line current are shown in Figure 6.13. The AC voltage
has a somewhat flat top because of the voltage-clamping effect of the battery. Typical to
a three-phase rectifier, the AC current has two small lobes on the peaks of the waveform
and stays zero for a short period of time during zero crossing.

The generator output voltage and current are shown in Figure 6.14. Both the voltage
and current are rich in harmonics. While the high-frequency ripples are most likely
introduced by the rectifier, there are also some lower-frequency ripples in the voltage and

current spectra that correspond to the switching of the voltage regulator.
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Figure 6.12: Generator field voltage and field current.
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Figure 6.13: Generator line voltage and phase current.
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Figure 6.14: Generator output voltage and output current.

6.5 Spectral Analysis

6.5.1 Voltage-regulator Switching Harmonics

The spectrum of the generator field voltage at a certain operating condition is shown
in Figure 6.15. The exact PWM switching frequency of the voltage regulator is located at
398.3 Hz. The 2nd~7th order harmonics of the PWM frequency are also presented in the
field voltage spectrum. Overall, the spectral contents of the field voltage are very similar
to those of a square wave.

The voltage-regulator switching harmonics are also present in the generator output
voltage spectrum, as shown by the harmonics marked by red circles in Figure 6.16.

The spectrum of the generator output current is shown in Figure 6.17. The harmonic
contents are similar with those in the voltage spectrum. However, the magnitudes of the
current harmonics are usually much higher than the corresponding spectral bins in the
voltage spectrum. This is mainly because the connected battery is a large capacitive load

that has low impedance in the high-frequency range.
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Figure 6.17: Spectrum of generator output current.

6.5.2 Rectifier Ripple Harmonic
In the current spectrum shown in Figure 6.17, the frequency component at 2666 Hz
has the largest magnitude in the generator voltage spectrum except for the DC
component. Since the experimental generator has 12 poles and is running at 4443 rpm,
this frequency component at 2666 Hz is confirmed to be the rectifier ripple harmonic.
The frequency of the rectifier ripple harmonic, if accurately tracked over time, can be
used to estimate the speed of the synchronous generator. By comparing the estimated

generator speed with the engine speed, the fault of serpentine-belt slip can be effectively
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detected. A real-time implementation of the belt-slip detector is described in detail in

Chapter 7.

6.5.3 Harmonics at Integral Factors of the Rectifier Ripple Frequency

In addition to the rectifier ripple harmonic, the output current spectrum also contains
relatively evident spectral bins at 1/6, 1/3, 1/2, 2/3 and 5/6 of the rectifier ripple
frequency, which are marked by black dots in Figure 6.16 and Figure 6.17.

Specifically, the harmonic component at 1/3 of the rectifier ripple frequency (888.7
Hz in Figure 6.17) is an accurate indicator of the three-phase asymmetry of generator. In
fact, this harmonic component in the rectifier output is the counterpart of the negative-
sequence component in the three-phase system. A stator turn-fault detector based on this

spectrum signature is described in detail in Chapter 8.

6.5.4 Harmonics related to the Belt Cycle

Figure 6.18 is a zoom-in plot of Figure 6.17 around 2600 Hz. The rectifier ripple
frequency is located at 2665.7 Hz. Two relatively large spectral bins are located
symmetrically around the rectifier ripple frequency at 2650.5 Hz and 2680.9 Hz.

These two side-band harmonic components are caused by the uneven thickness and
tension of the serpentine belt, i.e. the line speed and transmitted torque vary slightly
within a full cycle of the belt. The exact frequencies of the belt-cycle related harmonics

can be determined as follows,

riopt
fbelt = fripple i 3 "

, (6.1)
1 'kbeh
where f,ip 1s the rectifier ripple frequency, p; is generator pole number, and k., is the

number of generator shaft revolutions per belt cycle.
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These harmonic components can be used to detect belt defects. A detailed discussion

of this topic will be presented in Chapter 7.
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Figure 6.18: Zoom-in plot of the output current spectrum around the rectifier ripple
frequency
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6.5.5 Harmonics related to the Torque Oscillations of the Prime Mover

Figure 6.19 is a zoom-in plot of Figure 6.17 around 200 Hz. The frequency
component at 109.9 Hz in Figure 6.19, for example, is related to the torque oscillation of
the prime mover.

Generally, the frequency of the torque-oscillation-related harmonic can be

determined as follows,

pZ‘fripple
3.0k

pulley

Sose = (6.2)

where f,i,p 1s the rectifier ripple frequency, p; is generator pole number, p» is the cycles
of torque oscillations per mechanical revolution of the prime mover, and kpe, is the

pulley ratio.
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Figure 6.19: Zoom-in plot of the output current spectrum around 200 Hz.
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This harmonic component can be potentially used to monitor torque oscillations of
the vehicle engine or other important accessories that also have an oscillating torque
characteristic, such as the air compressor and water pump. However, the problem is

beyond the scope of this study and is not further investigated in this PhD study.

6.6 Chapter Summary

The claw-pole generator is a family of electric machine on its own. It has vastly
different operating environment and failure modes from conventional industrial electric
machines. This chapter presents an introduction to the condition monitoring of claw-pole
generators. The common failure modes and failure mechanisms are thoroughly discussed,
among which several important types of faults are selected for further investigation.

To better understand the effects of internal faults on the operation of the claw-pole
generator, a detailed finite-element model is built using the parameters extracted from a

disassembled generator.
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A lab setup for testing the generator has also been built and spectrum analysis has
been performed on the generator voltages and currents. All the major harmonic
components in the voltage and current spectra have been identified and explained.
Several important harmonic components in the voltage and current spectrum are shown to
be potentially useful for,

(1) estimating the generator speed or detecting the belt slip;

(2) detecting the stator turn-to-turn fault in the generator;

(3) detecting the defects in the serpentine belt;

(4) detecting the torque oscillations in the prime mover.

The following chapters will go into more details on the detection and protection of

specific generator faults.
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CHAPTER 7 Detection of External Faults for Claw-pole Generators

7.1 Overview

The claw-pole generator is inherently part of the automotive EPGS system. The
detection and isolation of external faults (or system-related faults) is very important to
improve the overall system reliability and to reduce misdiagnoses of the claw-pole
generator itself.

In this chapter, a sensorless speed estimator is proposed for claw-pole generators
using only the generator output voltage information. The proposed speed estimator is
further applied to the detection of serpentine belt slip. The experimental results show that
the method is able to estimate the generator speed accurately even during fast mechanical
transients. The belt-slip fault can thus be reliably detected within a wide speed range.

This chapter also proposes a method to detect serpentine belt defects using only the
generator output current information. The signal processing technique proposed for belt-

defect detection can also be applied to detections of other faults of claw-pole generators.
7.2 Generator Speed Tracking and Detection of Belt Slip

7.2.1 Principle of the Belt-slip Detector

In an automotive EPGS system, the accurate engine speed is always known to the
vehicle controllers. The speed of the claw-pole generator, on the other hand, is strictly
related to the frequency of the rectifier ripples as discussed in section 6.5.2.

The specific relationship can be described as follows,

— 60 ’ fripple

P ’ ndiode

, (7.1)

gen
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where ng., 1s the generator mechanical speed, fp. 18 the rectifier ripple frequency, P
stands for the number of pole pairs of the generator, and 7,4 1S the number of diodes in
the rectifier.

For a typical 12-pole generator with a three-phase full-bridge rectifier, the frequency
of the output voltage ripple is 0.6 times of the generator speed in rpm. The serpentine belt
slip is detected when the generator speed drops below the engine speed adjusted for the
pulley ratio.

In addition to being used to detect belt slip, the rectifier ripple frequency is also the
baseline frequency for real-time recognition and location of all other harmonics in the
voltage and current spectra of the generator. Therefore, the frequency of the rectifier
ripples must be estimated very accurately.

With a reasonable sampling frequency of 10 kHz, a time-frequency transform based
on Hanning-window interpolated FFT is proposed in this study to accurately extract the
voltage ripple frequency with relatively short sample time. Frequency-domain methods
[92-94] are used because they are generally less prone to performance degradation caused
by noise than time-domain methods [94].

As can be seen in Figure 6.16, the spectrum of generator output voltage contains
several harmonic components with relatively large amplitudes in addition to the rectifier
ripple harmonic. In order to reduce the interference from other frequency components
when locating the rectifier ripple frequency, it is desirable to apply a digital notch filter to
eliminate frequency components at DC and the voltage-regulator PWM frequency. The

DC notch filter has a discrete-time transfer function of,

1-z7"
H(Z)Zl—_

: O<r<l, (7.2)
—rez
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where the parameter r controls the width of the notch. The closer the value r is to 1, the
sharper the notch is.

The notch filter at the PWM frequency has a discrete-time transfer function of,

(1= )(1=e "z
(A-re’®z " Y1-re '@z
_ 1-2cosqz +7°
T1-2rcos@z” +r77

H(z)=
; (7.2)
O<r<l

-2

398
Here, r still controls the width of the notch. a%=1—~27r , which is the

normalized frequency to be rejected.

7.2.2 Interpolated FFT for Ripple Frequency Extraction

It should be noted that the spectrum in Figure 6.16 is obtained from 8192-point FFT
with a 10 kHz sampling frequency. In practice, such large-scale FFT is hardly
computationally feasible for embedded micro-processors in vehicles. Moreover, since the
generator speed is highly dynamic in nature in a typical urban driving cycle, the long
sample time (0.8192 sec) of the 8192-point FFT makes it difficult to track the generator
speed reliably during fast mechanical transients.

To address these problems, FFT with a significantly narrower window size (256
points) is used to increase the time resolution (refresh rate) of the generator speed
estimation. However, with such short FFT window size, the frequency resolution will
suffer. In Figure 7.1, for instance, the spectrum resolution from 256-point is only 39 Hz
compared to the frequency resolution of 1.22 Hz from 8192-point FFT. Whereas the

largest spectral bin from 256-point FFT is located at 1523.4 Hz, the true ripple frequency
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is actually at 1511 Hz. As a result, there will be larger errors in the estimated generator

speed.
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Figure 7.1: Comparison of the generator output voltage spectrum with different FFT
sizes.

An interpolated-FFT method is employed [92-94] to improve the speed estimation

accuracy while not increase the size of the FFT. Consider At is the time interval between

two consecutive data samples, N is the number of data points in FFT. Then the frequency

interval between the spectral bins in the current spectrum will be,

1

fo:NAt’

(7.3)

That is, all spectral bins will be located in the FFT spectrum at the integral multiples
Off().
Assume f is the peak frequency that is to be located. Generally, f will fall between

two adjacent spectral bins. Therefore, f will be a fractional multiple of f,
f=3+0)f,=4f, (0<o<])), (7.4)

where i is the integer part of A and 0 is the fractional part of A.
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The interpolated FFT algorithm [92] starts from the two adjacent spectral bins which
have the largest amplitudes, denoted as X(i) and X(i+1) respectively, where i and i+ are
the indices of the two spectral bins. The true peak of the spectrum will thus be located
between these two loudest frequency components. The exact location of the peak can be
estimated from the frequencies and amplitudes of the two loudest spectral bins given a
certain window function.

For FFT that uses a Hanning window, there exist very simple analytical equations for

calculating 9,

5:E’ (7.5)
a+l1
where,
. X (i+1)|

Once 0 is determined, the frequency of the true peak can therefore be obtained from
equation (7.4). In the example shown in Figure 7.1, the peak frequency located using
interpolated 256-point FFT is 1509 Hz, which is now very close to the 1511 Hz given by

the 8192-point FFT.

7.2.3 Frequency Locking

In practice, it is found that even if the DC component and the 398-Hz PWM
switching harmonic are eliminated from the voltage spectrum as shown in Section II,
there are still chances that the algorithm may occasionally snap to an incorrect frequency

such as the 2nd order harmonic of the ripple harmonic.
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To solve this problem completely, the characteristic of the ripple frequency must be
further investigated. The generator speed cannot change abruptly due to the inertia of the
rotating machinery and nor does the rectifier ripple frequency. Therefore, every time the
ripple frequency needs to be updated, it won’t be too far away from the previously
located ripple frequency. This means that instead of searching the whole spectrum for
peak voltage harmonic, it is only necessary to search for the peak voltage harmonic
within a small neighborhood of the previously extracted frequency. During the very first
time of the peak frequency location, when no information of previously located ripple
frequency is available, the engine speed and pulley ratio can be used to initialize the

search range.

7.2.4 Spectrum Aliasing

Reliable detection of belt slip also requires accurate and continuous tracking of the
generator speed within a wide speed range. Typical claw-pole generators have a speed
range from 1800 rpm to 16,000 rpm due to the rather wide speed range of the vehicle
engine. With a sampling frequency of 10 kHz, the maximum frequency component that
can be detected in theory is 5 kHz, which corresponds to a generator speed of 8333 rpm.
For any ripple frequency higher than 5 kHz, the effect of spectrum aliasing kicks in and
the ripple frequency actually folds back to the region below 5 kHz. This introduces
ambiguity when interpreting the generator speed. For example, if the rectifier ripple
harmonic appears to be at 4.5 kHz, the generator speed may be either 7500 rpm or 9167
rpm without any further information.

This limitation of the generator speed estimation can be properly overcome with the

prior information of the engine speed. When the belt-slip detector senses a mismatch
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between the estimated generator speed and the engine speed, it takes a step further to
determine whether the mismatch is caused by belt slip or merely by the spectrum
aliasing. This effectively doubles the speed range of belt slip detector all the way up to
16667 rpm using the same 10 kHz sampling frequency. In the following experimental
results, the estimated speed is not corrected just to show the effects of spectrum aliasing.

Complete procedures to detect belt slip are summarized in a flowchart in Figure 7.2.

Accumulate 258 samples of
voltage measurement

Within the search range,
locate the peak frequency
using interpolated FFT

(sampled at 10 kHz)

v

Notch filtering of DC and
398-Hz harmonic
component

v

256-point FFT with
Hanning window

Ripple
frequency matches the
engine speed?

Yes

(10 kHz - ripple
frequency) matches the
engine speed?

Very first
iteration of peak frequenc
location ?

Yes

Search range initialized
from engine speed

Trigger Belt Slip Alarm

Search range =
Previously located
frequency + 250 Hz

v

Figure 7.2: Major procedures for generator speed tracking and belt-slip detection.

End

7.2.5 Experimental Results
The above algorithm for detecting belt slip is implemented in real time in dASPACE©

and 1s experimentally validated in the GM EPGS test facility shown in Figure 6.11. The
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belt connecting the generator and the prime mover is intentionally made loose so that the

belt slippage can be induced when the load torque is sufficiently high.

Figure 7.3 demonstrates the performance of the proposed method on generator speed

tracking and belt-slip detection. In the middle subplot of Figure 7.3, the blue curve is the

measured engine speed, the green curve is the measured generator speed, and the red

curve is the estimated generator speed. When there is no belt slippage, the generator

speed is exactly 3.162 times of the engine speed because of the pulley ratio. The

estimated generator speed in green agrees very well with the true generator speed in red

even when generator speed is varying.
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Figure 7.3: Experiment results of generator speed tracking and belt-slip detection.
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Between the 13th seconds and the 22nd seconds in Figure 7.3, when the generator

speed exceeds 8333 rpm, the speed estimator is not able to track the generator speed any

more due to the limit in the sampling frequency. However, the fault detection logic

cleverly recognizes that the mismatch between the estimated generator speed and the
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engine speed are merely caused by the spectrum aliasing. Therefore, the belt slip alarm in
the bottom subplot of Figure 7.3 is not triggered, and the false alarm is avoided.

Beginning around the 37th seconds, the load current in the top subplot of Figure 7.3
is increased substantially to more than 60 A. The belt thus begins to slip. The estimated
generator speed drops significantly while the engine speed remains constant. The fault
detection logic senses the mismatch between these two speeds, and the belt slip alarm is
triggered.

Around the 66th seconds in Figure 7.3, the load current is suddenly reduced back to
around 20 A. The belt quickly recovers from slip and the generator speed rises back
extremely fast. Even during such fast mechanical transient, the estimated generator speed
still has no problem tracking the true generator speed. The fault detection logic then

clears the belt slip alarm.

7.3 Detection of Belt Defects

7.3.1 Principle of the Belt-defect Detector

In passenger vehicles, it is common for aged serpentine belts to develop defects such
as torn rubbers in the grooves, as shown in Figure 7.4. Such defects are early signs of a
failing belt, and it is highly recommended to replace the serpentine belt soon to prevent
unexpected loss of electric power and crucial accessories that are driven by the same belt.

The belt defect will change the effective thickness of the serpentine belt at the place
of defect. When the belt defect makes contact with the pulley of a running claw-pole
generator, it will slightly change the generator speed or transmitted torque every belt

revolution. This modulation of the generator speed will give rise to the harmonic
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components that are related to the belt cycle. The exact frequencies of these belt-cycle

related harmonics are given in section 6.5.4., as,

f;‘ipple

P (7.7)
3Py ke

belt = f;’ipple i

where f,ipp 1s the rectifier ripple frequency, p; is generator pole number, and k., is the
number of generator shaft revolutions per belt cycle. Hence, by monitoring the magnitude

of the belt-cycle related harmonics, the belt defect can be detected.

Figure 7.4: Illustration of aging serpentine belt with torn rubber in the grooves

A 2-cm defect is created on one groove of the experimental serpentine belt, as shown

in Figure 7.5.

Figure 7.5: Artificially induced belt defect
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Figure 7.6 and Figure 7.7 compares the generator output current spectra near the
rectifier ripple frequency before and after the defect is induced. Note that the defect is
induced in situ, and the belt is never taken off the pulley between the two tests.
Magnitudes of side-band harmonics have increased after the defect was induced, and the

magnitude of the rectifier ripple harmonic has slightly decreased.
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Figure 7.6: Generator current spectrum around the rectifier ripple frequency without any
belt defect
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Figure 7.7: Generator current spectrum around the rectifier ripple frequency with the belt
defect
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To eliminate the effect of load change on the magnitude of the belt-cycle related
harmonic, the following expression is proposed as the fault signature of serpentine belt

defect,

belt1 +|Xbelt2|
2-\X

X
Fault signature = | , (7.8)

ripple

where magnitudes of belt-cycle related harmonics,

Xbeltl | and |Xbelt2

, are normalized by

. Since frequecies of these current

the magnitude of rectifier ripple harmonic ‘X,ipp,e

harmonics are very close to each other, the variation of the load impedance has almost the
same effect on all three harmonics. Therefore, the normalized magnitude in (7.8) is
independent of the load impedance variation and is thus a robust indicator of the severity

of the belt-defect fault.

7.3.2 Real-time Signal Processing Technique

The magnitudes of all current harmonics in section 7.3.1 are determined by high-
resolution FFT spectrum. To avoid using FFT and to implement the belt-defect detector in
real time, this section proposes the following signal processing technique consisted of
three steps:

Step One: Locate the rectifier ripple frequency using the method outlined in Figure
7.2 in a real-time fashion.

Step Two: Use equation (7.7) to calculate the exact frequencies of current harmonic
that are related to the generator belt cycle.

Step Three: Use the Goertzel algorithm to calculate the magnitudes of belt-cycle

related current harmonics at the predetermined frequencies in a sample-by-sample fashion.
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Unlike FFT that performs calculations on a block of data, the Goertzel algorithm
calculates the spectral bins in a sample-by-sample fashion using recursive difference
equations,

s(n)=x(n)+2cosQrw)s(n—-1)—s(n—-2), (7.9)

y(n)=sn)—es(n-1), (7.10)

where x(n) is the input signal in the time domain, ® is the frequency of interest, in cycles

per sample, s(n) is an intermediate sequence and y(n) is the spectral bin at the frequency
.

By setting the frequency w at exactly the belt-cycle related frequency, the final fault
signature can be calculated with trivial computational efforts and virtually no additional
memory requirement.

Not only is the proposed signal processing technique useful for identifying belt-cycle
related harmonic, but it can also be used to identify other harmonics of interest in a real-
time fashion. The only thing needs to be changed is the frequency of interest @ in the

above procedure.

7.3.3 Experimental Results

Using the above signal processing technique, fault signatures from the healthy belt
and the defective belt are compared in Figure 7.8 over a wide range of different speeds.
The proposed signature does not vary with the load level at a certain speed. Whereas the
fault signature does vary with the motor speed, the fault signature of the defective belt is
always higher than the fault signature of the healthy belt at all test speeds, which

demonstrates the effectiveness of the proposed method.
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In practice, due to manufacturing imperfections, serpentine belts may exhibit some
uneven thickness even when they are brand new. Figure 7.9 shows the measured

signatures for one defective serpentine belt and four brand new serpentine belts of the

same type.
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Figure 7.8: Experimental results of belt-defect detection at different speeds
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Figure 7.9: Fault-signature variations between different serpentine belts
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As can be seen in Figure 7.9, observed fault signatures caused by belt sample
variations may well exceed the fault signature caused by belt defect. This observation
rules out the possibility for setting up a universal fault threshold for all belts of the same
type. Instead, the belt defect should be detected based on the change of the fault signature

for the specific serpentine belt that is being monitored.

7.4 Chapter Summary

This chapter addresses the early detection of system-related faults for claw-pole
generators with built-in rectifiers.

Specifically, a novel speed estimator is proposed for claw-pole generator based on
ripple frequency detection in the generator output voltage. Notable features of the
generator speed estimator include,

(1) Nonintrusive: Only the existing generator output voltage measurement is used to

estimate the generator speed;

(2) Fast: Highly responsive real-time speed estimation is achieved through the use

of 256-point FFT;

(3) Accurate: The speed estimation accuracy is not sacrificed through proper

interpolation of FFT results;

Although the speed estimation method is originally developed for claw-pole
generators, it is essentially applicable to any wound-rotor or permanent-magnet
synchronous generators with rectified output voltage and current.

The proposed speed estimator is applied to the detection of belt slip. Non-ideal

effects such as spectrum aliasing and harmonic interference are also properly taken care
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of, which results in a highly responsive and reliable belt-slip detector within a wide speed
range.

An incipient belt-defect detector is also proposed in this chapter. It is discovered that
the defective serpentine belt will modulate the generator speed every belt revolution,
which will give rise to specific side-band current harmonics close to the rectifier ripple
frequency. The proposed belt-defect detector is based on monitoring belt-cycle related
harmonics and is validated experimentally over a wide generator speed range. The real-
time signal processing technique proposed for belt-defect detection can also be used for

detecting various internal faults in Chapter 8.
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CHAPTER 8 Detection of Internal Faults for Claw-pole Generators

8.1 Overview

Unlike external faults that only change the input or output conditions of the claw-
pole generator, internal faults occur inside the mechanical assembly of the generator and
can fundamentally impact the way how the generator operates.

Internal faults investigated in this chapter include the stator turn fault, the rotor
eccentricity, and the generalized bearing roughness of claw-pole generators.

The stator turn fault is first studied. To detect the stator turn fault using only the
limited available sensor information, a detailed analytical model of the claw-pole
generator with stator turn faults is derived to analyze the effect of the stator fault on
generator output voltage and current. The analysis leads to the discovery of a highly
robust fault signature, which is further validated by finite-element analysis and
experimental results. Following the detection of the stator turn fault, the proposed
generator model is also shown capable of predicting the fault current accurately from the
observed fault signature. Using a database generated by this model, the severity of the
stator turn fault can be evaluated at various operating conditions and well-informed post-
fault protection strategies can be designed.

The rotor eccentricity is also studied in this chapter. A finite-element model of the
generator with rotor eccentricity is constructed to help find the fault signature for rotor
eccentricity. The proposed rotor-eccentricity detector is validated by experimental results.

Finally, the detection of generalized bearing roughness fault is investigated. Multiple
accelerated bearing aging tests and control tests are performed. Existing noise-cancelling

methods are not very effective in detecting worn bearing in claw-pole generators, mainly
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because of the small bearing size and large per-unit airgap. However, careful analysis of
experimental data reveals that the frequency deviation of the rectifier ripple harmonic is
strongly correlated to the bearing wear in claw-pole generators and can be used as an

indicator of the generalized bearing roughness.

8.2 Detection of the Stator Turn-to-turn Fault

The stator winding failure in the claw-pole generator usually starts with a short
circuit between adjacent turns in the stator windings. Large circulating current will then
flow in the shorted turns, overheating or even melting adjacent winding insulations. If left
undetected, the incipient stator turn fault can develop into severe stator winding or stator
core failures that result in sudden loss of vehicle electric power and increased risk of
electric fire.

In conventional poly-phase AC electric machines, a stator turn fault introduces some
negative sequence components into the current or voltage of the electric machine [95-97].
For claw-pole generators with built-in rectifiers, the three-phase asymmetry cannot be
quantified by negative sequence components any more. The question then becomes, what
can be used as an alternative to measure the three-phase unbalance in the rectified
generator output voltage or current.

To detect the stator turn fault using only the available sensor information, a dynamic
model of the claw-pole generator with stator turn faults is derived in this chapter to
analyze how the fault would interact with the connected battery and the static full-bridge
rectifier, and how it would affect the generator’s output voltage and current. It is found
that despite the connected lead-acid battery, the generator output current harmonic at one

third of the rectifier ripple frequency is a robust signature of the stator turn fault. The
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performance of the stator turn-fault detector is demonstrated by extensive experimental
results. The same fault-detection method can also be extended to many other AC

generators with a DC link rectifier.

8.2.1 Modeling of Claw-pole Generator with Stator Turn Faults

The delta-connected stator winding of a claw-pole generator can be represented by a
simplified circuit as shown in Figure 8.1. In Figure 8.1, eps, epp and egc represent the
back-EMFs produced by the field winding in phase A, B, and C respectively.
Experimental measurements confirm that waveforms of open-circuit voltages epa, egp and
eoc are approximately sinusoidal and 120 degrees out of phase. L, is the armature
reaction inductance, Ly is the stator leakage inductance, and R; is the winding resistance
of each phase. Note that armature reaction inductance L, is an aggregated per-phase
parameter that not only accounts for the self inductance of phase-A winding, but also the

mutual inductances between different phases.
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Figure 8.1: Circuit representation of a healthy claw-pole generator.

The line-to-line voltage of the generator is expressed as,
d . .
vab=eOA—(Lm+LIS)EzA—RSlA, (8.1)
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where i4 is the phase-A current, v,;, is the phase-A voltage. The phasor form of (8.1) has
been used extensively for analyzing conventional synchronous machines. However, as
will be shown later, the line-to-line voltages of claw-pole generators are far from
sinusoidal because of the output rectifier. Hence, equation (8.1) in its more generalized
form is used in this study.

The voltage can also be expressed in terms of the magnetic flux as,
g
v,=N—2—-Ri,, (8.2)
b dl_ sTA

where ¢, is the total flux that links the entire phase-A winding, which includes the airgap
flux, the slot leakage flux, and the end-winding leakage flux.

Assume that a stator turn fault occurs in phase-A winding, shorting m turns out of the
total NV serial turns. If m < N, the circulating current in the shorted path can be calculated
using a simple equivalent circuit as shown in Figure 8.2. A rigorous derivation of this

equivalent circuit is given in Appendix A.

m?*/N°-L,
i/‘l

er= m/N Vab
ng

Figure 8.2: Simplified equivalent circuit of the short-circuit path.

In Figure 8.2, m*/N? -Ljs 1s the leakage inductance of the m shorted turns, and Ryis the
short-circuit resistance. As will be derived in Appendix A, the magnitude of the back-
EMF e/ in the equivalent circuit is proportional to the phase-A voltage and the number of

shorted turns,
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vy (8.3)

The equivalent voltage source ey will push a circulating current flowing in the short-
circuit path in Figure 8.2. The fault current iy will further impact the three-phase voltages
of the generator through magnetic couplings (mutual inductance) between the shorted
turns and three-phase windings. The circuit representations of fault-induced voltages in
three windings are shown in Figure 8.3. L,ris the mutual inductance between the phase-A

winding and the short-circuit path, and vice versa for Lgrand L.

+ + +

Iy I I
<l> LAf =m/NLm €14 <l> LB/ =km/NLm €iB <l> ch' =km/NL,,, ec

Figure 8.3: Circuit representations of fault-current-induced back-EMFs in three-phase
windings.
If the self inductance of phase-A winding is defined as L,+L;, then the mutual
inductance between different phases is k-L,, where k is a constant coefficient that
typically has a negative value. The inductance L,, is related to the armature reaction

inductance L, as,

L =—". (8.4)

With wave-wound stator windings, L4y, Lpr and Ly can be easily expressed in terms

of L,,. The fault-current induced back-EMFs can therefore be written as,

L, )=-L,—i,=——L, —i,,
Aff A g ! N ™ar’

elA dl_
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€ :—E(chlf):—LCfElf :—N(kLm)Elf. (87)

For non-salient pole electric machines with a sinusoidally-distributed airgap flux, & is
typically cos(120°) or -0.5. For the claw-pole generator, however, k is not -0.5 because of
the irregular shapes of the rotor poles and consequently the non-sinusoidal distribution of
the airgap flux. The identification of parameter k is outlined later in section 8.2.2.

The short-circuit current in the phase-A winding will also result in an additional
voltage drop across the leakage inductance of the shorted turns (the inductor in Figure
8.2). However, this voltage drop is small compared to the voltage drop given by equation
(8.5), and is therefore neglected during the analysis of phase-A voltage.

Combining Figure 8.1 ~ Figure 8.3, the output rectifier, the lead-acid battery, and the
electric load, a complete model for a claw-pole generator with stator turn faults is finally
shown in Figure 8.4.

In Figure 8.4, all voltage and current sources with red shades are controlled sources,
with control inputs labeled next to them. R 4. and L4, are the resistance and inductance
of the cable connecting the generator and the battery. R;,,,represents the electric loads in
the vehicles. The battery is simply represented by a constant DC voltage source Vj,,; in
series with an internal resistance Rj,;. The model can be implemented in any major

circuit simulation software with transient analysis capability.
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Figure 8.4: A circuit model of claw-pole generator with stator turn faults.

The lead-acid battery in Figure 8.4 may be represented by a more complicated and
realistic model, such as the Thevenin model [98-101] as shown in Figure 8.5. However,
as will be shown later, only fast electrical transients (at least several hundred Hertz) are
concerned in detecting the stator turn fault. In such frequency range, the over-voltage
capacitor (C) in the Thevenin model can be treated as a short circuit, and the energy
storage capacitor (C;) can be treated as a constant voltage source. Therefore, the

Thevenin model collapses to the simple model in Figure 8.4 in the high-frequency range.

R,
Figure 8.5: Thevenin model of a lead-acid battery.
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8.2.2 Parameter Identification for the Generator Model

Various parameters in Figure 8.4 need to be properly identified before the generator

model can used to analyze the stator turn-to-turn short circuit. Table 8.1 briefly

summarizes how these parameters are identified.

Table 8.1: Identified parameters for the generator model.

Parameter Value Unit Identification Method

Ly + Ly 5.2724e-4 H  Experimentally measured via open-circuit and short-
circuit tests. See Figure 8.6 for details.

L, 5.0088e-4 H  0.95%(L, + Ly)

Ly 2.6362e-5 H  0.05%( L, + L)

k -0.2625 Calculated from finite-element simulation (Ansoft
Maxwell 3D ©). See Figure 8.7 for details.

L, 3.9674e-4 H L,/(-k

R, 0.0537 Q Experimentally measured using Baker Tester.

R apie 0.0124 Q  Inferred from experimental data for stator turn-fault
detection.

Lapie 5.686e-6 H  Calculated using analytical formula based on cable
dimension.

Ryou 0.0102 Q  Experimentally measured via battery charging and

(typical) discharging tests

Ripaa varying Q Inferred from experimental data for stator turn-fault
detection.

Ry 0.131, Q  Artificially induced; exact values inferred from

0.230 experimental data for stator turn-fault detection.

Vian varying V  Directly measured during experiment. (voltage drop
across Ry, neglected)

m 1 Artificially induced.

N 9 Manually counted. Two wave-wound 9-turn coils
connected in parallel in each phase.

€A, €gp,€9c  varying V  Manually adjusted until the model reaches the same

operating condition as the experiment.

Specifically, the identification of the synchronous inductance L, + L;; involves open-
circuit and short-circuit tests of the claw-pole generator. The results of the open-circuit
and short circuit tests are shown in Figure 8.6. The field current is first increased to 1.2

Amp and then decreased back to 0.
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Figure 8.6: Claw-pole generator test results.

The coefficient for mutual inductance, k, is identified using the finite-element model
in Figure 6.5. A sinusoidal current with amplitude of 10 Amp and a frequency of 300 Hz
is injected into the phase-C winding. Three-phase voltages are then measured and
recorded for various rotor angles. As shown in Figure 8.7, all three-phase voltages vary
with the rotor angle due to the irregular shape (saliency) of the rotor. The coefficient k is
the ratio between the phase-A voltage and phase-C voltage. Ideally, it should be set up as
a function of the rotor angle. In this study, the average value of k at different rotor

positions is used in the final generator model for simplicity.
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Figure 8.7: Finite-element simulation result for calculating mutual inductances.
8.2.3 Fault Signature
The proposed generator model with stator turn faults is implemented using
SimPowerSystem in Matlab/Simulink ©, as shown in Figure 8.8 and Figure 8.9. To find
out how the stator turn fault impacts the generator output voltage and current, a 1-turn

fault is seeded in the model with a small fault-current limiting resistor.
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Figure 8.8: Simulink model of the generator with stator turn fault — part 1.
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Figure 8.9: Simulink model of the generator with stator turn fault — part 2.

Meanwhile, in the automotive EPGS test bench shown in Figure 6.11, the same

stator turn fault is induced experimentally for comparison purposes. The generator is

modified so that four taps are attached to four adjacent turns in the stator winding, as

shown in Figure 8.10. These taps are then brought out of the stator housing and can be

shorted to create different levels of stator turn faults. In practice, a small resistor is put in

series of the shorted path to limit the fault current.

Figure 8.10: Experimental generato
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Figure 8.11 compares the fault current given by the circuit model of the generator
and the fault current measured from experiments. The claw-pole generator is running at
3000 RPM with approximately 48 Amps of DC load current, and the fault-current
limiting resistor is 0.230 €2. The simulated current agrees closely with the measured one
and manages to capture the distortion caused by the full-bridge rectifier in the fault

current very accurately.

10l Measured fault current ||
----- Simulated fault current
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< s |
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©
L

_5,
0

time [ms]
Figure 8.11: Comparison of the simulated and measured fault currents in the shorted path.

Figure 8.12 compares the line current given by the circuit model of the generator and
the line current measured from experiments. Again, the simulated current agrees very
closely with the measured one and even manages to capture small features of the

measured current near its peak, which are caused by natural current switching between

diodes.
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Figure 8.12: Comparison of the simulated and measured line currents.

Since the proposed model can accurately emulate the behavior of the faulty claw-pole
generator, it is used to study the fault signature in the generator output current and voltage.
Figure 8.13 compares the simulated output current of generator with and without the 1-
turn stator fault and a 0.230 € current-limiting resistor.

When the generator is healthy, all the output current ripples have identical
magnitudes. When the generator has a stator turn fault, however, a clear repetitive pattern
of a large current ripple followed by two small current ripples appears in the output
current of the rectifier. The period of this repetitive pattern is three times of the period of
a regular current ripple. Therefore, the stator turn fault gives rise to the current harmonic
at one third of the rectifier ripple frequency. The primary root cause for this phenomenon
is that the fault-current induced back-EMFs, ej4, ;5 and e;¢, have different magnitudes
and relative phase angles in different phase windings. Figure 8.14 graphically illustrate
how unbalanced rectifier inputs can lead to rectifier output harmonic at one third of the

rectifier ripple frequency.
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Figure 8.13: Comparison of the simulated generator output current without and with
stator turn fault.
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Figure 8.14: Illustration of harmonic at one third of rectifier ripple frequency caused by
unbalanced rectifier inputs.

The frequency of the fault-related current harmonic is at least a few hundred Hertz

given the typical speed range of 2400~12000 rpm of the claw-pole generator. In the
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generator model in Figure 8.4, the synchronous reactance of the generator is dominating
the cable impedance and battery resistance in this frequency range. Hence, the magnitude
of the current harmonic at one third of the rectifier ripple frequency is mainly determined
by the generator synchronous reactance and the fault-current-induced back-EMFs. It is
almost independent of the battery internal resistance.

Similar repetitive pattern can also be observed in the generator output voltage
waveform. However, since the cable impedance and the battery internal resistance are
much smaller than the internal synchronous reactance of the generator, the output voltage
of the generator is largely clamped by the battery voltage, and the magnitude of the
voltage harmonic at one third of the rectifier ripple frequency is small and heavily
dependent on the battery internal resistance. Since the battery internal resistance varies
considerably with battery state of charge and temperature, the voltage harmonic at one
third of the rectifier frequency is not a consistent signature of the stator turn fault in claw-
pole generators.

Figure 8.15 shows how the magnitudes of the fault-related current harmonic and
fault-related voltage harmonic vary with the battery internal resistance value in the
simulation. With the same 1-turn fault and the 0.230-Q resistor, the magnitude of fault-
related current harmonic stays practically constant while the magnitude of fault-related
voltage harmonic doubles as the battery internal resistance is changed from 25% to 400%
of its typical.

The final choice of the stator turn-fault signature is therefore the current harmonic at

one third of the rectifier ripple frequency.
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Figure 8.15: Dependencies of fault-related current and voltage harmonics on battery
internal resistance.
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8.2.4 Finite-element Model of Generators with Stator Turn Faults

To further validate the proposed fault signature, a generator with stator turn fault is
modeled and simulated in Ansoft Maxwell ©. Figure 8.16 (a) shows the 3D finite
element model the claw-pole generator. The Phase-A winding is split into two sub
windings. One of the sub winding is short-circuited to itself through a small resistor to
simulate the stator turn fault.

The winding connections are illustrated more clearly in Figure 8.16 (b). In Figure
8.16 (b), the three-phase windings are connected in delta. A fraction of turns in Phase A
(depending on the severity of the turn fault) is split from the entire winding and is shorted
through a small resistor. The shorted winding is still electrically connected in series with
the rest part of Phase A, and is still magnetically coupled with all three phases as shown

in the 3D model in Figure 8.16 (a).
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Figure 8.16: Finite-element model for a generator with stator turn faults.

Figure 8.17 shows the waveform of generator output current obtained from the finite-

element simulation. Running at 3139 rpm, the generator has a ripple frequency of 1883

149



Hz. It is clear in Figure 8.17 that there exists a repeating pattern of a large ripple followed
by two small ripples, which agree well with the analytical analysis in section 8.2.3. When
the short circuit in the simulation is removed, the generator output current is shown again
in Figure 8.18. The repeating pattern is much reduced. Therefore, the current harmonic
component at 1/3 of the rectified ripple frequency is verified to be the fault signature for

the stator turn fault.
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Figure 8.17: Simulated generator output current with stator turn fault.
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Figure 8.18: Simulated generator output current without stator turn fault.

Although the finite-element analysis helps to confirm the signature of the stator turn

fault, it has several major limitations for quantitative analysis of stator turn fault. Firstly,
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the finite-element simulation is very slow. It is not very suitable for analyzing stator turn
faults for a wide variety of operating conditions. More importantly, due to numerical
calculation artifacts, such as the asymmetrical meshing of the three-phase winding, the
three-phase AC currents are slightly asymmetrical even if no stator turn fault exists. This
also makes it difficult to use finite-element model to accurately predict magnitudes of

fault signatures.

8.2.5 Experimental Validation of the Stator Turn-fault Detector

A. Comparison of Generator Current Spectra

Using the automotive EPGS test bench shown in Figure 6.11, the proposed stator
turn-fault detection method is validated experimentally. The method to induce the fault is
previously described in Figure 8.10.

Figure 8.19 (a) and (b) compares the generator output current waveforms when the
generator is healthy and when the generator is induced with a 1-turn fault (roughly 0.1-Q
current-limiting resistor) at 3163 RPM with a light electric load. There is a noticeable
difference in the pattern of current ripples between the two plots. The current waveforms
generally look much noisier than the simulated current waveforms in Figure 8.13 because
of the lower sampling rate (10 kHz) in the experiment and other factors that are not
modeled in the generator model (such as the PWM switching of the voltage regulator).

The corresponding spectra for above current waveforms are shown in Figure 8.20 (a)
and (b) respectively. The rectifier ripple harmonic is at 1898 Hz and the fault-related
current harmonic is therefore located at 632.3 Hz. In Figure 8.20 (a), the magnitude of the
fault signature is merely -25.61 dB with no stator turn fault. In Figure 8.20 (b), the

magnitude of the fault signature increases to -10.11 dB with the stator turn fault.
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Figure 8.19: Generator output current waveforms.
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Figure 8.20: Generator output current spectrum.
B. Real-time Signal Processing for Detecting Stator Turn Faults
As shown in section A, the rectifier ripple frequency is the prerequisite to determine

the location of the current harmonic related to stator turn faults. The magnitude of the
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current harmonic is then determined by high-resolution FFT spectrum. To avoid using
FFT, signal processing techniques similar with that described in section 7.3.2 is also used
to detect stator turn faults. The only difference is that the predetermined frequency for
Goertzel algorithm is now one third of the rectifier ripple frequency.

C. Experimental Results at Various Operating Conditions

In practice, the magnitude of the fault signature is not only related to the fault level,
but also varies significantly with different load levels and generator speeds. In order to
provide complete protection coverage of the generator against stator turn faults, the fault-
related current harmonic needs to be calibrated under various operating conditions.

Figure 8.21 shows the magnitude of the fault signature at various operating
conditions. The test covers the speed ranges from 1580 rpm to 7930 rpm and load levels
from OA to approximately 48 A. The bottom deep blue surface shows the magnitude of
the fault signature resulting from the inherent asymmetry of the healthy machine. The
surface in the middle is the magnitude of the fault signature when two physically-
adjacent turns are shorted through a 0.2-Ohm resistor. The top surface is the magnitude of
fault signature when two physically-adjacent turns are shorted through a 0.1-Ohm
resistor. Evidently, there is a clear separation between all three surfaces, which
demonstrate the effectiveness of the method at various operating conditions.

The magnitude of the fault signature is not constant over the specified region. The
general trend is that the fault signature increases as the load level and generator speed go
up. This trend is the combined effect of several factors and will be explained by the

proposed generator model in section 8.3.
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The surface of fault signatures with 0.1 Ohm serial resistance is usually 4~5 times
higher than the healthy surface and the surface with 0.2 Ohm serial resistance is roughly
2~3 times higher than the healthy surface. Given the large clearance between the
surfaces, a threshold surface can be easily set up to determine when to trigger the alarm

of the stator turn fault for this specific generator.
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Figure 8.21: Fault signatures at various operating conditions.

To set up a fault threshold surface, the fault-related current harmonics are calibrated
for two more healthy generators of the same specification. As can be seen in Figure 8.22,
the fault signatures for all three healthy generators are quite small and do not vary too
much from each other.

In Figure 8.23, the three surfaces from top to bottom are the fault signatures with 1-
turn stator short circuit, the fault threshold, and the healthy characteristic of the claw-pole
generator. The fault-threshold surface is statistically calculated from the measured
signatures from three randomly selected healthy generators of the same type. The

statistical confidence of the threshold is 90%, which means that for another claw-pole
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generator outside of the test group, there is 90% confidence that a stator turn fault exists
if the monitored fault signature is higher that the fault-threshold plane. The actually
monitored fault signature is clearly above the fault threshold, which means that the
confidence to conclude the existence of a stator turn fault is much higher than 90%.
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Figure 8.22: Fault signatures for three healthy generators.
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Figure 8.23: Fault signatures and the fault threshold.
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D. Discussion of the Experimental Results

In conventional AC machines, a subtle 1-turn stator fault is generally not easy to
detect. Successful detection of a 1-turn fault usually involves clever ways to account for
the inherent asymmetry of the electric machine and delicate signal processing techniques
[44, 56, 102].

In claw-pole generators, however, a 1-turn stator fault seems easy to detect. The fault
signature rises 4~5 times even with a 0.1 Ohm current limiting resistor. There are two
reasons for this:

(1) Conventional induction and synchronous machines are usually lap-wound, which
means the physically-adjacent conductors are also usually electrically-adjacent. Hence,
when conductors become shorted, only a small fraction of the total conductors in that
phase are affected. For automotive generators, most stator windings are wave-wound. As
a result, the physically-adjacent conductors are not electrically adjacent. They are
electrically apart by at least a full round of wave winding. Therefore, when conductors
become shorted in claw-pole generators, a much larger fraction of the total conductors in
that phase are affected. For the specific generator studied in this paper, a 1-turn fault is
equivalent to 6-turn fault if the machine is lap-wound.

(2) To detect stator turn faults for conventional three-phase AC machines, at least
two current sensors are needed to monitor the three-phase current. The slight unbalance
in the measurement channels may artificially exaggerate the inherent asymmetry of those
machines. For the claw-pole generator, however, only one current sensor is used to

monitor the output current and to detect the asymmetry in current ripples. Therefore,
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there is no additional asymmetry introduced by the measurement channel. This also

increases the sensitivity of stator turn-fault detection.

8.3 Fault-severity Evaluation and Post-fault Protection of the Stator Turn-to-turn
Short Circuit

Once the stator turn fault has been detected in the claw-pole generator, the next
question then becomes what protection measures should be taken to deal with the fault. In
addition to standard procedures to notify the vehicle controller of the fault and to generate
appropriate diagnostic code, the post-fault protection of stator short circuits should also
meet the following two objectives.

(1) The post-fault protection should prevent or at least slow down the stator turn
fault from progressing into catastrophic stator-winding or stator-core failures,
because such failures would result in total loss of electric power and increased
risk of electric fire.

(2) The post-fault protection should still allow some limp-home capability of the
vehicle, because simply shutting off the claw-pole generator may result in a
stranded-motorist situation soon after the battery charge is depleted.

Apparently, these two objectives are sometimes conflicting with each other. A good
post-fault protection strategy should be able to make a well-informed decision based on
the actual severity of the fault.

For example, in the case of very severe stator turn fault, it may be required to shut
off the generator field immediately to prevent severe damage to the generator or the

vehicle. In the case of less severe stator turn fault, the claw-pole generator may still be
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operational but at a reduced current rating, so that the thermal limit of the winding
insulations is not violated.

To enable such well-informed post-fault protection, the severity of the stator turn
fault must be accurately evaluated from the observed fault signature.

As previously discussed in 8.2, the signature of stator turn faults is the generator
output current harmonic at 1/3 of the rectifier ripple frequency.

The severity of the fault, on the other hand, is best defined as the circulating current
in the shorted turns. Not only is the circulating current a direct result of the stator turn
fault, but it is also the root cause for further stator-insulation thermal degradations.
Therefore, accurate knowledge of the circulating current can help determine the

appropriate protection measure to be taken.

8.3.1 Validation of the Generator Model for Fault-severity Evaluation

In section 8.2, the proposed generator model shown in Figure 8.4 has been used to
qualitatively analyze the fault signature of stator turn-to-turn short circuits. In this
section, it will be shown that the fault signature given by the derived model is also
quantitatively accurate.

With a 0.230-Q fault-current limiting resistor, Figure 8.24 compares fault signatures
given by the generator model and fault signatures measured from experiments at various
operating speeds and load levels of the claw-pole generator. Overall, fault signatures
given by the proposed generator model agree very closely with measured fault signatures
when the inherent asymmetry is taken out. Note that fault signatures given by the
generator model manage to capture the trend of measured fault signatures over different

generator speeds and load levels very well.
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Figure 8.24: Simulated and measured fault signatures with a 0.230-Q current-limiting
resistor.

The same comparison with a different fault severity is also shown in Figure 8.25.
The fault-current limiting resistor in this case is reduced to 0.131 Q. Again, fault
signatures given by the circuit model of the generator agree closely with measured fault
signatures when the inherent asymmetry is taken out. Fault signatures given by the circuit
model accurately capture the trend of measured fault signatures with respect to varying
motor speed and load level.

To sum up, comparisons in Figure 8.24 and Figure 8.25 verify that the proposed
generator model gives accurate quantitative estimation of the fault signature of the stator
turn-to-turn short circuits over various motor speed and load levels. This experimentally-
validated generator model can be used to establish a mapping relationship between the

fault current and the fault signature. This enables us to predict the fault current from the
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fault signature without resolving to exhaustive and sometimes infeasible experimental

tests.
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Figure 8.25: Simulated and measured fault signatures with a 0.131-Q current-limiting
resistor.

8.3.2 Fault-severity Evaluation

The experimentally-validated generator model enables us to study many cases of
stator turn faults that are previously too complicated or even infeasible to study
experimentally. The following two sections describe how the model can be used for
evaluating the severity of the stator turn fault and more importantly, for designing
appropriate post-fault protection strategies.

The model of the claw-pole generator are seeded with more severe stator turn faults
than those shown in Figure 8.24 and Figure 8.25 by reducing the fault-current-limiting

resistor to 0.066 Q, 0.033 Q, and 0.016 Q. The fault resistor is not reduced further
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because 0.016 Q is already very close to the natural resistance of the shorted path under
normal operating temperature.

While short-circuit currents can be directly measured from the generator model, fault
signatures are extracted from the output current of the generator model using FFT.
Therefore, the fault signature can be set up as a function of the short-circuit current given
a specific generator speed and load level. However, this functional relationship involves
four quantities and is thus difficult to illustrate directly in a single three-dimensional plot.

To visualize this mapping relationship between fault signatures and short-circuit
currents, two 3-D plots are made.

Figure 8.26 shows simulated fault signatures at different generator speeds, different
load levels, and with different fault severities. Due to the smaller current-limiting resistor,
magnitudes of fault signatures in Figure 8.26 are significantly higher than those shown in
Figure 8.24 and Figure 8.25.

Figure 8.27 shows RMS values of simulated short-circuit currents with exactly the
same operating conditions as those in Figure 8.26.

Whenever a certain fault signature is observed, the corresponding short-circuit
current can be looked up using the database represented by Figure 8.26 and Figure 8.27.

Hence, the severity of the stator turn-to-turn fault can be evaluated.
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Figure 8.26: Additional Fault signatures given by the generator model (from top surface
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8.3.3 Post-fault Protection Strategy

The main objective of the post-fault protection is to prevent or slow down further
thermal degradations of the winding insulation while preserving as much limp-home
capability of the claw-pole generator as possible.

The root cause for the propagation of stator turn faults is the insulation thermal
degradation resulted from the current overloading. In the case of a stator-turn short
circuit, the current in the shorted turns is the superposition of the normal winding current
and the circulating current in the shorted path. The circulating current and the normal
winding current are found to be generally in phase with each other using the proposed
generator model. Hence the RMS values of these two currents can be directly summed to
calculate the overall RMS current in the shorted turns.

For the specific type of generator used in this study, the absolute maximum DC
current rating is 145 A, which is equivalent to a maximum RMS current of 54 A in each
parallel strand of the generator’s delta-connected winding. To simply demonstrate the
following post-fault protection strategy, it is conservatively assumed that the current limit
in the shorted turns is also dictated by the maximum strand current of 54 Amp. The
actual thermal current limit is likely to be slightly higher than 54 Amp because the
shorted path is only a local heat source.

The overall current in the shorted turns can be limited by either reducing the short-
circuit current or reducing the normal load current of the stator winding. On the one hand,
the load current can be reduced by shedding non-critical electric loads in the vehicles. On
the other hand, the short-circuit current can be reduced by weakening the field flux of the

claw-pole generator. However, when the flux is weakened in the claw-pole generator, the
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output voltage of the generator will soon drop below the battery voltage, and the claw-
pole generator will not be able to output any energy. Thus, it is better to simply shut off
the field.

Based on the above analysis, the following rules are designed for post-fault
protection of claw-pole generators. Once a stator turn fault is detected, the short-circuit
current is looked up using Figure 8.26 and Figure 8.27.

(1) If the stator turn fault is so severe that the short-circuit current alone has
exceeded the preset current limit, it is necessary to turn off the generator field
immediately to prevent the fault from propagating into catastrophic winding and
core failures and thus to reduce the risk of electric fire.

(2) If the short-circuit current is lower than the current limit but the overall current in
the shorted turns is higher than the limit, it is not absolutely necessary to turn off
the generator field. But it is mandatory to shed non-critical electric loads in the
vehicle so that the overall current can be kept at least within the current limit.

(3) If the sum of short-circuit current and winding load current is below the current
limit, there is no immediate risk of further thermal degradations of adjacent
winding insulations. However, it is still a sound practice to shed unnecessary
electric loads.

The post-fault protection strategy is illustrated below with the visual aid of Figure
8.28. Figure 8.28 is the same with Figure 8.26 except that the observed fault signatures
are labeled with red, yellow, and green markers.

For fault signatures labeled with red markers, it means that the corresponding short-

circuit current alone has exceeded the current limit. Once such fault signatures are
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detected, the field of the claw-pole generator needs to be shut off immediately. For fault
signatures labeled with yellow markers, the total current in the shorted turns is violating
the current limit. But by reducing the load current of the generator, the overall current in
the shorted turns can still be kept below the current limit. For fault signatures labeled
with green markers, the total current in the shorted turns is below the current limit even if
a stator turn fault exists. In such scenarios, it is still advisable to shed unnecessary electric

loads, and the driver should be notified of the fault for timely repair.
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Figure 8.28: Illustration of the post-fault protection strategy with fault signatures
classified into three categories.

8.4 Detection of the Rotor Eccentricity
The rotor eccentricity is another important type of internal fault for claw-pole
generators. The eccentricity in the claw-pole generator will produce an unbalanced
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magnetic pull (UMP) on the rotor, greatly increasing the bearing wear. If left undetected,

the rotor eccentricity may eventually develop into stator-to-rotor rub.

8.4.1 Fault Signature

In general, eccentricity faults of an electric machine can be classified into three
types: the static eccentricity, the dynamic eccentricity, and the mixed eccentricity. The
differences between these three types of eccentricity are illustrated in Figure 8.32 through
Figure 8.34. In all three plots, the outer ring represents the stator core of the claw-pole
generator; the inner circle represents the rotor core; the green dot marks the geometric
center of the stator core; the red dot marks the geometric center of the rotor core; and the
cross label marks the rotational center of the rotor. For an ideal electric machine with no
eccentricity, the stator geometric center, the rotor geometric center, and the rotational
center should perfectly overlap.

Static eccentricity is normally caused by manufacturing imperfections and
misalignment of the bearing and the rotor shaft. In the case of static eccentricity in Figure
8.32, the stator geometric center deviates from the rotational center. As a result, the
length of the airgap is no longer uniform around the peripheral of the rotor, but the
position of the minimum airgap is still fixed in space.

Dynamic eccentricity is mostly caused by bent rotor shaft. In the case of dynamic
eccentricity in Figure 8.33, the rotor’s geometric center deviates from the rotational
center. As a result, the length of the airgap is not uniform around the peripheral of the
rotor, and position of the minimum airgap rotates with the rotor. The length of the

minimum airgap, however, does not change.
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Figure 8.29: Illustration of the static eccentricity.

Figure 8.30: Illustration of the dynamic eccentricity.

In practice, most machine eccentricity is a mix of the static and dynamic
eccentricities. As shown in Figure 8.34, geometric centers of the stator and the rotor both
deviate from the rotational center. As a result, the airgap length is not uniform around the
peripheral of the rotor, and position of the minimum airgap rotates with the rotor.

Moreover, the length of the minimum airgap also varies as the rotor rotates.

167



As the length of the minimum airgap varies periodically as the rotor rotates, the
eccentric claw-pole generator will develop an oscillating reluctance torque at the
mechanical shaft frequency of the claw-pole generator. Moreover, since the rotor center
is deviated from its rotational center, the gravity will also exert an additional oscillating
torque on the rotor also at the generator shaft frequency. In an electric machine, the
torque and current are strongly correlated. Hence the torque oscillation will also exhibit
itself in the output current waveform. Therefore, the output current harmonic at the shaft

frequency can be used as the fault signature for detecting rotor eccentricity.

Figure 8.31: Illustration of the mixed eccentricity.

8.4.2 Finite-element Simulation

To verify the proposed fault signature for the rotor eccentricity, a 3-D finite-element
model of the generator is built in Ansoft Maxwell © with a mix of static and dynamic
rotor eccentricity. While the model is similar with that in Figure 6.5, the stator assembly
is offset slightly in the radial direction to create the static eccentricity, and the geometric

center of the rotor assembly is offset slightly away from its rotational center to create the
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dynamic eccentricity. When both eccentricities co-exist, it is called a mixed rotor
eccentricity that represents the most realistic type of eccentricity in real-world electric
machines.

The torque and output current waveforms given by the finite-element model are
shown in Figure 8.32 and Figure 8.33 respectively. Once smoothed by a low-pass filter,
both the torque and current waveforms exhibit clear low-frequency oscillations. The
frequency of the torque and current oscillation is verified to be the mechanical shaft
frequency of the claw-pole generator. The oscillation frequency is related to the rectifier

ripple frequency as follows,

foe = oime_ (8.8)

P .ndiode
where P equals the number of pole pairs of the alternator, and 74,4, €quals the number of

diodes in the rectifier.
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Figure 8.32: Simulated electromagnetic torque of a generator with mixed eccentricity.
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Figure 8.33: Simulated output current of a generator with mixed eccentricity.

8.4.3 Experimental Validation

The fault signature is further validated by experimental results. A claw-pole
generator has been prepared with artificially induced mixed rotor eccentricity. The stator
is offset by 0.15 mm at the drive-end bearing. The rotor has been offset from its rotational
center by 0.15 mm by asymmetrical machining of the rotor core surface. The low-
frequency current spectra of the generator without and with eccentricity are shown in
Figure 8.34 (a) and (b) respectively. The generator is running at 3222 RPM which
corresponds to a shaft frequency of 53.71 Hz. The generator output current is about 27
Amp. As can be seen in Figure 8.34 (a) and (b), the fault signature is significantly higher

in the current spectrum of the eccentric generator.
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Figure 8.34: Low-frequency spectrum of the generator output current.

An important difference between the stator turn fault and the rotor eccentricity is
that the rotor eccentricity is a slowly progressing fault. Contrary to the detection of

the stator turn fault, it is unnecessary to monitor the eccentricity fault continuously.
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Instead, the existence of rotor eccentricity fault can be tested, for example, every time
the engine starts and is in its idle speed. Therefore, there is no need to record fault
signatures at various generator speeds or load levels for detecting the rotor

eccentricity fault.

8.5 Detection of the Generalized Bearing Roughness Fault

The worn bearing is one of the most common internal faults in claw-pole generators.
The faulty bearing increases the noise level and vibration of the vehicle. A generator
bearing-fault detector can help quickly identify the noise source and reduces
misdiagnosis on claw-pole generators.

Unlike many other electric machines that are coupled to the load by a mechanical
coupling or a gear set [103], the claw-pole generator is driven by a serpentine belt and a
multi-rib pulley attached to the rotor shaft. As a result, the drive-end bearing of the claw-
pole generator is subject to a strong side pull from the serpentine belt along a fixed
direction. This large bearing side load has a profound impact on the fault mechanism and
fault behavior of the generator drive-end bearing.

Whereas the developing bearing roughness can be easily detected by an
accelerometer mounted on the generator housing, the objective of this study is to detect

the bearing roughness using only the generator output current or voltage.

8.5.1 Accelerated Bearing Aging Tests

The generalized bearing roughness fault is induced in an online fashion using the
experimental setup shown in Figure 8.35. An accelerometer is mounted on the drive-end
housing of the claw-pole generator to monitor the vibration. A brass disk is installed on

the extended generator shaft. A carbon brush is pressed against the brass disk so that a
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current can flow into the generator shaft, pass through the drive-end bearing, and return
from the outer housing while the generator is rotating.

During bearing aging tests, the speed of the prime mover (a PM servo motor) is
precisely controlled at a constant 848 rpm. The generator speed is therefore around 2680
rpm. The DC load of the claw-pole generator is kept constant at 28 Amp. Accelerated
bearing aging tests have been performed on three claw-pole generators. By passing about
10 Amp of current through the generator drive-end bearing, the bearing can develop
roughness very quickly. It takes between 25 ~ 100 hours before the vibration and noise of

the generator become unacceptable and the experiment needs to be stopped.

| Transducer
| o Power Unit The Rest of
Utility () ' J Measurement Circuit

Voltage
l 4 Accelerometer
ppe— Shaft Current
- —

p ¥

Stator 13.8V
Resistor - —o0 (DC)
Carbon Brush
Utility @ Rotor %
Voltage T
Pulley and Belt
to Prime mover \>/
—— \ « rl ") |
== Variable Isolation . Insulated Bearin
Autotransformer Transformer Test Bearing Y &

Figure 8.35: Experimental setup for accelerated bearing aging.

In addition to bearing aging tests, control tests have been performed on two claw-
pole generators, where generators are running at the same operating condition with
exactly the same setup just without the bearing current. Generators in control tests can

run for a long time without producing increased audible noise or vibration.
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Figure 8.36 shows several pictures of inner and outer races of generator bearings
damaged by accelerated aging tests. Bearing 1 is manufactured by NSK with the model
number of B17-102DG46. Bearing 2 and 3 are manufactured by SKF with the model

number of BB1-3065DD. All bearings are deep groove ball bearings.

RIS

(b) Outer rcof Bearing 1
s 3 “aﬁ-m\'t

(e) Inner race of Bearing 3 (f) Outer race of Bearing 3
Figure 8.36: Pictures of bearings after the aging tests.
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In Figure 8.36 (a), (c), and (e), generalized roughness caused by electric pitting can
be observed in inner ring raceway surfaces for all bearings. Electric pitting is a
phenomenon in which the bearing surface is partially melted by sparks when electric
current enters the bearing and passes through an extremely thin oil film at the rolling
contact point. For Bearing 1, some fluting patterns can also be observed in the inner race
in addition to the electric pitting. Fluting patterns are not observed on Bearing 2 and 3
probably because of the bearing material difference.

Generalized roughness can also be observed in outer ring raceway surfaces for all
bearings, but only on one side of the outer races. This is because the serpentine belt is
always pulling the generator shaft against one side of the bearing outer race. For Bearing
1, some fluting patterns can also be observed in the outer race in addition to the electric

pitting.

8.5.2 [Evaluation of Noise-cancellation Methods for Bearing Roughness Detection

Conventionally, it is believed that shaft vibrations caused by generalized bearing
roughness faults will modulate the airgap of the electric machine irregularly [103, 104].
The random variation of the airgap length does not give rise to specific harmonic
components. Rather, it levitates the noise floor of the machine current spectrum in a
broad frequency range. An adaptive notch-filtering method (or noise-cancellation method)
based on Wiener filter was previously proposed in [104]. The energy in the noise floor of
the current spectrum can be extracted using this method and is monitored over time as a
condition indicator of the electric machine bearing

To evaluate the effectiveness of the method in detecting generalized bearing

roughness in claw-pole generators, Figure 8.37 first compares the output current spectra
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of Generator 3 before and after the bearing aging test. As expected, the generalized
bearing roughness does not result in significant increase in specific current harmonics.
All major harmonics in Figure 8.37 (b) can also be found in Figure 8.37 (a). However, a
somewhat unexpected observation of Figure 8.37 is that the noise floors of two current

spectra also do not show much difference.
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Figure 8.37: Comparison of generator current spectra before and after Bearing 3
develops roughness.
Using the Wiener-filter based adaptive notch filtering technique proposed in [104],
the energy in the noise floor of the current spectrum is monitored over time. The

experimental result for Bearing 3 is shown in Figure 8.38. Even though the vibration has

increased substantially over the test period, the energy in the current noise floor remains
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practically unchanged. The noise-cancelled (NC) current fails to indicate the developing

bearing roughness.
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Figure 8.38: Notch-filtering-based bearing fault detection for Bearing 3.

The poor performance of noise-cancellation method applied to claw-pole generators
can be largely attributed to the bearing size and the winding structure of claw-pole
generators. Bearings in claw-pole generators are much smaller in size compared to those
in typical induction machines (15~30 HP). The airgap length (0.44 mm) of the claw-pole
generator, however, is comparable to typical induction machines. Hence, the claw-pole
generator sees a much smaller percentage variation of airgap length when its bearing
develops roughness. Moreover, the claw-pole generator used in this study has 12 poles. A
large pole number also reduces the effect of an eccentric airgap on the generator current.

Therefore, to detect the generalized bearing roughness, a different fault indicator

other than the energy in current noise floor has to be proposed.
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8.5.3 Shift of Rectifier Ripple Frequency Caused by the Bearing Fault

Through multiple bearing aging tests and control tests, it is found that a worn bearing
will result in slight frequency shift of the rectifier ripple harmonic in the generator output
current. Experimental evidences for this phenomenon will be presented in detail in
section 8.5.4. To understand why the worn bearing will lead to the shift of the rectifier
ripple frequency, several possible mechanisms are analyzed and discussed in this section.

A. Change of Contact Force Direction due to Skewed Rotor Shaft

As shown in Figure 8.36, the wear on the bearing inner and outer races will leave
some additional space between the bearing balls and bearing races. With the serpentine
belt pulling the rotor shaft towards one direction, the bearing inner race and the drive end
of the rotor shaft are likely to be offset slightly, as shown in Figure 8.39 (b). Since only
the drive end of the shaft is offset and the non-drive end is fixed, the generator rotor shaft
and the attached pulley are going to be skewed slightly towards the belt length direction,

as shown in Figure 8.40.

Outer race Outer race

(a) Healthy bearing (b) Worn bearing
Figure 8.39: Pictures of bearings after the aging tests.
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Figure 8.40: Generator shaft positions and belt-segment force analysis with and
without bearing fault.

With the rotor shaft slightly skewed, the contact force between the pulley grooves
and serpentine belt ribs is going to be different. In Figure 8.40 (a), the small segment of
serpentine belt that makes contact with the generator pulley has two forces on it. One is
the pulling force from the rest of belt. The other is the contact force from the pulley
grooves. These two forces are both in normal (radial) directions with respect to the belt
(shaft) and balance out with each other. In Figure 8.40 (b), because of the skewed rotor

shaft, the direction of the contact force has changed slightly with respect to the serpentine
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belt. The contact force from the pulley grooves can now be divided into two components:
One in the normal direction (or radial direction), and the other in the axial direction.

The directional change of the contact force on the serpentine-belt segment is likely to
affect which part of the soft rubber rib is effectively contacting the pulley groove [105].
As a result, the contact area between the serpentine belt ribs and pulley grooves is shifted
slightly. Consequently, the effective diameter of the generator pulley is changed.

Since the speed of the prime mover (a PM servo motor) is precisely maintained at a
constant 848 rpm, the change of the effective pulley diameter is going to change the
generator speed slightly. Moreover, the rectifier ripple frequency of the claw-pole
generator is strictly proportional to the generator speed. Therefore, slight shift in rectifier
ripple frequency may be observed during the bearing aging test.

In addition to the mechanism explained above, several other factors may also
contribute to the change of effective diameter ratio between the generator pulley and the
prime-mover pulley.

B. Uneven Contact Force Distribution due to Skewed Rotor Shaft

In addition to the directional change of the contact force, skewed rotor shaft may also
result in uneven distribution of the contact force across different belt ribs.

In Figure 8.40 (b), for example, the bottom belt rib in the skewed rotor shaft may
have a larger contact force than the top belt rib. If the total contact force remains
unchanged, the bottom rubber rib may deform more into the pulley groove compared to
the case where the rotor shaft is not skewed. Hence, the effective diameter of the

generator pulley is changed.
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C. Change of Belt Tension

As the bearing wears over time, the tension of the serpentine belt may be slightly
reduced because the distance between the rotor shaft and the prime-mover shaft is
slightly reduced. This change of belt tension is reversely proportional to the overall
length of the belt and is typically very small. With a different belt tension, the
compression force between the rubber belt rib and the pulley groove may also be
different. This is likely to slightly shift the contact area between the belt ribs and pulley
grooves and thus change the effective diameter of the generator pulley.

D. Increased Vibration

As the generator bearing wears over time, it leaves some additional space between
the bearing balls and bearing races, as shown in Figure 8.39 (b).

The vibration of the bearing also increases substantially as the bearing wears. The
excessive vibration of the bearing and the rotor shaft may move the position of the rotor
shaft around irregularly given the available space between the bearing balls and bearing
races. The average effect of the bearing vibration may move the contact area between the
rubber belt ribs and pulley grooves. As a result, the effective diameter of the generator
pulley may be changed.

E. Temperature Rise due to Increased Bearing Friction

The increased friction and vibration due to the bearing fault is likely to increase the
temperature of the bearing and the generator pulley higher than that of the prime-mover
pulley. Before reaching the thermal steady state, the temperature rise of the generator
pulley may also contribute slightly to the effective diameter change of the generator

pulley.
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To sum up, the frequency shift of the rectifier ripple harmonic is caused by the
change in the effective diameter of the generator pulley. The change of generator pulley
diameter is further caused by the bearing wear through one or more of the introduced
fault mechanisms.

The directional change of the contact force between the belt ribs and pulley grooves
due to the skewed rotor shaft is likely the main reason for the diameter change of the
generator pulley. But other factors, such as the uneven contact force distribution, changed
belt tension, and etc, may also contribute to the change of effective diameter of the
generator pulley.

Nevertheless, no matter which mechanisms cause the diameter change of the
generator pulley, the frequency shift of the rectifier ripple harmonic is the result of the
worn bearing and is thus proposed as the new condition indicator for bearings in belt-

driven claw-pole generators.

8.5.4 Experimental Validation

Upon careful comparison between Figure 8.37 (a) and (b), it is found that some
current harmonics in Figure 8.37 (b) have indeed shifted slightly in frequency compared
to Figure 8.37 (a).

Figure 8.41 shows two zoom-in plots of Figure 8.37 around the voltage-regulator
PWM frequency and the rectifier ripple frequency. The PWM harmonic produced by the
voltage regulator has decreased by 3 Hz. Datasheets of the voltage-regulator control chip
confirm that the range of PWM frequency is between 360 Hz and 440 Hz, and the

frequency shift of 3Hz is quite normal.
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On the other hand, the rectifier ripple frequency has increased by about 0.35 Hz.
Since the rectifier ripple frequency is strictly related to the generator speed, this indicates

a slight speed change of the claw-pole generator by 0.022%.
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Figure 8.41: Frequencies of major current harmonics before and after the bearing
aging test.
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Similarly, Figure 8.42 compares the voltage-regulator PWM harmonics and the
rectifier ripple harmonics before and after a bearing control test that lasts for 63 hours.
The PWM frequency has increased by about 3 Hz. Hence, the frequency shift of the

PWM frequency is not unique to the bearing aging test.
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Figure 8.42: Frequencies of major current harmonics before and after the control test.
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Interestingly, the rectifier ripple frequency stays practically constant before and after
the control test, as shown in Figure 8.42 (b). This is different from the phenomenon
observed during the bearing aging test in Figure 8.41 (b). Therefore, the bearing
generalized roughness may be related to the frequency shift of the rectifier ripple
harmonic, or the slight speed change of the claw-pole generator.

To further verify the above observation that the worn bearing causes frequency shift
of the rectifier ripple harmonic in claw-pole generators, the rectifier ripple frequency is
estimated accurately using the interpolated FFT technique (see section 7.2.2) and plotted

over time for all three bearing aging tests and two control tests, as shown in Figure

8.42~Figure 8.47.
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As can be seen in Figure 8.42~Figure 8.47, the rectifier ripple frequency stays within
a 0.1 Hz band during two control tests.

During bearing aging tests, the rectifier ripple frequency has increased over time by
at least 0.35 Hz and by as much as 1.62 Hz. This corresponds to a speed change of the
claw-pole generator of 0.022%~0.09%.

As discussed in section 8.5.3, the speed change of the claw-pole generator is caused
by the change in the effective pulley diameter ratio. The diameter of the generator pulley
is measured to be 59 mm. From observed frequency deviations during accelerated
bearing aging tests, the change of the effective pulley radius is estimated in the range of
6.5 um ~26.5 pm.

The frequency deviations, correlation coefficients between the ripple frequency and

the vibration, and P-value of the correlation for all tests are finally summarized in Table

8.2.
Table 8.2: Experimental results for bearing aging tests and control tests.
Ripple Correlation with P-value of
Test No. Frequency . . .
. Vibration Measurement Correlation
Deviation (Hz)
Aging Test 1 0.35 0.6169 3.733e-18
Aging Test 2 1.62 0.8266 2.323e-62
Aging Test 3 0.35 0.8457 0.669¢e-156
Control Test 4 0.092 0.2295 6.555e-6
Control Test 5 0.095 0.3473 1.287e-9

The correlation coefficients between the ripple frequency and the vibration are
noticeably larger for the bearing aging tests. The p-values for the bearing aging tests are

also much more significant than those for the control tests.
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Therefore, the frequency deviation of the rectifier ripple harmonic is proved to be
strongly related to the bearing wear in claw-pole generators and can be used as a fault

indicator for detecting generalized bearing roughness fault.

8.6 Chapter Summary

This chapter addresses the early detection of internal faults for claw-pole generators
with built-in rectifiers.

Specifically, the chapter first investigated the effect of a full-bridge rectifier on the
three-phase electric machine with stator turn fault. Theoretic and finite-element analyses
show that the output current harmonic at 1/3 of the rectifier ripple frequency can be used
as an alternative of the negative sequence component to quantify the level of unbalance in
a rectified three-phase system. A novel stator turn fault detector for claw-pole generators
is proposed based on this principle. The performance of the stator turn-fault detector is
demonstrated by extensive experiment results.

In addition to detection of the stator turn fault, this chapter also analytically derives a
dynamic model of claw-pole generator with stator turn faults. This model, when
implemented in its equivalent-circuit form, is able to accurately predict the fault current
from the observed fault signature. Using a database generated by this model, a well-
informed post-fault protection strategy is proposed to prevent the insulation from further
thermal degradation while preserving as much limp-home capability of the claw-pole
generator as possible. To the best knowledge of the author, this is first successful attempt
to evaluate the severity of the stator turn fault for any type of electric machine.

Another internal fault investigated in this chapter is the rotor eccentricity. Finite-

element simulation shows that the rotor eccentricity will give rise to the output current
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harmonic at the mechanical shaft frequency of the generator. The fault signature is
theoretically explained and is also experimentally verified on a claw-pole generator with
artificially induced eccentricity fault.

Although the above condition monitoring methods are originally proposed for claw-
pole alternators, they can also be easily applied to many other poly-phase AC generators
with a rectified DC link.

Finally, the detection of bearing generalized roughness is investigated. It is found
that that the bearing wear in a belt-driven claw-pole generator can lead to slight change of
effective generator pulley diameter through one or more of the introduced fault
mechanisms. The change of effective generator pulley diameter is going to further shift
the frequency of rectifier ripple harmonic in the generator output current. Through
multiple accelerated bearing aging tests and control tests, it is confirmed that the
frequency deviation of the rectifier ripple harmonic is strongly correlated to the bearing
wear in claw-pole generators and can be used as a fault indicator of the generalized

bearing roughness.
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CHAPTER 9 Conclusions, Contributions, and Recommended Future
Work

9.1 Conclusions

The dissertation has proposed several advanced sensorless thermal, mechanical, and
insulation monitoring methods for induction motors and claw-pole generators by smartly
utilizing special features and capabilities of the connected power electronic converter.

Chapter 1 has introduced the background information related to the sensorless
condition monitoring of power-electronics-converter fed electric machines. The scope of
the study is refined to induction motors fed by closed-loop inverters and claw-pole
generators with built-in rectifiers.

Chapter 2 has presented a comprehensive literature survey on methods to detect
stator turn faults and methods to estimate the stator temperature of induction machines.
The literature survey concludes that the major limitation of existing stator turn-fault
detectors for closed-loop induction motor drives is that they require intrusive and
complicated calibration of machines’ inherent asymmetry. The major challenge for
signal-injection-based temperature monitoring of inverter-fed induction machines is that
motor terminal voltage sensors are not available in typical inverter drives.

Chapter 3 has summarized the previous work on condition monitoring of claw-pole
generators with built-in rectifiers. However, the limited literature reveals that the
condition monitoring of claw-pole generators remains largely unexplored. The major
challenge for condition monitoring of claw-pole generators is that the built-in rectifier
makes it difficult to access the three-phase voltage and current measurements that are

essential in the condition monitoring of conventional AC electric machines.
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Chapter 4 has presented a highly sensitive stator turn-fault detector for induction
machines fed by closed-loop motor drives. The major innovation of the method is that it
eliminates the intrusive learning process of machine inherent asymmetry by taking
advantage of the current regulator in the closed-loop inverter. For the special case of a
single inverter driving multiple motors, a fault-locating method has also been proposed
by analyzing the interactions between multiple parallel motors in the presence of the
stator turn fault.

Experimental results demonstrate the method can reliably detect a subtle 1-turn short
circuit in a 5-HP induction motor within 5 fundamental cycles, even when the motor
speed is as low as 300 rpm and there are as many as 216 turns per phase. Moreover, only
one set of baseline calibration is required to commission the method. Hence, there is no
need to vary the amount of voltage unbalance to learn the inherent asymmetry of the
induction machine.

The method is also implemented in a general-purpose inverter designed and built
from the ground up. The real-time experimental results prove that the method is suitable
for embedded implementation.

Chapter 5 has proposed a nonintrusive thermal monitoring scheme for closed-loop
drive-fed induction motors using DC current injection. With no available terminal voltage
sensors in inverter drives, the main contribution of the work is the proposed theory on how
the DC component of the terminal voltage can be accurately estimated despite inverter

non-idealities.

The method is implemented in real time in the home-built inverter drive without any

additional sensors or hardware. The temperature estimation error for a 5-HP induction
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motor is less than 3°C at a constant operating condition and less than 5°C even with
varying load level, motor speed, and DC bus voltage of the induction motor drive. At the
same time, the injected DC current level is kept within a record-low 5% of motor’s rated

current to minimize adverse effects such as torque oscillation.

In Chapter 6, a general analysis has been performed to better understand the
fundamental aspects of claw-pole-generator condition monitoring. Common failure
modes of claw-pole generators are identified and summarized, among which several
important types of faults are selected to be investigated further in this study. One claw-
pole generator is reverse engineered and modeled in finite-element simulation software.
Finally, spectral analyses are performed on the generator voltages and currents. Several
harmonics in the generator output voltage and current spectra are identified to be related
to different faults in the claw-pole generator.

Chapter 7 addresses the early detection of system-related faults for claw-pole
generators with built-in rectifiers. Specifically, a novel generator speed estimator is
proposed based on ripple frequency detection in the generator output voltage using 256-
point interpolated FFT. The typical speed estimation error is in the order of 0.1% with a
quick 25 ms response time, which makes the method effective even during fast
mechanical transients. The proposed speed estimator is applied to the detection of belt
slip. The experimental results prove that the belt-slip fault can be reliably detected within
a wide speed range.

An incipient belt-defect detector is also proposed in this chapter based on monitoring

the belt-cycle related harmonics in the generator output current spectrum. Experimental
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results demonstrate that belt defects, such as torn rubber in the grooves, can be reliably
detected over a wide speed range.

In Chapter 8, several important internal faults of claw-pole generators, such as the
stator turn fault, the rotor eccentricity, and the generalized bearing roughness fault are
investigated. Specifically, the stator turn fault is studied in detail. Theoretic and finite-
element analyses show that the output current harmonic at 1/3 of the rectifier ripple
frequency can be used to quantify the level of unbalance in a rectified three-phase
system. A novel stator turn fault detector for claw-pole generators is proposed based on
this principle. Extensive experiment results demonstrate that the method can reliably
detect a 1-turn stator short circuit at various operating conditions even with a 0.2 Q
current-limiting resistor.

This chapter also analytically derives a dynamic model of claw-pole generator with
stator turn faults, which is shown capable to accurately predict the fault current from the
observed fault signature. Using a database generated by this model, a well-informed post-
fault protection strategy is proposed to prevent the insulation from further thermal
degradation while preserving as much limp-home capability of the claw-pole generator as
possible. To the best knowledge of the author, this is first successful attempt to evaluate
the severity of the stator turn fault for any type of electric machine.

Another internal fault investigated in this chapter is the rotor eccentricity. Finite-
element simulation shows that the rotor eccentricity will give rise to the output current
harmonic at the mechanical shaft frequency of the generator. The fault signature is
theoretically explained and is then experimentally verified on a claw-pole generator with

artificially induced eccentricity fault.
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Finally, the detection of worn bearing is investigated. It is found that that the bearing

wear in a belt-driven claw-pole generator can lead to slight change of effective generator

pulley diameter through one or more of the introduced fault mechanisms. The change of

effective generator pulley diameter is going to further shift the frequency of rectifier

ripple harmonic in the generator output current. Through multiple accelerated bearing

aging tests and control tests, it is confirmed that the frequency deviation of the rectifier

ripple harmonic is strongly correlated to the bearing wear in claw-pole generators and can

be used as a fault indicator of the generalized bearing roughness. The proposed fault

indicator is clearly superior to the conventional noise-cancellation method when applied

to belt-driven claw-pole generators

9.2 Contributions

The main contributions of this research are summarized as following:

1.

A comprehensive literature survey of stator turn-fault detectors for closed-
loop inverter-fed induction motors is presented. Various methods are
compared in terms of detection sensitivity and implementation complexity.

A simple and highly-sensitive stator turn-fault detector is proposed for
induction motors fed-by closed-loop inverter drives. The proposed method
eliminates the need of learning the inherent asymmetry of the induction
motors, and is sensitive enough to detect 1-turn stator fault out of 216 turns
per phase even at low motor speed.

A sensorless thermal-monitoring method is proposed for induction motors
fed by closed-loop inverters. The major difficulty met by the existing

methods, the inconsistency in terminal-voltage estimation, is overcome in the
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proposed method by carefully analyzing and compensating for the effects of
inverter non-idealities. Even with only 5% of injected DC current, the
method achieves a temperature estimation error less than 5°C for varying
load, varying speed, and varying DC bus voltage operation of the induction
motor drive.

A general-purpose programmable inverter is co-designed and co-built from
the ground up by the author and a visiting professor. The inverter drive
allows for real-time integration of condition monitoring schemes with the
motor control algorithms. It is a valuable asset towards future study of
condition monitoring of drive-fed motors.

A flexible and detailed finite-element model has been built for the claw-pole
generator. The model can be easily modified to simulate various types of
generator faults so that better understanding of the fault behaviors can be
obtained.

A comprehensive spectral analysis has been performed on the voltage and
current waveforms of the claw-pole generator. Several important harmonic
components in the generator output voltage and current are identified to be
useful in detecting various faults of the claw-pole generator.

A dynamic model of the claw-pole generator with stator turn faults is derived
to analyze how the stator turn fault would interact with the connected battery
and the static full-bridge rectifier, and how it would affect the generator’s
output voltage and current. A robust stator turn fault detector is proposed

based on the model-based analysis. Moreover, the fault signature given by
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the generator model is so accurate that quantitative evaluation of the fault
severity can be performed. To the best knowledge of the author, this is first
successful attempt to evaluate the severity of the stator turn fault for any type
of electric machine without resolving to exhaustive experimental testing.

8. A novel fault indicator for detecting generalized bearing roughness is
proposed for belt-driven claw-pole generators. The proposed fault indicator
is validated by multiple accelerated bearing aging tests and control tests, and
is shown to have superior performance compared to conventional noise-
cancellation method when applied to claw-pole generators.
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9.3 Recommended Future Work

While this PhD dissertation has presented contributions to various aspects of

condition monitoring of power-converter-fed electric machines, there are several

directions in which further research could build upon the results presented in this work.
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9.3.1 Stator Turn-fault Detection during Transient Operation of Induction Motors

Due to its fast-propagating nature, the stator turn-to-turn fault in induction machines
needs to be continuously monitored so that timely protection measures can be taken to
avoid catastrophic machine failures. Chapter 4 has proposed and demonsrated an
effective stator turn-fault detection method during steady state operation of induction
machines. Induction machines fed by inverters, however, may frequently operate in
mechanical transients for extended period of time. To provide complete protection
coverage of inverter-fed machines, the condition of stator windings should ideally be
monitored even when the induction machine is in mechanical transients.

To achieve this goal, the definitions of negative-sequence components used in
Chapter 4 may need to be extended to incorporate instantaneous representations of three-
phase asymmetry. Similar with the definition of instantaneous reactive power for active
filtering applications, proper definitions of instantaneous sequence components may
greatly simply the detection of machine asymmetry even in transient or quasi-steady-state

operations.

9.3.2 Fault-severity Evaluation of Stator Turn-to-turn Short circuits for Inverter-
fed Induction Machines
Once a stator turn fault is detected in inverter-fed induction machines, possible
measures to limit the overall current in the shorted turns include,
(1) Reducing the circulating current in the shorted turns by reducing the
magnetization current (reducing the voltage)

(2) Reducing the torque-producing current (shedding mechanical load)
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However, successful executition of both measures requires accurate information of
the fault current. Therefore, it is highly desirable to know the actualy severity of the
stator turn fault so that the most appropraite post-fault operating strategy can be taken.

It is shown in Chapter 8 that with detailed modeling of claw-pole generators and
proper parameter identifications, it is possible to accurately evaluate the severity of the
stator turn fault using only the generator output current.

For induction machines, accurate fault modeling has traditionally not been a
problem. The main difficulty of fault-severity evaluation lies in the fact that the small and
time-varying unbalance in measurement channels may have artificially distorted the
observed fault signature. Therefore, methods must be developed to compensate for the
time-varying sensor mismatch in inverter-fed induction machines.

Once the severity of the fault can be evaluated accurately in inverter-fed induction
machines, safer post-fault operation and better limp-home capability of induction

machines can be achieved.

9.3.3 Thermal Monitoring of Induction Motors with Direct Torque Control (DTC)

Chapter 5 has proposed a nonintrusive thermal monitoring method for induction
machines fed by closed-loop inverters using DC current injection. The specific control
scheme implemented in the inverter drive is the indirect rotor-field-oriented control. The
injection of DC current is straightforward with this control scheme because there exist
explicit current control loops in the fied-oriented control.

Another major category of control schemes for inverter-fed induction machines is the
so-called direct torque control (DTC). In DTC, there exist no explicit current control

loops. The only available control loops are the flux control loop and the torque control
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loop. Hence, the injection of DC current requires a different strategy such that the
existing torque and/or flux controllers can be utilized to inject DC current noninvasively.
Moreover, since most DTC drives have controllers of the hysterisis type, there may
be different considerations in estimating the terminal votlage.
Overall, DC-injection based thermal monitoring for induction machines with DTC

may be an interesting research topic.

9.3.4 Further Study and Verification of the Mechanism for Pulley Diameter
Change

In Chapter 8, the detection of the generalized bearing roughness fault is investigated.
The shift of the rectifier ripple frequency is identified as a result of the effective diameter
change of the generator pulley, which is further caused by the bearing wear through one
or more of the introduced fault mechanisms. Although the shift of the rectifier ripple
frequency is validated as an effective bearing fault indicator by multiple experimental
tests, further research is still needed to verify the introduced fault mechanisms in
explaining the effective diameter change of the generator pulley.

Detailed mechanical modeling of the pulley-belt contact and clever experimental
designs are therefore needed to further understand and verify the fundamental mechanism
of the contact-point shift between pulley grooves and belt ribs. Dynamics of the belt-
drive system and vibration modes of the serpentine belt under both skewed and aligned
pulley positions may also need to be investigated. This work requires profound expertise
in mechanical engineering and thus requires close collaboration between different

disciplines.
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APPENDIX A

Derivation of the Equivalent Circuit of the Short-circuit Path

Figure A.1 shows a physical representation of the generator winding with the turn-to-
turn fault. The lower coil is consisted of m turns of the phase-A winding shorted through
a fault resistor Ry. The upper coil contains the remaining N-m turns.

Since ¢, is defined in Chapter 8 as the magnetic flux that links the entire phase-A
winding, it will induce back-EMFs in both the shorted coil and the non-shorted coil, as

shown by the upper two voltage sources in Figure A.1.
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(N-m)-dp , /dt
Vab
m/N-R,
Lty T lfl
medg,/dt
Rg
Q) /N> Lidiy/d
- o—

Figure A.1: Stator winding with turn-to-turn faults.

As for the shorted coil, assume that the magnetic flux produced by the fault current ir
either enters the rotor as part of the airgap flux or only links the shorted coil itself. With

this simplified assumption, the effect of the leakage flux produced by the fault-current ir
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can be represented as an inductive voltage drop in the shorted coil, as shown at the
bottom of Figure A.1.

The phase voltage v, is the sum voltage of the two coils,

dg, N-m _ . dg, m_ (. .\ m’ _di
=(N-m)—-2——Ri,+m—2——R (i, +i,|——L_—.
( )dt N 7 dt N i) N* " drt

(A.1)

Combining and reorganizing terms in equation (A.1) yields,

d 2 di,
¢A—RTiA:vuh+ﬁRYif+m—L L,
dr N

N —_
N2 " dt

(A.2)

In the short-circuit path, the fault current ir can be calculated as,

d¢, m _ (. .\ m> di .
m—th _NRS (lA i ) _FLls ? =Ry, . (A.3)

Reorganizing terms in equation (A.3) yields,

m(  de Y m . omt di .
N[N th—RSZAJ—NRSlf—FLISE:Rflf. (A4)

To get rid of the flux ¢4 and the phase current i4, substitute equation (A.2) into (A.4),
m m_ . m’ di,\ m_. m’ di .
N vab+NRslf+_L — |-—Ri,——L,—=Ri,. (A5)
Combining terms in equation (A.5) yields,

m m\m m\m® di;
—v,—|1-——|—Ri,—-|1-—— |—L —=R.i.. A.6
N “ ( NJN o ( N)Nz “dr Y (&.6)

Equation (A.6) establishes a direct relationship between v, and ir. Equation (A.6)

can be described by an equivalent circuit, as shown in Figure A.2.
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(1-m/N)-m/N-R;
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Figure A.2: Equivalent circuit of the short-circuit path.

The equivalent circuit in Figure A.2 can be used to simulate the fault current ir
regardless the number of shorted turns. In the case that m <« N, the term /-m/N in Figure
A.2 can be simply replaced by 1. The resistance term can also be absorbed into the fault
resistor Ry. Consequently, the equivalent circuit in Figure A.2 can be further simplified to

the equivalent circuit in Figure 8.2 when m <« N.
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