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Abstract

The trend towards increasing integration of electric machine, inverter, and gearbox into an
e-axle yields significant advantages in terms of power density and ease-of-use. Moreover,
with the reduced size and increased temperature resilience of wide-bandgap semiconduc-
tors, the inverter can be integrated closer to the windings of the machine. This reduces
cable length and increases the power density even further. However, this close integra-
tion also poses several new challenges that must be overcome. Parasitic capacitive and
inductive coupling between the windings and other parts of the drive increases due to the
close proximity. The combination of steep voltage slopes from the wide-bandgap devices
and increased parasitic capacitances causes high parasitic currents to flow through the
drive.

These parasitic currents can significantly reduce the lifetime of an electrical drive. They
flow through the bearings and any components connected to the shaft, can cause severe
damage to the bearings and gearbox, and deteriorate the insulation and the lubricants
used in the machine. To understand the physical causes and to estimate parasitic cur-
rents inside electric machines, this work, therefore, presents a high-frequency model of an
electrical machine. An automated parameter fine-tuning procedure helps to increase the
model accuracy and reduces parameterization effort. The model is experimentally verified
with a minimally-invasive bearing current measurement method. The model successfully
predicts the amplitude of bearing voltages and is used to evaluate countermeasures, such
as a shaft grounding brush. The effectiveness of this shaft grounding brush is confirmed
with measurements.

However, faults are still bound to occur in the machine even when parasitic bearing cur-
rents are mitigated. For reliable electrical powertrains, fault detection is therefore essen-
tial. For this purpose, the frequency spectrum of the phase current can be analyzed, since
it contains much more information than only the torque and speed of the machine. Many
faults leave detectable signatures in the spectrum. The accuracy of traditional spectrum-
based fault detection methods, however, severely depends on the operating point. This
work proposes a combination of spectrum-based fault detection methods, information
known from the controller, and machine learning. This combination leads to high fault
detection and classification accuracy over the whole operating range. Even incipient faults
are reliably detected.

Faults also influence the parasitic behavior of electric machines. This interdependence is
investigated in detail and the occurrence of full and partial bearing voltage breakdowns



is analyzed. Thus, this thesis delivers an in-depth understanding of the parasitic effects
in electric machines and how they are influenced by machine faults. While bearing faults
cause more bearing voltage breakdowns to occur, for broken rotor bars, no such influence
is observed.
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1 Introduction

The development of electric machines started over two centuries ago with the first practical
traction application dating back to 1835 [1]. Improving the power density and reliability
of electrical drives has since been a key development objective. With the introduction
of semiconductor-controlled variable-frequency drives in 1961, a completely new range
of applications became viable [2]. In 1984, the insulated-gate bipolar transistor (IGBT)
was invented [3]. Four years later, it was first employed in a variable frequency drive,
increasing the efficiency and thus the power density of electrical drives significantly [4].

Electric machines driven by voltage-source inverters were not just subject to sinusoidal
voltages and currents at a fixed frequency (e.g. 50 Hz), but also to high-frequency switch-
ing harmonics and common-mode (CM) voltages. Due to comparatively high voltage
slopes, high-frequency switching harmonics and CM voltages that the new IGBT caused
in electric machines, CM and bearing currents suddenly posed a problem for reliability at
that time [5]. These high-frequency and CM voltages put additional stress on the wind-
ings and cause unwanted high-frequency currents to flow through the machine. These
currents can reach amplitudes of several amperes and flow in a path that is not typically
designed for current flow. The fast switching transients lead to high peak CM currents
flowing through the machine. Moreover, when the inverter is connected to the machine
with long cables, the high overvoltages from switching transients cause more stress on the
insulation of the machine [6]. With the increased use of wide-bandgap (WBG) semicon-
ductors in electrical drives, and the subsequent increase in voltage slopes, these problems
arise anew.

The largest improvements in power density of electric machines in the past stem from
more resilient winding insulation, which allowed to increase the operating temperatures.
Integration of the whole drive, i.e., inverter, electric machine and, if required, a gear-
box, is the next step in increasing the power density even further. With the reduced
length of interconnections and combined housing of multiple components, system weight
and volume can be reduced significantly. Shorter current paths often also mean reduced
impedance, which reduces ohmic losses from the phase currents. However, with increasing
integration of the inverter and the electric machine, the switching nodes of the voltage
source inverters move into the machine and the parasitic current paths become shorter.
Thus, the impedance of the parasitic current paths decreases, leading to an increase in
CM currents and, consequently, an increase in bearing currents. Further, the space for
filters and other countermeasures that mitigate these effects shrinks further and further.
When integrating WBG inverters into an electric machine, parasitic effects inside that
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machine therefore have to be considered carefully. In order to achieve a high lifetime of
the machine, bearing currents and voltages need to be minimized.

While understanding the principles behind parasitic current flow in an electric machine can
help improve machine design and reliability, faults are still bound to occur. Knowledge
about the state-of-health of the electric machine can lessen the impact of these faults
on machine operation, warning the user in due time before a critical fault occurs. The
high-frequency voltages and currents flowing through an electric machine are often seen
as disturbances for their control and are suppressed with filters. However, these high-
frequency components contain information about different parts of the machine and can
be used to estimate its state-of-health [7].

Aim of this Work and Statement of Novelty

This work aims to give an in-depth understanding of the modeling and measurement
of parasitic effects in electric machines. To this end, a high-frequency machine model
is developed. The parameterization of this model and the required measurements are
described in detail. This process is automated using a particle swarm algorithm, allowing
to quickly adapt this model to other machines.

While many other publications view the bearing as one lumped electric capacitance, this
work provides a method for measuring the distributed bearing capacitance in an electrical
machine, which varies with temperature, radial load, speed and angular position. The re-
sulting model gives an in-depth understanding of the electrical behavior of rolling element
bearings over a wide operating range.

Furthermore, this work provides an overview over classical fault detection methods in
electric machines. These methods have several shortcomings, such as a low fault detection
capability in low-load operating points. With the help of a k-nearest neighbor (k-NN)
algorithm, this thesis shows how to overcome these shortcomings and achieve high fault
detection accuracy over the whole operating range.

Finally, the influence of electric machine faults on the bearing voltage, on the bearing cur-
rent, and on electric discharge machining (EDM) events is analyzed. These investigations
deepen the understanding of fault propagation in electric machines and can additionally
be used to develop fault detection methods based on the bearing current.



Outline of This Work

This thesis consists of three main chapters. Chapter 2 focuses on parasitic effects in
electric machines. Chapter 3 deals with faults and fault detection in electric machines.
Then, in chapter 4, the models and effects described in the two previous chapters are
evaluated based on measurements, and interactions between faults in electric machines
and these parasitic effects are shown.

Chapter 2: Parasitic Effects in Electric Machines

The second chapter focuses on parasitic effects in electric machines. First, the necessary
fundamentals concerning electric machines, rolling element bearings, CM current, bearing
current, and bearing voltage in electrical machines are presented. Then, a high-frequency
machine model that includes these parasitic effects is developed. A parameterization pro-
cedure for this model and the required measurements are presented thereafter. Finally,
methods of measuring bearing current and bearing voltage in electric machines are pre-
sented and compared in terms of suitability for the measurements to be conducted in
chapter 4.

Chapter 3: Faults in Electric Machines

The third chapter investigates fault detection in electric machines. Traditional fault detec-
tion methods are presented and evaluated under varying operating conditions. Machine-
learning methods help overcome the discovered shortcomings. Then, an algorithm for the
automated detection of bearing voltage breakdowns is presented. Finally, it is shown that
disturbances of the bearing current measurements from axial stray flux can be used to
detect broken rotor bar faults.

Chapter 4: Evaluation

The fourth chapter investigates the interdependence of the bearing voltage, full and partial
bearing voltage breakdowns, and electric machine faults. An in-depth analysis of full and
partial breakdown events is given, showing a self-reinforcing relation between bearing
faults and bearing voltage breakdowns.
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Chapter 5: Conclusions and Outlook

The last chapter summarizes the previous chapters and highlights the contributions of
this thesis. Finally, it gives an outlook on possible future work.



2 Parasitic Effects in Electric Machines

This chapter focuses on parasitic capacitances, leakage currents, and bearing currents in
electric machines. In section 2.1, the electrical behavior of electric machines and different
parasitic effects such as bearing currents are described. Next, section 2.2 presents how to
incorporate these aforementioned effects into machine models and which measurements
are required to parameterize these models. Finally, section 2.3 describes how to measure
leakage current, bearing current and bearing voltage in electric machines.

2.1 Fundamentals

Besides the current flowing through the windings of an electric machine, there is unwanted
current flow through several parasitic paths. The windings are capacitively coupled to all
parts of the machine and apart from the desired magnetic coupling between the windings
and the rotor, there is unwanted magnetic coupling between different parts of the machine,
such as the coupling between the common-mode (CM) current path and the rotor and the
stator. In order to understand the desired and undesired behavior of electric machines,
their structure is briefly described in this section. Note that this work focuses on radial
flux rotating field machines, which are the most widely used electric machines, and that
the following sections are only valid for them. Many of the observations made in this
work can, however, be applied to other types of electric machines as well.

2.1.1 Electric Machines

The axial cross section of an electric machine is shown in Figure 2.1. An electric machine
consists of several phase windings that are usually connected in parallel or series to form
three or more phases. These phase windings can be concentrated, meaning that there
is only one winding per stator tooth and that the winding distribution is rectangular.
Or the phase windings can be distributed, i.e., they span several stator teeth and that
winding distribution approximates a sine wave. All analyses in this work are done on a
three phase induction machine, but with small adaptations, they also apply to all other
rotating machine types.
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Figure 2.1: Axial cross section of an electric machine with low- and high-frequency
circulating bearing current

The phase windings are located in the stator of the machine, which is made of laminated
steel sheets. The rotor is also made of laminated steel sheets and can contain either per-
manent magnets, rotor windings, rotor bars, specially designed air gaps or a combination
of them. The exact rotor topology is highly relevant for the design and control of these
machines, since this determines the relation between current and torque. A detailed ex-
planation on design, control and functionality of rotating field machines can be found in
8], [9] and [10]. When looking at high-frequency CM currents, however, the exact rotor
design has little relevance. Because of the sheeted design, high-frequency currents in the
axial direction, such as the inductive bearing current, which is induced by the CM current
(c.f. section 2.1.4), will be subject to longer paths, and thus to a higher impedance than
low-frequency currents. This is due to the proximity effect, which causes high-frequency
currents to enter deep into the lamination instead of following the shortest current path
through the housing and the shaft of the machine [11], [12]. This effect is illustrated in
Figure 2.1. The current path of a low-frequency current ipr is shown in the upper half
of Figure 2.1 with the dashed red line. The noticeably longer current path of a high-
frequency current igp is shown in the lower half of Figure 2.1 with the solid red line. The
number of loops through the rotor and the stator of the machine serves only as an illus-
tration. In reality, these loops occur per each laminated sheet, i.e., up to several hundred
times. When comparing squirrel cage induction machines with other types of rotating
field machines, the rotor impedance will be much lower and less frequency-dependent,
since the rotor bars effectively short-circuit the iron sheets in the rotor [12].

The rotor is mounted on the shaft of the machine, which is then connected to the load
either on one side or on both sides of the machine. The shaft is usually made of solid
steel, and it is supported by two bearings, one on either side of the machine. In special
cases such as liquid-cooled rotors or integrated e-axles with a differential, a hollow shaft
can be used. In machines with only one end connected to the load, these bearings are
referred to as driven end (DE) and non-driven end (NDE) bearings.
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2.1.2 Bearings

Bearings are a peculiar part of electric machines. While they have no influence on the
intended electrical behavior and traditionally fall under the field of activity of mechanical
engineers, they exhibit a complex electrical behavior and are subject to parasitic currents.
These currents can have a significant impact on their lifetime [13]. Therefore, in this
section, the fundamentals of rolling element bearings with a focus on their electrical
behavior is presented.

‘ Force Radial load

Bearing ball

Lubricant
OQuter race

Cage

Load Zone

Figure 2.2: Radially loaded rolling element bearing

Figure 2.2 shows a radially loaded rolling element bearing. Rolling element bearings
consist of an inner ring, an outer ring, several rolling elements and a lubricant, usually
grease or different types of oil. The radial load applied to the inner ring (in the case
of an electric machine, the gravitational force on the rotor and occasionally unbalanced
magnetic pull) is distributed between the bearing balls in the load zone, which is located
at the bottom of the bearing. The width of the load zone depends on the radial load.
In electric machines, there will be some additional constant axial load since the bearings
are spring-loaded to ensure that the minimum required load is always applied. However,
it can be assumed that the radial load is dominant. The radial load and its distribution
are depicted in red in Figure 2.2. The bearing balls in the middle of the load zone hold
most of the load and the load decreases towards the borders of the load zone. Because of
the increasing radial load, the load zone is also characterized by an increasing rotational
speed wgay of the rolling elements. The decreasing speed outside the load zone leads to
slip of the bearing ball versus the raceway. The cage speed wcage, i-€., the speed at which
the bearing balls rotate around the shaft, is constant at approximately half of the shaft
speed wgr [14].
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2.1.2.1 Lubrication

In lubricated bearings, a lubricant film forms between the rolling elements and the inner
and outer raceways of the bearing. The thickness of this lubricant film depends on several
factors: the rotational speed of the machine wg, which determines the cage speed of the
bearing balls wcage and their own rotational speed wpan, the contact pressure p, which is
determined by the radial load on the bearing ball, and the [ubricant viscosity n, which
exhibits a strong dependency on temperature. The viscosity ratio x is often used to
describe the lubrication regimes of a bearing:

n
K = —, 21
. (2.1)

where 7, is the rated viscosity. Figure 2.3 shows the different lubrication regimes of a
rolling element bearing along with the load carried by the lubricant film.

Boundary lubrication Mixed lubrication Full film lubrication
Rp Cp REpMm Cp Repm
0.1 D4
K
Load carried by asperities Load carried by lubricant film
0% 100 %

Figure 2.3: Lubrication regimes of a rolling element bearing for different viscosity ratios
and equivalent electrical models [15]

For simplification, it is assumed that the radial load in an electric machine is constant.
At a low speed, the bearing is in boundary lubrication. There is metallic contact between
the bearing balls and raceways. The bearing thus exhibits a purely ohmic behavior and
the bearing capacitance is short-circuited. At a higher speed, the lubricant film thick-
ness increases and there is less contact between the bearing balls and the raceways. The
bearing is thus in the mized lubrication regime. The lubricant film is thicker than in
boundary lubrication, but contact between the steel elements of the bearing still occa-
sionally occurs. Furthermore, when the voltage applied to the bearing is too high, the
lubricant film will break down. When the speed is increased further, the bearing enters
the full film lubrication regime. The lubricant film is now fully formed and no contact
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between the raceways and the bearing balls occurs. In this case, the bearing behaves
purely capacitively. Lubricant film breakdowns caused by high bearing voltage can still
occur. The lubricant film thickness of a rolling element bearing over speed for different
lubricant temperatures is depicted in Figure 2.4.

I
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0 200 400 600 800 1000 . |
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Figure 2.4: Lubricant film thickness over speed for different temperatures as per [16]

2.1.2.2 Bearing Capacitance

The parasitic capacitance of a rolling element bearing consists of three parts. The first
part is the capacitance between the inner and outer raceway of the bearing Cp 10. Its value
is determined by the geometry of the raceways and by the average dielectric properties of
the materials between the raceways, i.e., the amount of air and lubricant. Cg 1o can be
approximated as a cylindrical capacitor,

2mreW

)
In-dL
do

Cgo = (2.2)

where W corresponds to the width of the bearing, d; corresponds to the diameter of the
inner raceway do, corresponds to the diameter of the outer raceway and € is the average
dielectric constant of the mixture of lubricant and air in the bearing.

The second and third parts are the capacitances between the bearing balls and the inner
raceway, Cp 1, and the outer raceway, Cp 0. They are often calculated from the lubricant
film thickness h and the so-called Hertzian contact area Ay, , and they are modeled as
a parallel plate capacitor,

ubrican A ertz
Oy = K hbricant ZHertz (2.3)
hy
and 4
CB7O _ KGLubrlcant Hertz ‘ (24)
ho
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Note that the equation for the parallel plate capacitor is multiplied with a factor K, which
varies depending on the publication [17]. This is because, as it can be noted in Figure 2.5,
the electric field lines also extend outside the very small Hertzian contact area. These
stray fields make up a large portion of the capacitance value.

Bearing ball

/ A, \ ‘\

Outer Race

Figure 2.5: Illustration of electric field lines and Hertzian contact area between a bearing
ball and the outer raceway of the bearing

In radially loaded bearings, the load is distributed non-uniformly between the bearing
balls. Assuming that the gravitational force on the rotor is the main force component,
the load zone (and with it also the point with the highest load) is located at the bottom of
the bearing. The combination of high load and high rotational speed, as discussed in the
previous section, leads to a low lubricant film thickness in the middle of the load zone (0°).
Since equation (2.3) shows that the parasitic capacitance of an individual bearing ball is
inversely proportional to the lubricant film thickness h, the bearing ball capacitance is
maximal when the ball is a the bottom of the bearing, it decreases towards the borders of
the load zone and it is constant outside of the load zone. The expected capacitance of one
bearing ball over one rotation within the bearing is shown in Figure 2.6. This capacitance
profile is expected to be similar for the inner and outer raceways with slight differences
due to the bending of the surface.

Load zone |
Cmax
Cvmin
-180 0 180
Angle in °

Figure 2.6: Expected parasitic capacitance of one bearing ball over one rotation

These three capacitances can either be added up (in the case of the ball-to-raceway ca-
pacitances after multiplication with the number of bearing balls) and used in a lumped
model, or they can be used separately in a distributed model. Both types of models are
presented in section 2.2.5.

10



2.1 Fundamentals

2.1.3 Common Mode Current

The CM current is the most widely known type of parasitic effect in electric machines.
It is caused by the CM voltage applied to the machine and flows through its parasitic
capacitances. In a machine that is excited by a CM-free voltage (e.g. three perfect sine
waves with a phase shift of 120°), no CM currents occur. However, since most machines
in electric traction drives are driven by two-level inverters, usually, no CM-free voltage
can be applied. Even when using three-level inverters and applying CM-free modulation
schemes as in [18], the instantaneous CM voltage during the switching events will not be
zero due to the dead time of the inverter. Therefore, the CM voltage and the CM current
have to be considered in all electric traction drives. Figure 2.7 illustrates the path of the
CM current through the machine. The current flows through the parasitic capacitances
Cws,Cwr, and Cgg (capacitances between winding and stator, winding and rotor, and
rotor and stator, respectively), and through the bearing. The current loop then closes
over the ground connection between the machine and the inverter.

|

<\ Stator :CWS I == I == :

Inverter ” 7 7 |
- L —— :
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Figure 2.7: CM current path

2.1.4 Bearing Current

As already mentioned in the previous section, a part of the CM current flows through the
bearing. The CM current is only one of three parasitic effects that cause current flow in
the bearing. How detrimental the current flowing through the bearing is to its lifetime
strongly depends on its amplitude and frequency of occurrence. There have been different
approaches in the literature to classify bearing currents into harmful and non-harmful
currents.

11
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The apparent bearing current density is the amplitude of the bearing current divided by
the Hertzian contact area of a bearing ball [6].

i

Jg =
AHertz

(2.5)

An apparent bearing current density below 0.3 Amm™? is assumed to be uncritical while

a bearing current density above 0.8 Amm~? is deemed critical for the bearing lifetime
[19].

Tischmacher [20] introduces the bearing apparent power (BAP)
SB = UB - ib (26)

as a means of identifying harmful bearing current events . The investigations conducted
in [20] show that below a limit of Sg = 20 VA, no damage is expected; while above
Sg = 60 VA, the bearing is sure to be damaged by the current.

Both evaluation methods have advantages and disadvantages. While the apparent bearing
current density only requires bearing current measurements, BAP additionally requires
bearing voltage measurements. Conversely, BAP does not require any further knowl-
edge about the bearing’s lubrication condition, load and speed, i.e., the Hertzian contact
area.

2.1.4.1 Inductive Bearing Current

The first effect to mention are inductive or circulating bearing currents. Magnetic fields
tangential to the machine induce circular currents that flow through the shaft, one bearing,
the stator and back to the shaft through the second bearing. These fields can be caused
by magnetic asymmetries in the machine or by CM current flowing through the machine
in the axial direction. While magnetic asymmetries are minimized as much as possible
during design and production, they are still present due to inaccuracies in production.

But even in a perfectly symmetrical machine, the CM current flows from the phase con-
nections to the ground connection of the machine. Unless the CM current path is very
carefully designed, part of the CM current will flow in the axial direction and thus cause
inductive bearing currents. The end-to-end shaft voltage Vsnag is usually considered to
estimate the circulating bearing currents, since these bearing currents cannot be mea-
sured from outside the machine. It is important to note, however, that inductive bearing
currents play a larger role in large-scale machines such as generators for power plants or
wind turbines [6].
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Figure 2.8: Inductive bearing current path
2.1.4.2 Capacitive Bearing Current

The second effect is the one already mentioned in section 2.1.3. When a CM voltage is
applied to the machine, a CM current flows through it. The ratio between the CM current
and the capacitive current ig ¢, flowing through one bearing can be estimated from the
capacitive current divider [21].

Cs _ Cwr
20 + Crs  Cwr + Cws

(2.7)

iB,cap = ZACM :

2.1.4.3 Bearing Breakdown Current

A part of the CM voltage is applied to the bearing. This voltage is called shaft voltage
in many publications. To avoid confusion between the shaft-to-ground voltage and the
end-to-end shaft voltage Vgpag, the shaft-to-ground voltage will be called bearing voltage
or vg in this work. The shaft-to-ground voltage is equal to the voltage applied to the
bearing unless an additional insulation layer is introduced between the bearing and the
stator or the rotor. The bearing voltage can be calculated from the capacitive voltage

divider as o
Wi (2.8)

Cwr + Crs +2Cp

The ratio between the CM voltage and the bearing voltage is also called the bearing
voltage ratio (BVR). The bearing voltage vp that is calculated from this BVR is often
taken as an estimate to easily assess whether a bearing will be subject to electric discharge
machining (EDM) currents. However, there is no fixed limit of bearing voltage at which
EDM currents occur. The lubricant film in the bearing insulates the bearing balls from
the bearing raceways and thus forms the dielectric of the parasitic capacitance between
those parts of the bearing. The breakdown voltage of this lubricant film strongly depends

UB = UcM -

13



2 Parasitic Effects in Electric Machines

on its thickness and dielectric properties. Several publications aim to measure the bearing
capacitance and breakdown voltage under different operating conditions [22]-[24].

The breakdown current itself strongly depends on the breakdown resistance Rgpy and the
energy stored in the bearing capacitance Fgpy. Assuming that the inductances inside
the bearing are negligible and the breakdown current is thus critically dampened, the
breakdown current can be estimated as follows.

vp(t =0)

. e FEDrTB 2.9
Rgpm (2:9)

in(t) =

The minimum energy that is discharged into the bearing can be calculated as

inf nf (un(t = 0) - e eowch )2 2t =
Egpm = / vg(t) - ip(t)dt = / (vs( (g ‘ ) dt = M (2.10)
0 0 EDM

This means that the energy discharged into the bearing during a breakdown only depends
on the bearing voltage vg and the bearing capacitance Cg. In reality, the breakdown
behavior will not be purely resistive. Instead, it will be similar to other breakdown
phenomena with a certain forward voltage, a resistive part during breakdown and a certain
threshold below which the breakdown current is extinguished. The breakdown resistance
itself is likely not constant over the course of one breakdown but it will change with the
local increase in temperature. Investigating and modeling the breakdown effect itself is,
however, not part of this thesis and thus the resistive modeling approach will be used in
the remaining part of the thesis. Section 2.2.5 includes a short explanation on how to
integrate these nonlinear effects into the model.

In addition to a breakdown caused by a high bearing voltage, the bearing capacitance can
also be quickly discharged when a direct contact between the bearing balls and raceways
occurs. This can happen, for example, when the bearing leaves hydrodynamic lubrication
because of a decrease in speed, or an increase in temperature or in static or dynamic
radial load, e.g. due to a point defect in the bearing.

Based on the distributed bearing model presented in section 2.2.5, a second breakdown
phenomenon can be derived theoretically. The bearing capacitance over one bearing ball is
split into the capacitance between the ball and the inner raceway Cg 1 and the capacitance
between the ball and the outer raceway Cg . Thus, a breakdown will always initially
occur at only one of these capacitances. If the conditions are right, i.e.; if the shaft
voltage is high enough, the other capacitance will break down immediately afterwards,
making the event look like a single breakdown. This is shown by the measurements
conducted in section 4.2. Depending on the voltage amplitude and the cause of the initial
breakdown, it is also possible that the second breakdown does not occur at all. This
type of breakdown event will be called partial bearing breakdown and can be observed in
shaft voltage measurements. It is important to note that the bearing voltage does not
break down to 50 % of its initial value during a partial breakdown. Instead, the ratio of
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2.2 Modeling of Parasitic Effects

the voltage amplitude before and after the breakdown varies greatly even under the same
conditions. Section 4.2.3 elaborates further on this. Section 2.2.8 shows that the value
of Up o and Cp changes as a function of the position of the bearing ball, even when the
total bearing capacitance is constant.

2.2 Modeling of Parasitic Effects

There is extensive literature on the electrical behavior of electric machines [8]-[10]. The
different modeling approaches range from simple steady-state lumped parameter models
,to models including an ideal rotating transformer, and up to models with separate circuits
for the d- and g-axis of a machine. All these models serve the purpose of understanding,
modeling and controlling the intended low-frequency behavior of the machine. While
some models (in addition to the fundamental frequency) consider skin effect and higher
order harmonics, none of the aforementioned models include the high-frequency electrical
behavior of electric machines.

The simplest approach used to model capacitive currents and the bearing voltage vg in
electric machines is a purely capacitive model, e.g. [11], [25]-[27]. Other publications,
such as [6], [12], [28], [29] use per-phase models with the inductive and resistive behavior
of the phases included, offering a more precise model over a wider frequency range.

In the following sections, a high-frequency model of an electrical drive train, which includes
inverter, cable and electrical machine, is developed. The model can be supplied with
measured voltage waveforms. If no measured waveforms are available or if the simulation
time has to be short, the input voltages can be synthesized in MATLAB® by providing the
following parameters: switching speed, modulation index, dc-link voltage and switching
frequency. The electric machine and the inverter do not necessarily share a common
ground potential. The model outputs are the CM voltage with reference to the inverter
midpoint, the star-point voltage with reference to machine ground, the CM current as well
as the bearing currents and voltages for both the DE and the NDE bearing. An overview
of the model is shown in Figure 2.9. The model includes capacitive and inductive bearing
currents and allows asymmetrical states of the machine windings and the motor cable.

The model consists of a simplified representation of an inverter, a cable model, Ny,
(Number of phases, in this case three) coupled phase winding models, and a model of the
rotor and stator of the machine, including the bearings. These models are interconnected
at various points and can be reconfigured according to the utilized grounding concept.
The machine cable can be parameterized separately from the rest of the model, allowing to
test the influence of different cable configurations such as shielded vs. unshielded cables,
cable length, connection of the shield etc. The model is based on the study published in
(30].
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Figure 2.9: Full equivalent circuit model
2.2.1 Inverter Model

The inverter is modeled as Ny, voltage sources connected to a common reference potential
on one side and to the phase connections of the machine on the other side. The reference
potential can either be the inverter midpoint or the DC- or DC+ terminal. In this work,
the midpoint is chosen as a reference, since a grounded midpoint should in theory lead to
the lowest CM voltage amplitudes. The voltage waveforms that are fed into the voltage
sources in the model should be referenced to the correct reference potential. FEither
measured voltage waveforms or synthetic waveforms, e.g. generated in MATLAB®, can
be used. All the parasitic capacitances from the inverter to ground are lumped into
the inverter parasitic capacitance Cf,,. The inverter model is shown in the left part of
Figure 2.9.

2.2.2 Cable Model

The cable is modeled as a simple 7m-equivalent circuit, similar to the models presented in
6], [27]. When considering very long cables, a distributed cable model could also be used.
For the reduction of computational complexity the simpler m-equivalent circuit was used
in this work.

2.2.3 Phase Winding Model

There are many different approaches for modeling the high-frequency behavior of the
phases of an electric machine. In [28], four different phase models are compared, showing
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Figure 2.10: Phase winding equivalent circuit

that the placement of the series resistance of the parasitic capacitance has great influence
on the frequency range in which the model is valid. An asymmetrical phase model in
combination with a purely capacitive model of the rotor is used in [29]. In [31], the
phase impedance is split into a main inductance and a stray inductance. In [11], the
stray inductance from [31] is split into two parts in order to create a symmetrical model,
allowing flexible reconfiguration. In addition, this work considers the phase coupling as
well. Similar to [31], this is done to account for differences in the CM and differential-mode
(DM) inductances.

Figure 2.10 shows the phase winding equivalent circuit in more detail. The elements of the
phase winding circuit model are placed in a way that their location resembles the physical
design of the machine to allow a comprehensible parameterization. Le and Rc model the
internal cabling of the machine from the connection box to the phase windings. Cyyg is the
coupling capacitance from winding to stator and Cwg is the coupling capacitance from
winding to rotor. They are split into two parts using the factors a and b, respectively. The
capacitance can be distributed unevenly between both ends, e.g. in the case of a random
wound machine. When, for example, the beginning of the phase winding is located closer
to the stator and the end is located closer to the rotor, a larger part of Cwg is shifted to
the right capacitance closer to the star point. Section 2.2.9 shows that above 100 kHz, the
impedance of the machine is dominated by a - Cws, Lc and R, meaning that the phase
inductances block high-frequency currents.

An additional resistance Rcws is introduced in series with a- Cywsg in order to dampen the
highest resonance of the machine without introducing more resistive elements in the main
current path. In contrast to [31], the second resistance towards the stator is neglected,
since it only influences the behavior at lower frequencies, where the CM impedance is
high. Cww models the capacitive coupling between the phases, while C'w models inter-
winding capacitances. Ly and Ly are the main and stray inductances. Ly is an Npp-
by-N,p inductance matrix, which includes the inductive coupling between the phases. Ry
represents the resistance of the winding. The iron losses, which strongly dampen the first
resonance of the machine, are represented by Rpe.
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Figure 2.11: Rotor and stator equivalent circuit model with external countermeasures

2.2.4 Stator and Rotor Model

Figure 2.11 shows the rotor and stator equivalent circuit. The rotor and stator impedances
Zcirer and Zcire,g are used to model the current path for the inductive bearing current,
while the two voltage sources Vgiator/2 model the end-to-end shaft voltage that is induced
by the CM current. The end-to-end shaft voltage is the driving force behind the inductive
bearing current [6]. The voltage-controlled voltage sources vsiator/2 emulate a parasitic
transformer between the CM current path and the inductive bearing current path [12].
CRrs is the capacitance between rotor and stator. The bearing model is covered in the
next section. The ladder circuit, which consists of Lqg1, Lagse, Ra1, Rae, and Rgsz, models
the path that the CM current takes through the machine [11]. In the following, this
impedance is referred to as Zpaqder-

The gray elements in Figure 2.11 are used to model the different bearing current counter-
measures which are investigated in this work. The combination of Ry,s and Cr,s can be
used to model an additional insulation layer outside the bearing, as in [32]. This reduces
the voltage applied to the bearing and the current flowing through it. Rpg,un is used
to model a carbon shaft grounding brush that directly connects the stator and the ma-
chine shaft. This brush reduces the impedance between rotor and stator and effectively
short-circuits the bearing capacitance [33]. Instead of a carbon brush, a ring with carbon
fibers, which contact the shaft can be used as well [34]. Since these countermeasures are
applied outside the bearing, they are called external bearing current countermeasures in
this work. Further internal countermeasures, i.e., bearing current countermeasures that
are applied directly within the bearing, can be realized in the bearing model (cf. sec-
tion 2.2.5). Other external bearing current countermeasures, which are not covered in
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this work, include conductive slot wedges [35], a comb-like coil inserted into the stator
slots [36] or electrostatic shielding on the rotor side [37].

2.2.5 Bearing Model

The electrical behavior of rolling element bearings can be modeled in different ways. As
presented in section 2.1.2, at standstill and at low speeds, a bearing is conductive, since
the inner and outer raceways of the bearing are in direct contact with the rolling elements.
Its electrical behavior is purely resistive in this area. The bearing resistance consists of the
contact resistance between the rolling elements and the raceways as well as the resistance
of the rolling elements and the raceways themselves.

When speed is increased, a lubricant film between the bearing balls and the raceways
forms. Its thickness depends on temperature, rolling element speed, and radial load of
the bearing. The bearing now behaves like a capacitor, where the capacitance is defined
by the lubricant film thickness dgy, and the Hertzian contact area Apes,. In [38], a
universal per-ball equivalent circuit model of a bearing is presented and a reduced model,
i.e., lumped model, is derived.

2.2.5.1 Lumped Model

Lumped bearing models are used in many publications. In contrast to the model pre-
sented in [38], in most publications, (such as [23], [24], [39]), the bearing is modeled as
a capacitance with a series resistance. Some publications go even further and model the
bearing as purely capacitive [11], [40]. Other publications [6], [41], [42] replace the parallel
variable resistance from [38] with a combination of a switch and a resistor.

When looking at the different operating areas of a bearing, different modeling approaches
are applicable. At standstill and at low speed, the bearing is modeled as a purely resistive.
This resistor includes the resistance of the inner and outer raceway, of the bearing balls
and the contact resistance between the metal and the lubricant. At higher speeds, a series
capacitance is added. The capacitance value depends on the speed and the temperature of
the bearing, as well as on the properties of the lubricant. It is usually calculated from the
Hertzian contact area Agert,, the lubricant film thickness dg, and the dielectric properties

of the lubricant e:

A rtz °
Op = etz '€ x (2.11)
dﬁlm

Additionally, a factor X is introduced, which aims to include the stray capacitances
outside of the primary contact area. This factor varies according to [6], [22], [41] and is
sometimes integrated into e [24]. This factor’s variation indicates that there is a certain
portion of the bearing capacitance that cannot be expressed with (2.11).
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Figure 2.12: Lumped bearing model

2.2.5.2 Spatially Distributed Model

While the external electrical behavior of a rolling element bearing can be modeled with
the aforementioned lumped models, they give no indication on the processes happening
inside the bearing. Conversely, a spatially distributed model can help understand the
electrical processes inside a bearing, such as the flow of parasitic currents and the current
distribution during a breakdown. The per-ball model presented in [24], [38], [39] is adapted
in order to model the current flowing in tangential direction, in addition to the radial
current flow in the bearing. The resulting spatially distributed model of a rolling element
bearing with nine bearing balls is shown in Figure 2.13. The model is split into nine
slices, each containing one rolling element and a corresponding part of the inner and
outer raceway of the bearing. It is assumed that the bearing cage plays a minimal role
in the electrical behavior of the bearing. When the cage is made of a non-conductive
material, it only influences the raceway-to-raceway capacitance by increasing the average
dielectric constant in the region between the raceways. When it is made of a conductive
material, two cases can occur: The cage either has direct contact with the bearing balls,
i.e., an ohmic connection is added between adjacent bearing balls; or a lubricant film
forms between the bearing balls and the cage, i.e., an additional capacitive connection
between adjacent bearing balls is formed. Since the bearing balls are nearly on the same
voltage level, the connection through the cage is neglected and the additional capacitance
is added to the other capacitances in the bearing to compensate for its effect.

The resistive parts of the model are assumed to be constant with a slight change over
temperature, which is neglected in this work. In the case of the resistances of the inner
raceways outer raceway and bearing balls, this is because of the relatively low thermal
coefficient of the resistance of 0.00094 1/k. In the case of the breakdown resistance, this is
due to a lack of reliable data of controlled breakdowns at different bearing temperatures
under constant film thickness. The values for the breakdown resistance have been supplied
by an external partner and are based on experimental investigations.
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Figure 2.13: Distributed bearing model
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The capacitances between the rolling elements and the inner and outer raceways, however,
not only depend on the temperature, but also on the rotational speed and on the radial
force on the bearing. Since the radial force, in contrast to speed and temperature, is not
uniformly distributed around the circumference of the bearing, the capacitance must also
change depending on the position of the rolling element. Assuming that the main force
component is the gravitational force on the rotor, the capacitance will be greatest for
rolling elements at the bottom of the bearing and lower for rolling elements at the top of
the bearing. A more detailed investigation of this effect is given in section 2.2.8.

Note that in this work, a radially loaded bearing is investigated. When using an electric
machine of which the axis is oriented in the vertical direction, the bearing will be loaded
primarily in the axial direction, which leads to a uniform contact pressure distribution
among the bearing balls and therefore also a uniform capacitance distribution within the
bearing.

2.2.5.3 Internal Bearing Current Countermeasures

Apart from the external bearing current countermeasures introduced in section 2.2.4,
additional measures can be taken inside the bearing itself. Similar to adding an additional
insulation layer outside the bearing, the insulation voltage of the bearing can be increased
by using a hybrid bearing with steel raceways and ceramic balls, or a full ceramic bearing.
These types of bearings, however, come with their own disadvantages, such as a lower load
capacity, a higher susceptibility to thermal shocks, and an increased cost. The distributed
model cannot be applied to a hybrid or ceramic bearing, since the bearing balls are not
conductive. The bearing capacitance is determined by the capacitance between the inner
and outer bearing raceways, in the case of a hybrid bearing, and by the increase of the
rotor-to-stator capacitance from introducing a dielectric, i.e., ceramic, in the case of a
ceramic bearing. A sketch of a hybrid bearing and the resulting equivalent circuit model
is shown in Figure 2.14.

Finally, similar to adding a shaft grounding brush outside the bearing, conductive grease
can be used inside the bearing. This serves the same purpose of reducing the impedance
between the rotor and the stator and thus short-circuiting the bearing capacitance. The
impact of a shaft grounding brush on the bearing voltage and currents is investigated in
section 4.5.

When the bearing breakdown behavior shall be modeled more precisely, the switch and
the resistor can for example be replaced with two antiparallel thyristors, as shown in
Figure 2.15. The conduction behavior of the thyristors has to be parameterized accord-
ingly. The thyristors have to be triggered by a comparator when the breakdown voltage
is exceeded. Furthermore, the electrical model can be coupled with a thermal model of
the bearing to include temperature dependencies.
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Figure 2.15: Thyristor-based breakdown model

2.2.6 Sensitivity Analysis

After introducing all parts of the model, in this section, a sensitivity analysis of the model
parameters is conducted. The initial parameters are extracted manually from the first
set of impedance measurements. To determine which parameter influences which part of
the model, each parameter is varied from 50 % to 200 %. The relative deviation in the
magnitude of all the following is calculated for each parameter: the CM impedance, the
phase-to-phase impedance and the phase-to-star-point impedance, and the phase-to-shaft
transmission ratio. The correlation coefficient between the relative deviation of the afore-
mentioned impedances and transmission ratio, and the relative parameter change is cal-
culated, and normalized, as a function of each parameter, while keeping the rest of the
parameters constant. The impedance or transmission ratio that is influenced the most
by a given parameter should thus have a normalized correlation coefficient of one. Con-
sequently, this is the modeling methodology from which the given parameter can be
extracted.
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An exception is made for the cable parameters. Since the motor cable can be removed and
characterized separately, its parameters are extracted from this additional measurement.
The parameter extraction is done manually due to the low number of parameters related
to the cable. The parameters are still included in the sensitivity analysis to show where
its parameters should be extracted in the case the cable cannot be removed from the
machine.
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Figure 2.16: Influence of the model parameters on the emulated impedance and trans-
mission ratio measurements

Figure 2.16 shows the results of the sensitivity analysis. The correlation coefficients of
the parameter change and the resulting relative rms change in impedance or transmission
ratio are shown on the y-axis. Each color indicates each of the different measurements
described in section 2.2.7 that are emulated in the model. It can be observed that Cyg and
a influence the CM impedance the most. Thus, the CM impedance measurement is used
to estimate these parameters. Cyww and L are extracted from the measurement of the
capacitive phase coupling, as their influence is largest there. Ly, o, and k are extracted
from the phase impedance measurement. As already suggested by equation (2.8), Cwr,b,
CRrs, Cg greatly influence the BVR measurement. Additionally, Ry, is extracted from this
measurement. Rp, Zcirer and Zcire,s have nearly no influence on any of the measurements
conducted with the vector network analyzer (VNA). Thus, they have to be extracted from
time domain measurements of the bearing current.

2.2.7 Machine Impedance and Transmission Ratio Measurement

In this section, the measurements that have to be conducted for the parameterization of
the developed model are shown. The device under test (DUT) is a 400 V, 5.5 kW industrial
standard induction machine. Impedance measurements and transmission ratio measure-
ments are conducted with a Bode1l00 VNA. The machine is insulated from ground and at
standstill. The bearings are removed and replaced with plastic spacers to eliminate the
influence of the bearing capacitance. The bearing capacitance varies with the rotational
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speed and the temperature of the machine. In addition, at standstill and at low speed, the
bearing acts as a short-circuit. Therefore, it is not possible to measure the rotor-to-stator
capacitance Crg under these conditions. The bearing capacitance is measured separately
in a specially designed test bench and added to the model after the final parameterization
(c.f. section 2.2.8).

First, the CM impedance of the machine is measured by connecting all three phase ter-
minals to the output of the VNA and the stator ground connection of the machine to the
ground of the VNA. The measurement setup is shown in Figure 2.17.

Machine

Vector Network Analyzer
Output Input

o)
\ Nt/ e/

O

Figure 2.17: VNA setup for the CM impedance measurement, the input is connected
internally

Next, the bearing voltage ratio measurement is conducted. The setup is shown in Fig-
ure 2.18. The output of the VNA is again connected to all three phase terminals and
the ground node is connected to the stator. Then, using a carbon brush, the input of
the VNA is connected to the machine shaft and the reference potential of the input is
connected to the stator. This allows to measure the bearing voltage ratio. Note that the
bearing was replaced by a plastic spacer, so the measurement does not provide the exact
BVR. However, it is still required in order to parameterize the model.

Vector Network Analyzer
Output Input

© 030;
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Figure 2.18: VNA setup for the BVR measurement

Third, the phase impedance measurements are conducted. The star-point connection is
removed so that the phases can be measured separately. The VNA output terminals
are then connected to each end of one of the phases, as shown in Figure 2.19. The
measurements are carried out for each of the phases, these three measurements are shown
in the appendix in Figure A.1. Phase V appears to have approximately 5% greater
inductance than the two other phases, which can indicate that one of the coils of this
phase has an additional winding. The measurements are still similar enough so that only
one measurement is used for parameterization and the differences between the phases are
neglected in the model.
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Figure 2.19: VNA setup for the phase impedance measurement, the input is connected
internally

Finally, the capacitive coupling between the phases is measured by using the setup shown
in Figure 2.20. The star-point connection is removed and the output of the VNA is
connected to both ends of one phase while its ground is connected to both ends of another
phase. Similar to the phase impedance measurements, these measurements are conducted
for the coupling between the three phases and are similar enough to each other,so as to use
the same measurement for all three phase coupling capacitances. The three measurements
are shown in Figure A.2.
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Figure 2.20: VNA setup for the measurement of the capacitive phase coupling, the input
is connected internally

2.2.8 Bearing Capacitance Measurement

Since the bearings were removed for the measurements in the previous section and replaced
with plastic spacers, the bearing capacitance cannot be extracted from these impedance
measurements. Thus, additional measurements are required to parameterize the models
presented in section 2.2.5. Parts of this section have been investigated as a part of this
work and were published in [43].

These measurements are conducted on a radial load test bench depicted in Figure 2.21.
The test bench includes three bearings: one load bearing and two test bearings. The
load bearing applies the radial load, which is set via a spring in the radial load unit, to
the test bearings. The radial load test bench has to be modified to enable the bearing
capacitance measurement of one of the test bearings by minimizing the influence of all
other parasitic capacitances in the test bench. Thus, the load bearing and one of the test
bearings are replaced by ceramic bearings. Since the distributed bearing model presented
in section 2.2.5 requires single ball-to-raceway capacitances, the bearing under test is
also modified. Here, a special hybrid bearing is used, in which one bearing ball and the
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Figure 2.21: Radial load test bench for bearing capacitance measurements

raceways are made of steel whereas the remaining bearing balls are made of ceramic,
as displayed in Figure 2.22. Thus, the sum of both ball-to-raceways capacitances of one
bearing ball plus the raceway-to-raceway capacitance can be measured as a function of the
position of the bearing ball. When using a normal steel bearing, only the lumped bearing
capacitance can be measured. The front plate of the test bench, which is usually made of
steel, is replaced with a plate made of polyoxymethylene (POM) and a connection to the
outer ring of the bearing is made. To connect the inner ring, a carbon brush is placed on
the shaft. Since the other two bearings on the shaft are ceramic bearings and the shaft
is driven by a belt drive, the bearing under test is assumed to be fully insulated from
ground with minimal parasitic capacitance. Note that the bearing capacitance is tested
under pure radial load. However, in electric machines, there will also be some constant
axial load since the bearings are spring-loaded to ensure that the minimum required load
is always applied.

Load zone Steel ball

Figure 2.22: Hybrid bearing with one steel ball for single ball-to-raceways capacitance
measurements

The bearing capacitance has to be measured while the shaft rotates at a speed of up to
6000 rpm. In order to achieve a sufficiently large angular resolution of less than 1°, the
impedance has to be measured within 50 ps. Thus, conducting a full impedance sweep, e.g.
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2 Parasitic Effects in Electric Machines

with an impedance analyzer, is not an option. There are different measurement methods
that are suitable for bearing capacitance measurements. In [24], a sinusoidal voltage from
a signal generator is applied to the bearing via a high precision resistor, and the phase
shift and amplitude reduction of the bearing voltage is measured. Thus, the bearing
capacitance and resistance can be extracted. In [23], a rectangular waveform is used to
charge the bearing capacitance. In this thesis, the method from [23] is implemented with
small adaptations. A bipolar voltage of £5V is applied to the bearing and the parallel
resistance from [23] is omitted The hybrid test bearing is charged and discharged via a
resistor Reparge 0f 10k€2. From the rise and fall times of the bearing voltage, the time
constant of the charging process can be calculated and thus the capacitance value. When
eliminating most of the other capacitances from the test bench by design, as described in
the beginning of this section, and the rest (such as the raceway-to-raceway capacitance
Cg10) by proper calibration, the sum of the capacitances Cg1 and Cp o of the steel ball
in the bearing can be measured.

The maximum temporal resolution depends on the longest expected charging time. A
switching and sampling frequency of 20kHz is chosen. Thus, at 6000 rpm, an angular
resolution of 0.7° could be achieved. For lower speeds, the angular resolution is naturally
finer. It is worth pointing out that while the absolute angular position of the bearing
ball is unknown, its relative angular position can be calculated from the speed. When the
bearing capacitance is properly charged and discharged via the charging resistor Rcparge, a
continuous capacitance waveform is produced. When the bearing is, however, discharged
via a breakdown or from contact between the raceways and the steel bearing ball, much
faster fall times are measured, which can be falsely interpreted as very high capacitance
values.

The bearing capacitance measurements are conducted at four different speeds, 1000 rpm,
3000rpm and 6000rpm; at four different temperatures 20°C, 30°C, 50°C and 80 °C;
and with three different lubricants, automatic transmission fluid (ATF), polyalphaolefin
(PAO) and grease.

First, the bearing capacitance of a hybrid bearing, i.e., a bearing with steel raceways and
ceramic balls, is measured. The measured capacitance value corresponds to the capaci-
tance between the inner and outer raceways Cp1o. Its value varies with the rotational
speed, the bearing temperature and the utilized lubricant. The measurement results can
be found in the appendix in Figure A.3, Figure A.4 and Figure A.5. They are used as cali-
bration values for the single-ball bearing capacitance measurements. These measurements
could only be conducted with ATF and PAQO, since these lubricants were pumped through
the bearing during the measurements. The grease lubricated bearing was fully closed dur-
ing the measurements. Since no hybrid bearing with the same grease was available, the
calibration could not be conducted. This means that the single-ball bearing capacitance
measurement for grease accounts for Cg1 + Cp o + Cp 10 instead of Cg1 + Cgo.

Figure 2.23 shows a single-ball bearing capacitance measurement at 1000 rpm. The uti-
lized lubricant is ATF. Outside the load zone, the capacitance is constant with respect
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2.2 Modeling of Parasitic Effects

to the angular position and only slightly varies with temperature. Within the load zone,
i.e., approximately between —75° and 75°, the change in the lubricant film thickness and
thus in the bearing capacitance can be clearly observed. At 20°C, the capacitance in-
creases from 22 pF to 39 pF. The spikes in the capacitance waveform correspond to faster
discharges of the bearing capacitance, either because of contact between the raceways
and the bearing ball or because of breakdowns of the insulating lubricant film. At 30°C,
the decreased viscosity leads to a reduced lubricant film thickness and thus an increased
bearing capacitance peak of 49 pF in the middle of the load zone (0°). The number of
breakdowns also significantly increases. At 50°C and 80°C, the lubricant film thickness
in the load zone is so low that the bearing capacitance cannot be fully charged anymore.
The lubricant film either immediately breaks down because it cannot block the voltage or
the capacitance is quickly discharged due to the increased probability of contact between
the bearing ball and the raceways.

80 T T T T T -
hg ——20°C
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Figure 2.23: Parasitic capacitance of an ATF lubricated single bearing ball at 1000 rpm

Next, the influence of the rotational speed on the bearing capacitance is investigated.
Figure 2.24 shows the same type of measurement at 6000 rpm. The higher speed of the
bearing leads to a higher lubricant film thickness. Outside the load zone, this has nearly
no influence. At 0°, the bearing capacitance peak values result lower than the values at
1000 rpm (Figure 2.23). At 20°C, a peak value of 33 pF is reached. At 30°C, it increases
to 35 pF. Even at 50 °C, the bearing capacitance is reliably charged to the full £5V. At
80 °C, the lubricant film thickness is again so thin that the lubricant film breaks down
before the capacitance is fully charged.

In a next step, the influence of different lubricants is investigated. Figure 2.25, shows
the same layout of results when PAO is used as a lubricant at a speed of 1000 rpm.
PAO has a much higher viscosity than ATF and should thus lead to higher lubricant
film thickness. Despite the thicker lubricant layer, the higher electrical permittivity of
PAO causes a higher peak bearing capacitance with respect to ATF. Outside the load
zone, the difference is less noticeable because there, the air and the ceramic balls of the
bearing have a great influence on the parasitic capacitance. Within the load zone, the
peak capacitance value is, however, mainly determined by the lubricant film thickness
and the dielectric properties of the lubricant. At 20 °C, the bearing capacitance increases
to up to 64 pF. At 30°C, it goes up to 80 pF and at 50 °C, it even exceeds 100 pF. These
increased capacitance values stem from a combination of a greater dielectric constant and
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Figure 2.24: Parasitic capacitance of an ATF lubricated single bearing ball at 6000 rpm

a greater breakdown field strength. At 80 °C, the lubricant film breaks down again within
the load zone, and thus no capacitance value can be extracted.
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Figure 2.25: Parasitic capacitance of a PAO lubricated single bearing ball at 1000 rpm

Since many bearings are lubricated with grease, in a final step, a grease lubricated bearing
is tested. Note that here, Cg 1o is included in the measurement, in addition to the sum of
Cg and Cpo. The bearing capacitance is subject to larger fluctuations outside the load
zone. Within the load zone, the typical increase in capacitance is visible. The lubricant
film only behaves capacitively at 20°C. Here, the capacitance increases from 55 pF to
73 pF. At higher temperatures, too many breakdowns occur within the load zone and the
bearing capacitance values cannot be extracted.
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Figure 2.26: Parasitic capacitance of a grease lubricated single bearing ball at 1000 rpm
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As already mentioned before, the spikes in the capacitance waveforms are due to break-
downs of the lubricant film because of the applied bearing voltage. In a breakdown, the
voltage is discharged much more quickly during a breakdown event than it is during the
bipolar switching over the relatively large charging resistor Rcparge- Therefore, the ex-
pected result would be a much lower rise or fall time and thus a much lower calculated
capacitance value. Figure 2.27 shows why that is not the case. The rise time is calculated
as the time that the voltage needs to go from 10 % to 90 %, so in this case from £4V to
F4 'V, given that the excitation voltage is £5V. When the bearing capacitance is large,
the rise and fall times are long (c.f. frise1). When the bearing capacitance is small, the
rise and fall times are short (c.f. ¢ 1). However, when a breakdown occurs, the fall time
starts before the actual switching event. Since the bearing voltage only drops to 0V, the
criterion for the end of the fall time is not met until the next switching event occurs.
Therefore, tran 1 appears much longer than the fall times of both the breakdown itself and
the subsequent switching event.

The proportions between the switching frequency and the rise and fall times are not to
scale in Figure 2.27. In reality, the rise and fall times are much shorter compared to
the switching period. Figure 2.27 shows why, when a breakdown occurs, the detected fall
time (in this case tpa 2) and thus the resulting calculated capacitance value is much larger
than the actual bearing capacitance. This problem could be remedied by using a unipolar
excitation waveform instead of a bipolar waveform. However, in this thesis, this is seen
as an advantage, since the bipolar excitation allows to clearly distinguish between valid
capacitance measurements and breakdown events. If the breakdown resistance is large,
this distinction is not as clear when using unipolar excitation.

Excitation Voltage

Bearing Voltage

______________________________

tRise,1 trall,1 tRise,2 lFall,2 tRise,3

Figure 2.27: Illustration of capacitance measurement waveforms

The single bearing ball capacitance measurements conducted in this section are finally
superposed to calculate the total bearing capacitance. For the bearing lubricated with
ATF, the total capacitance varies between 261 pF and 336 pF. For the bearing lubricated
with PAO, the capacitance varies between 468 pF and 711 pF. These capacitance ranges
are valid for speeds between 300 rpm and 6000 rpm and for temperature between 20 °C
and 80°C. In many machines, this variation would not have a significant influence on
the BVR, as already stated in [6], since Cgg is usually much larger than Cg. In the
investigated machine, however, Cgrg is only approximately ten times greater than Cfp,
depending on the operating point.
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2 Parasitic Effects in Electric Machines

2.2.9 Model parameterization

In section 2.2.6, the different model parameters are assigned to four different types of
measurements by analyzing which of these measurements they influence the most. This
is used as a basis to decide, which parameter can be extracted from which of the mea-
surements. Now, the parameterization of the model will be described. The four types of
measurements from section 2.2.7 are replicated in the model.

Table 2.1: Nameplate parameters of the DUT
Nominal power Py =5.5kW

Nominal current Iy =186A
Nominal voltage Un =230V
Nominal speed ny = 1460 rpm
Pole pairs P =2

Starting with the CM impedance measurement, the parameters are adapted so that the
measurement matches with the simulations. Figure 2.28 shows the results. After manually
adjusting the parameters for a good fit between the simulation and the measurement, the
parameterization is finalized by means of a particle swarm algorithm. To this end, a
minimization of the relative root-mean-square deviation between the modeled and the
measured impedance is conducted. It is important to use the relative deviation to achieve
high accuracy even in low-impedance parts of the spectrum. After fine-tuning the model
parameters with a particle swarm algorithm, the measurement and the simulation match
well over the whole frequency range.The following parameters were extracted from this
measurement: Cws,a,Rcws, and RGND‘
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Figure 2.28: Modeled and measured CM impedance

32



2.2 Modeling of Parasitic Effects

Next, the phase impedance simulation is matched to the measurement. Figure 2.29 shows
the results after the fine-tuning. This measurement was used to extract the following
parameters: Ly,Lys andRp.. The measurement and the simulation match well for most of
the spectrum, but some deviations occur in the higher frequency range. These deviations
could not be eliminated by the particle swarm algorithm, and thus point to the fact that a
higher order model of the windings might be necessary to model the high-frequency part
of the impedance more accurately.

104 \\\\\H‘ \\\\\\\‘ \\\\\H‘ \\\\\\\‘
—— Measured

—— Modeled

|Z| in Ohm
=
=
[
T
\

100 Lol Ll Lol Ll Loyl
10? 10 10* 10° 106 107

100 mmu T T T T
50
0 |
—50

_100 Lol
102 103

T

Phase

T
|

RN | Ll
104

10° 10° 107
Frequency in Hz

Figure 2.29: Modeled and measured phase impedance

Subsequently, the BVR measurement is compared to the simulation. Figure 2.30 shows
the measured and modeled BVR. The differences in the shape of the impedance curves
are uncanny. The measured shape could not be reproduced with any combination of
parameters, which either means that the measurement setup shown in Figure 2.18 is
inadequate for this type of measurement or that the model does not include some effects
that are required to precisely replicate the BVR.

Since the BVR is dominated by Crs and Cywg, these two parameters could not be ex-
tracted from the frequency domain measurements. The rotor-to-stator capacitance Cgg
was therefore calculated according to the formulas presented in [44] and according to the
formula for a cylindrical capacitor as

T'stator

Crs = 27l - In (—“a“’ ) . (2.12)
T'rotor

Here, rgator is the inner radius of the stator, r..or is the outer radius of the rotor and [ is

the iron length. The two approaches lead to similar results with less than 1 % deviation.

To obtain the remaining model parameters, time domain simulations are conducted. The
model is fed with waveforms that are calculated from the measured CM voltage in such a
way that they result in the same CM voltage levels. Then, first, the CM voltage is ana-
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Figure 2.30: Modeled and measured BVR

lyzed. It is used to extract the model parameters for the motor cable, i.e., its inductance,
its resistance and the coupling capacitance between the leads. Figure 2.31 shows that the
waveforms match well. The amplitude, frequency and decay of the switching event are
nearly identical after adapting the cable parameters.
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Figure 2.31: Modeled and measured CM voltage

Afterwards, the star point voltage vsrp is analyzed. Figure 2.32 shows the results. Again,
after adjusting the necessary parameters, i.e., the winding-to-rotor capacitance Cwg and
the main inductance Ly, the waveforms match well.

The internal model parameters that could not be measured separately were calculated
analytically according to the approaches presented in the literature [6], [44].

After finalizing the model parameterization, the current distribution inside the bearing
during an EDM event is analyzed. Figure 2.33 shows the simulation results. The current
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Figure 2.32: Modeled and measured star point voltage

inside the bearing from the lumped and the distributed model during a breakdown is
plotted in Figure 2.33a. When the models are parameterized correctly, they give the
same results. The current that flows inside the bearing ball, at which the breakdown
occurs, is shown in Figure 2.33b. Note that the axis scaling is different to Figure 2.33a
both in current amplitude and time. The model suggests that during an EDM event,
a short current peak occurs with an amplitude that is much higher than the current
measured from outside the bearing. This is because the distributed bearing capacitance
is interconnected via low-impedance paths and the capacitances inside the bearing thus
discharge into the breakdown very quickly.
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Figure 2.33: Simulated current flow outside and within the bearing during a EDM event
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2 Parasitic Effects in Electric Machines

2.3 Measuring Parasitic Currents and Voltage

In the literature, many different measurement methods are used for measuring parasitic
currents. For CM currents, there are mainly two measurement points available. They
can either be measured in the motor cable between inverter and machine, or in the return
path, e.g..the ground connection between machine and inverter or the motor cable shield.
In [45], a CM current prediction is verified by measuring the return path current. Which
measurement method is applicable strongly depends on the configuration of the machine
and the inverter, whether the motor cable is shielded, and how closely the inverter and
the machine are integrated.

IMeas,Cable IMeas,Machinre ________ 1\_/[ fa_c_h_l_n_e _________

Inverter J\ Cable J\ E . | '
3ph Y—{U Uy : - E
= §Y1ie1d Shie% = :

J:DC ' :

1~

1 S
— GND
IVieas,GND

Figure 2.34: Measurement points for CM current

A standard configuration of an inverter and an electric machine connected via a shielded
cable is shown in Figure 2.34. Iyjeas cable Tepresents the full CM current flowing into the
machine and the current charging the parasitic capacitances of the motor cable. When
moving the measurement point to the machine side of the cable, most of the cable charging
currents bypass the measurement and only the CM current flowing into the machine is
measured. For both of these measurement points, it is important only to measure the
current through the motor cables connected to the phases of the machine and to leave the
shielding or possible connections to the star point out of the measurement.

There are two ways to achieve this. The first method is to measure each of the phase
currents and add them up. Although this sum is usually assumed to be zero, a value
different than zero corresponds to the CM current. The advantage of this method is that
it does not require additional sensors, since the phase currents are usually measured at the
inverter terminals, because their instant values are required for the control. The sensors in
the inverter are designed to be accurate enough for control, but when the phase currents
are added, the error of each phase current sensor is also added up, leading either to a
low measurement accuracy of the CM current or to a much higher accuracy requirement
for the sensors than what is usual. Additionally, the phase current sensors can only
measure [yjeascable- When the goal is to measure the CM current into the machine, this
is another error source, since the current Iyfeas cable includes the charging currents of the
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cable capacitance. In Iyieas Machine, these charging currents are not measured. Also, the
measurement points Iieas cable a0d Infeas Machine are subject to high-frequency CM voltages,
which can cause disturbances in the current measurement. Finally, the phase current
sensors are usually not designed for measuring high-frequency currents and the sensor
signals are usually low-pass filtered, since the high-frequency CM current components are
not needed for the control and are thus treated as disturbances.

For the second method, instead of adding up the phase currents, an additional CM current
sensor can be used to measure the CM current. In a laboratory setting, Rogowski coils
are often used for this purpose. A comparison of Rogowski coils and Pearson probes in
[46] shows that Rogowski coils are better suited for CM current measurement. But a
CM current sensor could also be integrated into the inverter or into the machine. This
has the advantage that the CM current sensor can be designed independently from the
phase current sensors, so that the CM current sensor is capable of capturing a greater
range of amplitudes and frequencies of the CM currents. This way, the current can be
measured at Iyeas anp, Which has several advantages. First, only the CM current flowing
out of the machine is measured. Second, since the housing of the machine is usually
connected to ground, no disturbances from CM voltages occur. And third, non-insulated
measurement devices, such as shunt resistors, can be used, reducing the cost of the sensor.
The disadvantage is that when the motor cable is shielded and the shield is connected to
the machine, it is difficult to place the current sensor in a way that it only measures the
CM current in the machine. When there is no defined ground path, for example when
machine and inverter are both connected directly to the chassis, this type of measurement
is not possible or requires adaptations in the mounting and ground connections of the
drive. Additionally, in highly integrated e-axles, the inverter is directly connected to the
machine phases and the return path is the housing of the e-axle, requiring a specialized
solution for CM current measurement that is integrated into the housing.

In this work, the inverter is connected to ground via a grounding cable; which can be
either connected to its DC-terminal, to the midpoint of the inverter, or to its housing;
which means that the inverter is only connected to ground via its parasitic capacitances to
the housing. Based on the findings of [47], the CM current is measured with a Rogowski
coil. The foundations for the investigations in the following sections were published by
the author in [48] within the scope of this thesis.

2.3.1 Bearing Current Measurement

In addition to the CM current, this work focuses on measuring the bearing current in the
investigated electric machine. The literature shows mainly three different approaches for
bearing current measurement.

The first and most widely used approach is to insulate either the bearing from the stator
or the end shield of the machine from the main body of the stator, as shown in Figure 2.35
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Figure 2.35: Machine axial cross-section with insulated bearing (left) and insulated end
shield (right) and bridges for current measurement [48]

[40], [42], [49]-[52]. The insulation is then bridged with a wire or a shunt resistor and the
current through the wire or shunt is measured. The advantage is that this approach is
very simple and applicable to almost all machines. Adding a thin insulation layer usu-
ally does not require extensive mechanical changes and almost any current measurement
device can be used. The disadvantage is that the parasitic current path for the bear-
ing current changes, leading to a change in impedance. This also influences the current,
leading to systemic measurement errors. Moreover, when using non-galvanically-insulated
measurement devices, additional parasitic current paths might emerge. These currents
can influence the measurement results and lead to errors.

Figure 2.36: Machine end shield with bridges for bearing current measurement and
bearing current paths [48]

The second approach is to remove most parts of the end shield of the machine, leaving
only small bridges around which a Rogowski coil can be fitted, as shown in Figure 2.36
[18]. Since the bearing current has to flow through the end shield, the sum of the currents
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2.3 Measuring Parasitic Currents and Voltage

through the bridges is equal to the bearing current. If the bridges are distributed evenly
and are designed to be as wide as possible, the impact on the parasitic current path is
much lower than when insulating the bearing or the end shield. However, this method
comes with several disadvantages. First, it requires extensive mechanical changes to the
end shield, which might inhibit its mechanical stability. These modifications might even
be impossible when cooling channels are integrated into the end shield, or when a direct
oil cooling is used for the end windings. Second, adding the current measurements from
several Rogowski coils inherently leads to a greater measurement error than measuring
the current with a single Rogowski coil. Furthermore, when overlaying ground currents
drive the individual coils out of their measurement range, large measurement errors will

occur.
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Figure 2.37: Machine axial cross-section with parasitic currents and Rogowski coils for
bearing current measurement [48]

The third approach, presented in [48], [53]-[55], is to integrate Rogowski coils into the
machine. This approach was chosen for this work. By placing the coils on the left and
right sides of the DE and NDE bearings, as illustrated in Figure 2.37, and subtracting the
measurements from each other, the bearing current can be measured. The advantage of
this method is that apart from the hole for the cable of the Rogowski coil, no mechanical
changes to the machine are required, and the parasitic current path remains unchanged.
The disadvantage is that the Rogowski coils are placed in an environment that is highly
disturbed by electromagnetic interference (EMI) from the end windings of the machine.
This imposes high requirements on the CM rejection of the coils. Furthermore, when
adding the measured signals from two coils, the measurement error adds up again. When
the leakage current is too high, Rogowski coils with a low gain have to be used, increasing
the measurement error even more. However, when the leakage current at either end is
zero, the respective outer Rogowski coil can be omitted, removing a potential source
of measurement error. For the measurements conducted in this work, the machine is
operated at no-load, without anything else connected to the shaft. Therefore, only the two
inner Rogowski coils are required. In theory, this setup allows to separate the capacitive
bearing current from the total measured bearing current. When defining the direction of
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the inductive bearing current as shown in Figure 2.38, the DE and NDE bearing currents
can be defined as:
Ib,DE = Ub.cap,DE T Ib,ind = Tlbcap T Ib.ind (2.13)

and
ib,NDE = Ub,cap,NDE — ib,ind = (1 — )b cap — Ub,ind (2.14)

with « € [0,1] being the portion of the capacitive bearing current that flows to through
the DE of the machine and assuming that the rest of the capacitive bearing current flows
through the NDE. Summing the bearing currents from both ends of the machine gives
the capacitive bearing current:

Z.b,DE + ib,NDE - ib,cap,DE + Z.b,ind + ib,cap,NDE - ib,ind - ib,cap,DE + Z.b,caLp,NDE - ib,cap (215>
When the capacitive bearing current is distributed equally between the two bearings,
subtracting the measured currents gives twice the inductive bearing current.

ib,DE — Ib,NDE = Ub.cap,DE + Ib,ind — Ibcap,NDE T @b,ind = (22 — 1)ib cap DE + 2ibind  (2.16)

For x = 0.5:

ib.pE — b NDE = (22 — 1)ib cap.DE + 2ib,ind = 20b,ind (2.17)

DE Coil

%b,ind

Rotor

Figure 2.38: Machine axial cross-section with inductive and capacitive bearing current
two integrated Rogowski coils

Further bearing current measurement methods include high-frequency near-field probes
[56] or antennas [49]. These methods are especially suited for detecting EDM current
events.
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2.3.2 Rogowski Coils for Bearing Current Measurement

Estimating the bearing current by measuring the shaft current imposes several restrictions
on the utilized Rogowski coils. The diameter of the Rogowski coils need to be large enough
to fit around the shaft of the machine, while the thickness needs to be small enough to
fit into the restricted space between rotor, shaft, bearing and end winding. The CWT
MiniHF06 Rogowski coil from PEM UK fits into the available space in the DUT, it is
shielded to deal with the expected EMI inside the machine, and it has a gain of 100 ™V/a,
which was deemed sufficient for this use.

The measurement method shown in Figure 2.37 is tested on a 5.5 kW induction machine
driven by an inverter. The tests are conducted at a dc-link voltage of 100V and at a
speed of 1475 rpm at no-load operation. Two Rogowski coils are placed around the shaft
to measure the bearing current. Since the only object connected to the shaft is the DUT,
the Rogowski coils only measure the bearing current. Additionally, the shaft voltage is
measured via a carbon brush.
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Figure 2.39: Measured iy, pg, b npE and expected capacitive bearing current

Figure 2.39 shows the measurement results. The measured bearing currents contain large
sinusoidal components at the fundamental frequency of the phase current. The expected
bearing current is plotted in orange. It is calculated from the derivative of the shaft
voltage and the bearing capacitance as

. duvg
calc — . 2.1
iBeale = OB (2.18)

When looking more closely at the switching events (c.f. Figure 2.40 at ¢ = 4.5ps), it
can be observed that the characteristic waveform of the bearing current also appears in
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the measured bearing current. Frequency, amplitude and duration of the oscillation are
similar. However, it is superimposed with large low-frequency components.
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Figure 2.40: Measured iy, pg, i, xpE and expected capacitive bearing current

By looking at the low-frequency spectrum of the bearing current, shown in Figure 2.41,
the low frequency components can be identified. At 50 Hz, the fundamental frequency f;
of the phase current can be distinguished. Further, at 640 Hz, the rotor slot harmonics of
the machine are visible. This frequency can be calculated as

frsu = [s (w + 1) (2.19)

with the number of rotor bars Ng = 28 and the slip s = 0.0143.

The two aforementioned frequency components likely stem from axial stray flux that
couples into the Rogowski coil and disturbs the measurements. The spectrum of the axial
stray flux that is analyzed in [57] contains the same frequency components.

In order to cope with the disturbances from the axial stray flux inside the machine, in
this work, a differential Rogowski coil is developed. It is similar to the one built in [58]

and is specially designed for measuring bearing currents in this machine. The design is
based on the study presented in [48].

2.3.2.1 Design of a Differential Rogowski Coil

To achieve a differential design, the Rogowski coil is split in half. Using a back and forth
winding for each coil half helps mitigate the influence of axial field components in the
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Figure 2.41: Low-frequency spectrum of i, pg, i xpr and expected capacitive bearing
current

machine. The signals from both coils are then subtracted either in post-processing or
directly in the integrator circuit. Thus, common mode disturbances are eliminated and
the measured current signal is amplified. The distance between the two coil halves has to
be maximized in order to reduce the capacitive coupling and, thus, increase the resonant
frequency.

Stator
Winding
18.7 miN
46 mn Rotor
Bearind—" N :
eal"ln% 1 14.5 mm
44.4 mm Shaft

Figure 2.42: Machine axial cross-section with available design space

The design space for integrating the Rogowski coil into the machine is shown in Fig-
ure 2.42. In industrial induction machines, such as the investigated machine, where power
density is less important than cost, there is plenty of space between the rotor, the wind-
ings, the shaft and the end shield of the machine. In machines with a high power density,
which is usually the case in e-axles, the available design space is smaller. However, it will
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2 Parasitic Effects in Electric Machines

usually still be large enough to integrate a Rogowski coil. The models used in this work
require approximately 5 mm of axial space.

Commercially available Rogowski coils usually exhibit a round cross-section, which offers
increased flexibility and a simpler winding geometry. The differential Rogowski coil used
in this work has a square cross-section. This has two reasons. On one hand, the available
design space is rectangular, which means that a coil with a square cross-section will be
able to span a larger area. Even though the design space in the investigated machine is
not so restricted that a coil with a round cross-section would be a problem, for machines
with a high power density, a square cross section can lead to a higher current gain due
to a better utilization of the available space. On the other hand, preliminary analytical
investigations have proven that Rogowski coils with a square cross section have a three
times higher resonance frequency when compared to round Rogowski coils. This is valid
assuming that the same square space is available, i.e., that the sides of the square are as
long as the diameter of the round coil.

The general requirements for measuring bearing currents are taken from literature. In
[6], peak bearing currents of 20 A with frequencies up to 1 GHz have been reported.
Shaft voltage measurements of the investigated electric machine showed that an upper
bandwidth limit of 100 MHz is sufficient. The supply voltage of the integrator circuit is
set to £10.5 V. This is due to the fact that the output voltage of £12'V of the galvanically
isolated dc-dc converter, which is used as a power supply, has to be filtered by a stage of
linear regulators to eliminate noise from the supply voltage. The output voltage of the
coil is, therefore, limited to £10V. The winding configuration of the proposed Rogowski
coil is shown in Figure 2.43. The first coil half is wound clockwise and back while the
second coil half is wound counterclockwise and back.

Back winding coil 1

Forth winding coil 1
Back winding coil 2

Forth winding coil 2

Figure 2.43: Winding configuration of the designed differential Rogowski coil

The coupling inductance M and the self inductance Lg of a Rogowski coil with a rectan-
gular cross section can be calculated by

: dinner

N -
M= - 5 “~1n(1+ ¢ ) (2.20)

and
Ls=N- M, (2.21)
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where a is the width of the coil cross section, IV is the number of turns and dj,pe is the
inner diameter of the coil. Due to the complex coupling between the two coils, these
analytical equations do not accurately calculate the inductance of the Rogowski coil.

In addition to the main design parameters M and Lg, the winding resistance Rw and
the parasitic coupling capacitance Cyw strongly influence the behavior of the Rogowski
coil, especially around its resonant frequency. Usually, Rogowski coils are wound with
copper wires and thus require an external resistor to dampen the resonance. In this
work, a high-impedance wire made of a copper-nickel alloy with a per-length resistance of
Ry = 100.8©/m was used. Each individual coil has a resistance of Ry = 462 and, thus,
no external damping resistor is required. Furthermore, internal oscillations inside the coil
are dampened directly at the source.

Due to the high number of crossing points between the back and forth windings and
the overall complex winding geometry, no simple analytical approach for calculating the
parasitic capacitance could be found. Since the 3D model of the bobbin already exists
for manufacturing, a finite element method (FEM) simulation is used to extract the coil
parameters.

An equivalent circuit model generated from ANSYS Q3D EXTRACTOR resulted in a
dc self-inductance of 122nH and a self inductance of 108nH at 1 MHz. The parasitic
capacitance between the two winding halves, which is the largest parasitic capacitance in
the coil, has a value of 22.6 pF, which is constant for frequencies up to 1 MHz.

2.3.2.2 Signal Conditioning Circuit

Since the output of the Rogowski coil is the derivative of the current, an additional signal
conditioning circuit is required. It features a differential-to-single-ended conversion, an
active and a passive integration stage, an amplifier and several filters. The equivalent
circuit diagram is shown in Figure 2.44.

The differential Rogowski coil is modeled by its induced voltage Vi,q, its self inductance
Ls and the winding resistance Rw. An INA849 instrumentation amplifier by Texas
Instruments Inc. converts the differential output voltage of the Rogowski coil into a
single-ended signal. The gain is set to 108.

The active integration stage with an integration range from 10.6 Hz to 10.6 kHz is built
with a THS4631 operational amplifier (OP) by Texas Instruments. A non-inverting
integrator topology is chosen to avoid pre-shoot effects [59], [60]. The passive integration
is done by an RC-low-pass filter with its cutoff frequency at 10.6 kHz, achieving seamless
integration over a wide frequency range.

45



2 Parasitic Effects in Electric Machines
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Figure 2.44: Equivalent circuit of the Rogowski coil and the signal conditioning circuit

The RC-low-pass filter shown in Figure 2.44 in orange is placed before the subtractor cir-
cuit as a safety measure to dampen transient voltage spikes from the Rogowski coil, which
can occur during high current gradients. A resistance Rpp = 15k{) and a capacitance
CLp = 100 pF result in the required corner frequency of the low-pass filter.

1

fip = 2w - CrpRip

= 10.6kHz (2.22)

The integrator marked in red in Figure 2.44 can be described by the following transfer
function: A )

G=[(1+=-2). . 2.23

( RInt) 1+ RpCry - s ( )

The integrator capacitance is calculated from the cutoff frequency of the RC low-pass
filter as Cr,y = 100 nF.

The high-pass filters marked in green remove unwanted DC and low-frequency components
from the measured signal and the output voltage. In order not to disturb the transmission
behavior of the circuit, their cutoff frequency is set to

1 1
21 RypClup 27 - 47k - 100 nF

fup = 34Hz (2.24)

The non-inverting amplifier stage, marked in green in Figure 2.44, increases the gain of
the circuit to achieve a better signal-to-noise ratio. To achieve a gain of 100, the resistance
values are chosen to be Ry, = 1.5k and Rr = 150 k().

Figure 2.45 shows the transfer functions of the different amplifier and filter stages of the
signal conditioning circuit shown in Figure 2.44 and the resulting transfer function of
the complete system. The transfer functions are acquired from LTspice simulations using
component models provided by the manufacturers.
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Figure 2.45: Transfer functions of each part of the circuit and the complete system

2.3.2.3 Rogowski Coil Evaluation

In this section, the Rogowski coil developed in [48] is evaluated and compared with two
commercially available Rogowski coils, one shielded and one unshielded. The coil that is
best suited for bearing current measurements is selected for the measurements presented
in chapter 4.

The evaluation is conducted in the frequency domain and in the time domain. First, a
TEKTRONIX TTR506A VNA is used to measure the self inductances and the voltage-to-voltage
transfer functions of the developed differential coil. To measure the current-to-voltage
transfer function of the developed Rogowski coil (together with its signal conditioning
circuit), as well as the transfer function of the two commercial Rogowski coils, the mea-
surement setup shown in Figure 2.46 is used.

Figure 2.47a shows the self-impedance of the developed differential Rogowski coil. The
two coil halves are measured separately and show a good match with each other in terms
of impedance, confirming the high reproducibility and precision achieved with the 3D-
printed bobbin. In addition to the high-impedance coil marked as CuNi in the Fig-
ure 2.47, the impedance of a copper coil wound on the same bobbin is measured. The
measured impedance shows that the resonant frequency is dampened much better in the
high-impedance coil, confirming that a high-impedance wire can allow eliminating the
external damping resistor. Furthermore, the resonant frequency of the copper coils is
at approximately 42 MHz, while the resonant frequency of the high-impedance coils is
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Output Vector Input
® > network ‘@} 4 ® >
[/ | analyzer \/ v,

Rogowski
Excitation coil

Figure 2.46: Setup for transfer function measurements

slightly lower at 33 MHz. This can be attributed to the different types of insulation used
for the wires and the wire diameter. While the CuNi-wire has a fabric insulation, the
copper wire is insulated with enamel resin. The CuNi-wire has a diameter of 80 jpm while
the copper wire has a diameter of 400 pm. The copper wire is, therefore, much more rigid
and the crossing points in the copper coils are slightly further apart than in the high-
impedance coils. Thus, the parasitic capacitances at the crossing points are higher for
the high-impedance wire. Since it can be assumed that the capacitances at the crossing
points, i.e., the crossing points between the coil halves and the crossing points between the
back and forth windings, dominate the overall parasitic capacitance of the Rogowski coils,
the increase of these capacitances is responsible for the reduced resonant frequency.

The voltage-to-voltage transmission ratios of the coils is shown in Figure 2.47b. In a
perfectly coupled transformer, a transmission ratio of 0.05 would be expected from the
winding ratio. The real transmission ratio is much lower, which is due to the high stray
inductance and low number of windings on the primary side. When comparing the trans-
mission ratios of the copper coils and the high-impedance coils, the improved damping of
the copper-nickel alloy is clearly visible. Deviations between the coil-halves are attributed
to inaccuracies in the coil placement and the winding geometry.

Figure 2.48 shows the measured transfer functions of the developed high-impedance Ro-
gowski coil and the two reference Rogowski coils, as well as the transfer function of the
developed system that was extracted from LTspice simulations. Since the VNA is ter-
minated with 502, the gain of the unshielded reference coil is reduced to 25mV/a and
the gain of the shielded reference coil is reduced to 50™V/a, in contrast to the expected
values of 50mV/a and 100™V/a, respectively [61], [62]. According to their data sheets, the
—3dB point of both reference Rogowski coils should be located at 30 MHz. The transfer
function measurements show, however, that for the unshielded Rogowski coil, the —3 dB
point is passed at around 6 MHz. The —3 dB point of the shielded Rogowski coil matches
with the value from the data sheet.

Finally, the CM voltage rejection of all three coils is analyzed. Since the coils are insulated

and thus the CM voltage cannot be directly applied to them, a capacitive testing method is
developed in this work. The coils are placed between two copper plates that are connected
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Figure 2.47: VNA measurement results

to the output of the VNA. The voltage-to-voltage transfer function from the copper plates
to the outputs of the Rogowski coils is measured and used as a qualitative measure for the
CM rejection. As a baseline, the copper plates are connected to ground and the output
voltage of the Rogowski coils is measured. This measured base noise level is the lower
limit, below which the CM rejection cannot be measured anymore. The voltage excitation
of the VNA is set to the highest possible level.

Figure 2.49 shows the measurement results. The shielded reference coil suppresses the CM
disturbances below its base noise level below 1 MHz. Only at frequencies above 1 MHz,
CM disturbances above the base noise level occur. The unshielded reference coil and the
developed differential coil are subject to CM disturbances over the whole frequency range.
The CM disturbances are also more pronounced at frequencies above 1 MHz. Compared
to the base noise level, the shielded reference coil has the highest CM rejection, while
the unshielded reference coil has the lowest CM rejection. With a higher precision in
the fabrication of the windings, better common-mode rejection can be expected for the
developed differential Rogowski coil, since the transmission ratios of the coil halves would
match more closely.
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Figure 2.50: Current pulse measurements with ¢ = 20 A and a pulse duration of 1ms

After the frequency-domain validation, the three Rogowski coils are tested in the time
domain. A KSZ 100 D calibration generator for current probes from PMK is used to
generate a trapezoidal current pulse with a rise and a fall time of 15ns. All three Rogowski
coils are used to measure this current.

The measurements in Figure 2.50 confirm the overall design process, but minor differences
allow further conclusions. The current gradient measured by the differential coil is slightly
lower than that measured by the reference coils. This is due to its lower bandwidth. Over
the pulse duration of 1ms, a droop of 1% is expected, based on the information from the
data sheet of the current probe calibrator [63]. The measured droop is, however, much
higher for all three Rogowski coils. This is because of their high lower-end measurement
bandwidth. For the shielded reference coil, a droop of 78 % is expected after 1ms, the
measured droop is slightly lower at 70 %. The unshielded reference coil exhibits the lowest
droop with a measured value of only 25 % after 1ms, although 35 % was expected from
the data sheet. The developed differential coil exhibits the highest droop with 81 % after
1ms. All three coils measure the correct current amplitude with nearly no overshoot.

Finally, the differential Rogowski coil and the shielded Rogowski coil are placed around
the shaft of the DUT. Since the unshielded reference coil is too short to fit around the
shaft of the machine, it is not used for comparison. The measured current is shown in
Figure 2.51. The bearing current is still subject to disturbances from axial fields, and
additionally, the signal from the designed coil is overlaid with ringing. This likely stems
from the signal conditioning circuit and can be ameliorated by improving its design and
adding more filter stages. The suppression of axial fields is still not sufficient but could be
improved with increased manufacturing accuracy. A printed circuit board (PCB)-based
coil, as designed in [58] could be a suitable approach.
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Figure 2.52: Bearing current measurement after high-pass filter

As a result of the evaluation conducted in this section, the shielded Rogowski coil is
chosen for the measurements described in chapter 4. It offers the highest CM rejection
and lowest base noise level while still mechanically fitting inside the machine. Both coils
suffer from disturbances from axial stray flux. An improved design of the differential
coil could, however, yield a higher immunity to these disturbances. To address the issue
of disturbances from axial stray flux, a high-pass filter is applied to the bearing current
measurements. When setting its cutoff frequency slightly below the switching frequency
of 10kHz, the low frequency disturbances are eliminated, as can be seen in Figure 2.52.

2.3.3 Bearing Voltage Measurement

In addition to the bearing current, the bearing voltage is also of interest. It mainly serves
as an indicator for EDM currents, since they cannot be directly measured outside of the
bearing. Since the shaft of an electric machine is made of steel, measuring the bearing
voltage is relatively simple compared to measuring the bearing currents. Usually, a carbon
brush is used to contact the shaft close to the bearing. Then, the voltage between the
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brush and the stator of the machine is measured, preferably at a location close to the
outer raceway of the bearing. This approach is used in this work. The brush is placed on
the side of the shaft and the reference potential of the probe is connected directly to the
stator using a short cable. Alternatively, a hollow cylinder can be placed over the shaft
and the carbon brush can be placed on the front of the shaft as demonstrated in [64].

2.4 Summary

This chapter has given an overview on the fundamentals of parasitic capacitances, and
leakage and bearing currents in electric machines. The effects have been incorporated
into a high-frequency machine model in section 2.2. Different impedance measurement
methods that can be used to acquire different model parameters have been presented in
section 2.2.7. In section 2.2.8, a measurement method for the extraction of the distributed
parasitic capacitance in rolling element bearings has been presented. Finally, section 2.3
has described how to measure the leakage current, the bearing current and the bearing
voltage in electric machines, demonstrating how to design a Rogowski coil for bearing
current measurement.
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3 Faults in Electric Machines

This chapter introduces the different fault types that can occur in electric machines and
their impacts on the behavior of the machines. The next section gives a brief overview
over different fault types, their root causes and effects. Since this work focuses on squirrel
cage induction machines, faults that only occur in other machine types, such as demag-
netization in permanent magnet machines, are omitted.

Afterward, three widely used fault detection techniques, namely motor current signature
analysis (MSCA), motor square current signature analysis (MSCSA) and principal com-
ponent analysis (PCA), are evaluated under different operating conditions, showing some
shortcomings. Then, these techniques are combined with machine learning methods to
overcome their shortcomings. Finally, an algorithm for the automatic detection and eval-
uation of electric discharge machining (EDM) events and partial breakdowns in electric
machines based on shaft voltage measurements is presented.

3.1 Fault Types and Effects

A comprehensive review of faults in electric machines and their detection is given in
[65], [66]. Faults in electric machines can be classified into many different categories.
One of the most popular classifications is the distinction between electric and mechanical
faults. Since electric machines are electromechanical energy converters and operate both
in the electrical and the mechanical domain, this type of classification works well for most
faults. Still, there are some faults that can fall into both categories. Other possibilities of
classification are the fault location, e.g., rotor, stator or other parts of the machine, or the
impact that the faults have on the behavior of the machine. Figure 3.1 shows the fault
distribution in induction machines from a study conducted on 940 industrial induction
machines in [67]. The classification into electrical and mechanical faults is illustrated by
the colors. Mechanical faults are marked in red and electrical faults are marked in blue.

Bearing faults are the most prominent fault type in electric machines. They are caused
by many different factors. The main root cause for bearing faults in general is insuffi-
cient, unsuitable, depleted, or contaminated lubrication, as shown in Figure 3.2 [68]. All
lubrication-related failures are colored in green and sum up to 80 %. The statistical data
shown in this figure is however not confined to bearings in electric machines but applies
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Figure 3.1: Fault distribution in induction machines [67]

to all bearings. In electric machines, more failures are caused by electrical current, but
exact incidence could not be found. Nevertheless, lubrication problems are likely the main
cause for bearing faults in electric machines as well. The key reason for failure in this
study, lubricant contamination, can be counted as ambient stress. The bearing currents
described in section 2.1.4 can also damage the bearing depending on their amplitude and
frequency of occurrence. Bearing faults have various effects on the operation of an electric
machine, but they are usually not immediately fatal. Point defects or increased rough-
ness of the bearing balls and raceways lead to increased vibrations of the rotor and more
friction in the bearing. Deteriorated lubricant can increase the friction of the bearing and
thus its temperature but will barely be noticeable in torque. When point defects become
too large, the bearing can no longer hold the rotor in place, leading to contact between
rotor and stator in the worst case.

The most critical electrical faults in electric machines are winding faults. They can be
caused by different factors that are mostly related to the aging of the winding insulation.
The root causes for winding faults, similar to most other electric machine faults, are the so-
called TEAM stresses, i.e., thermal, electrical, ambient, and mechanical stress [69]. High
winding temperatures and cyclic thermal stress lead to a rapid deterioration of the winding
insulation. These effects are covered in the most widely used models for the lifetime
estimation of electric machines [70]. Further, electrical stress, on the one hand from high
overvoltages on the phase windings due to, e.g., long motor cables, and on the other
hand from steep voltage slopes, can severely damage the winding insulation. Especially
when the machine is driven by an inverter with wide-bandgap (WBG) semiconductors,
these effects have to be considered in the design stage of the drive [71]. Ambient stress
is not a problem in most industrial applications. But when the machine is used in an
environment with high humidity, corrosive substances or overall high pollution, its lifetime
can be severely reduced [72]. Mechanical stress in the windings mainly occurs during
the assembly of the machine. It can be caused by incorrect or careless handling of the
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Figure 3.2: Root causes for bearing faults [68]

windings. During the operation of the machine, the windings are protected relatively
well inside the housing of the machine. Mechanical damage can however occur when
foreign objects enter the machine, or when the rotor hits the stator or due to vibrations
or strong current surges [73]. Winding faults usually start as small short circuits between
adjacent windings or a winding and the stator [74]. The excessively high current flowing
through the short circuit can quickly increase the local winding temperature and cause a
rapid fault progression. Winding faults lead to unbalanced phase inductances and thus
asymmetrical currents and unbalanced magnetic pull inside the machine. When a phase
winding is short-circuited to the stator, the machine has to be shut down immediately to
protect the inverter.

In the rotor of a squirrel-cage induction machine (SCIM), mainly two different fault types
can occur in the rotor, lamination short circuits and broken rotor bars (BRBs). The
rotor bars can break due to repeated thermal stress, unbalanced electromagnetic force,
vibrations, dynamic stress from shaft torque or centrifugal force, contamination, bearing
failure, or manufacturing problems [65]. Broken rotor bar faults aggravate slowly and
do not immediately cause a machine standstill. However, they cause torque and speed
oscillations, damaging other drive-train components. Thus, it is imperative to detect
incipient BRB faults early and start appropriate maintenance procedures.
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3.2 Evaluation of Classical Fault Detection Methods

A comprehensive overview of different fault detection methods is given in [75]. This
section evaluates three of them, namely motor current signature analysis, motor square
current signature analysis and principal component analysis. After a brief introduction
of these methods, the effect that bearing faults and broken rotor bars have on the fault
indicators F' are described and analyzed under different operating conditions. Significant
details of this section and section 3.3 were published by the author within the scope of
this work in [76]-[78].

3.2.1 Fault Detection Methods

MSCA and MSCSA are commonly used fault detection methods [79]. They are often
successfully applied in grid-connected machines with quasi-static operating points [80].
These two methods function similarly. In MSCA, the frequency spectrum of the phase
current is investigated [81]. Since the current signals are measured as real-valued discrete
time sequences, the discrete Fourier transformation is used to acquire the spectrum. In
applications where fast fault detection is required, the fast Fourier transformation can
increase the efficiency of the calculation of the spectrum.

Different faults can cause additional frequency components I ( fe.u¢) in the phase current of
an electric machine, which do not occur or have a lower amplitude in a healthy machine.
Fault indicators, i.e., numerical values that allow to estimate if a fault has occurred
and ideally how severe it is, are usually calculated by dividing the amplitude of one of
the fault-related frequency components by the amplitude of the fundamental component

I(fs)-

. |]<ffau1t)|
Fucsa = AR (3.1)

When the exact frequency components that are required for the fault indicator are known,
instead of the full spectrum, only the specific fault frequency components are calculated,
increasing the computational efficiency.

In MSCSA, the same type of analysis is conducted on the spectrum of the square of
the phase current. When the drive experiences low-frequency load torque oscillations,
additional frequency components occur in the phase current [82]. These frequency com-
ponents may overlap with fault-related frequency components and inhibit fault detection.
The spectrum of the squared phase current exhibits strong similarities to the instanta-
neous power spectrum presented in [83] and thus gives more information than the phase
current spectrum. Moreover, it only requires the measurement of the phase current [82].
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2
Frascsa = % (3.2)

Nowadays, more and more machines are driven by inverters due to the demand for high
dynamics and efficiency. These machines operate over a wider range of operating points
compared to directly grid-connected machines. Especially in mobile applications, where
highly integrated e-axles are often used, electric machines will be driven by inverters and
will be subject to a broad range of operating points.

PCA is often used for dimensionality reduction [84]. It extracts a set of orthogonal vectors
called principal components. In fault detection for SCIM, it can be used as a pattern
recognition method based on the Clarke transformation to obtain current patterns. For
further explanations on the Clarke transformation, c.f. [85]. In a healthy machine supplied
with perfectly sinusoidal currents, the « and 3 components of the phase current form a
circle centered around the origin. When a fault occurs, the amplitude of iy and g is
modulated by the characteristic fault frequencies [84]. First, the correlation matrix £ of
the current vector S is calculated as

E=5".5. (3.3)
Then, the corresponding Eigenvectors v and Eigenvalues A are calculated with
E-v=v-A\ (3.4)

The first two Eigenvalues \; and )y are constant and equal for a healthy SCIM. When
fault frequency components occur, they lead to a variation of the Eigenvalues over time.
In [84], this is used for broken rotor bar fault detection in a SCIM and [86] applies PCA for
bearing fault detection. Different properties of the Eigenvalues are analyzed depending
on the type of fault that is to be detected.

3.2.2 Bearing Faults

Bearing faults in electric machines come in different variations. The types of bearing faults
that are of most interest for fault detection are point defects and increased roughness of
the raceways and the bearing balls. While increased roughness leads to an overall increase
in vibrations, point defects excite very specific vibration frequencies that also translate to
the phase current [87]. The mechanical frequency with which a bearing ball passes over
the fault location can be calculated similarly to the cage speed of the bearing as

Ng

D
fm,BFo = Tfmech(1 - D_z COs 6) (35)
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for a fault on the outer raceway. For a fault on the inner raceway, the equation changes
as follows:

N D

fm.Bri = —Bfmech(l + =2 cos B). (3.6)
2 D,

When a fault occurs on one of the bearing balls, the frequency of occurrence is equal to

twice the spin frequency and can be expressed as

D

Dy,
m =P mech (1 — — . 3.7
f ,BFb Dbf h( Dp COs 5) ( )

Np is the number of balls, fieen is the rotor frequency, Dy, is the bearing ball diameter, D,
is the ball pitch diameter and (3 is the contact angle. These parameters are illustrated in
Figure 3.3. Every time a bearing ball passes over the fault location, a vibration is excited.
These incidents are also visible in the stator currents. The mechanical fault frequency
fm BF, therefore, translates to a frequency fgr in the current spectrum:

for = |fs £k fuprl, (3.8)

where f; is the fundamental frequency and k& = 1,2,3... is the harmonic index [87]. Note
that this is not the frequency of the vibration itself, which strongly depends on the
mechanical properties of the whole machine, but only the frequency of the occurrence of
these incidents, i.e., the frequency with which the vibration is excited.

Figure 3.3: Illustration of geometrical bearing parameters from equations (3.5) to (3.7)

These frequency components are used in MSCA and MSCSA to detect the presence of
bearing faults. In contrast, PCA is usually applied to the vibration signals instead of
current signals, requiring additional sensors [88].
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3.2.3 Broken Rotor Bars

Broken rotor bars give rise to additional frequency components in the phase current of
a SCIM. These frequency components are caused by the unsymmetrical rotor inductance
and by the resulting torque oscillations. They are described by the following equation:

k
fBRB = fs(]—j . (1 - S) + S), (39)

where f; is the fundamental frequency, s is the slip, p is the number of pole pairs and
k =1,2,3... is the harmonic index [80]. These frequency components can be directly used
in MSCA and MSCSA. For PCA, the relative peak-to-peak magnitude of the oscillation
of the first Eigenvector can be used for fault detection.

Foop = 2 ~ Ajmin (3.10)

/\j max

where \jmax and Ajnin are the maximum and minimum eigenvalues during the considered
time period. In [78], the value is around 0.04 for a healthy machine and around 0.08 for
a machine with one broken rotor bar. Accurate detection is possible after approximately
16 fundamental periods in one operating point, i.e., 1.6s in the study conducted in [78].
Both the classification limit for the fault indicator Fpca and the time required to reliably
estimate the state-of-health strongly vary with the operating point and the investigated
machine.

In the next section, the influence of the operating point and of the fault severity on BRB
fault detection is investigated. Figure 3.4 shows the configurations of broken rotor bars
that are investigated. They were chosen to emulate a fault progression starting from
a healthy machine. The half and three-quarter broken rotor bars in Figure 3.4a and
Figure 3.4b are incipient faults. For the emulation of fully broken rotor bars, the number
of broken bars is increased from one (c.f. Figure 3.4c) to four bars (c.f. Figure 3.4e) .
Finally, the influence of the arrangement of the broken bars is analyzed by placing the four
broken bars in groups of two bars located on opposite sides of the rotor (c.f. Figure 3.4f).
The faults were created by drilling holes into or through one or more rotor bars.

3.2.4 Test Bench

The fault detection methods presented in the previous sections are evaluated on a test
bench with a 5.5kW SCIM driven by an adapted version of the two-level SiC inverter
developed in [89], [90] and connected to a speed-controlled load machine. The inverter
of the load machine is connected to the inverter of the device under test (DUT) via a
dc-de-converter, thus allowing to circulate the energy needed for the operating point of
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Figure 3.4: SCIM cross section with investigated BRB configurations

the machine and only drawing the losses from the grid. The nameplate data of the DUT
is given in Table 2.1.

3.2.5 Influence of the Operating Point

As shown in [76], MSCA fault detection accuracy for broken rotor bars strongly depends
on the operating point. The frequency spectrum of the phase current of a SCIM with one
broken rotor bar under varying slip with a constant phase voltage is shown in Figure 3.6.
Figure 3.6a shows the full spectrum. The variation of the slip frequency from —0.5Hz to
0.5 Hz shifts some speed-dependent frequency components while the fundamental electri-
cal frequency and its harmonics naturally remain at the same frequency point. Figure 3.6b
shows the fundamental frequency and the peaks in the spectrum that are caused by the
BRB. With lower absolute slip, the amplitude of these peaks decreases. Furthermore, the
baseline of the spectrum increases near the fundamental frequency. These two effects com-
bined lead to a reduction in the difference of the fault indicator Fyicsa between a healthy
and a faulty machine for smaller slip values. For the healthy machine, Fyicsa increases for
small absolute slip values. For the machine with a broken rotor bar, it decreases. Thus,
broken rotor bar fault detection becomes less and less accurate with decreasing load and
is nearly impossible with MSCA for very small loads or in no-load operation.
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Load machine DUT

Inverter

Phase current probe

Figure 3.5: Test bench setup for the evaluation of fault detection algorithms

When looking at the fifth and seventh harmonics in Figure 3.6¢ and Figure 3.6d, there
are also BRB-related sidebands that can be used for fault detection. They are much less
affected by low slip values, and the baseline of the frequency spectrum is also much more
constant around the harmonics than it is around the fundamental frequency. However,
BRB fault detection around the fifth and seventh harmonics still suffers from poor per-
formance at very low load. Further investigations have shown a substantial variation of
these fault indicators depending on the phase current amplitude. Thus, they are not well
suited for fault detection under varying load conditions.

The strong variation of the fault indicator depending on the operating point is also an
issue with MSCSA and PCA, as shown in Figure 3.7. Here, the phase current and the
fault severity are varied. The measurements have been conducted at a constant speed
of 285rpm and a fundamental frequency of 10Hz, i.e., a slip of 0.05. An ideal fault
indicator would be constant over the phase current and would increase with increasing
fault severity. A possible fault indicator limit, above which a machine would be classified
as faulty, is marked with a black dashed line. A large difference between the healthy case
fault indicators marked in green and the fault indicators for the different fault severities
facilitates fault detection and classification. With the right choice of fault indicator, both
MSCA and MSCSA allow the detection of incipient faults starting from a 1/2 broken rotor
bar, depending on the phase current. Fault severity estimation is however difficult since
the case with one broken rotor bar has led to the highest fault indicator values.

PCA, on the other hand, gives no clear indication of fault severity. The fault indicator
strongly varies with the phase current amplitude. For low phase currents, fault detec-
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Figure 3.6: Phase current spectrum of a SCIM with one broken rotor bar

tion and classification are not possible. For higher phase current values, a suitable fault
indicator limit can be found to at least detect a fully broken bar and more severe faults.

To investigate the influence of the slip, the measurements are repeated at a constant speed
of 295 rpm and a fundamental frequency of 10 Hz, i.e., a slip of 0.017. Here, the picture
looks very different. Incipient faults can no longer be reliably detected. Fault indicators for
different states-of-health overlap, making an unambiguous fault classification impossible.
While all three fault indicators exhibit a trend of increasing with increasing fault severity,
reliable fault detection is only possible with MSCA and MSCSA and for fully broken bars.
For PCA, no clear limit for a fault indicator can be set that reliably separates healthy
and faulty machines.

Thus, classical fault detection methods are unsuitable for applications with a wide range
of operating points. Whether the problem of unreliable fault detection in low-load op-
erating points is actually a problem strongly depends on the operating strategy. As
already discussed in section 3.1, broken rotor bars usually take some time to develop and
worsen. Thus, it might be sufficient to only apply the fault detection algorithm in high
load operating points or to shift the electrical operating point of the machine to higher
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Figure 3.7: MSCA, MSCSA and PCA fault indicators under varying phase voltage and
state-of-health at 285 rpm and 10 Hz

slip by reducing the flux for short periods, e.g. for 1s every 10min. Still, for reliable
fault detection, relatively long current samples are required to achieve the necessary fre-
quency resolution. If the operating point varies too much during the acquisition time, the
spectrum will blot out, and fault detection will be inhibited as well [79].
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Figure 3.8: MSCA, MSCSA and PCA fault indicators under varying phase voltage and
state-of-health at 295 rpm and 10 Hz

3.3 Combination of Classical Fault Detection Methods
and Al-based Methods

To overcome the limitations of classical fault detection methods, the fault detection thresh-
olds have to be adapted depending on the operating point. One way to achieve this is to
use machine learning methods. Machine learning methods excel at classification tasks and
are thus well suited for fault detection and even fault severity estimation. The literature
shows that classifiers based on a k-nearest neighbor (k-NN) algorithm or an artificial neu-
ral network (ANN) can accurately classify BRB faults in induction machines [91]. Several
studies have also achieved promising results using a support vector machine (SVM), which
is a supervised learning model suited for non-linear classification [92]-[96]. However, in-
terpreting the diagnosis results obtained by ANNs is not easy when dealing with complex
problems such as fault detection in electrical drives [91]. Besides, training ANNs usually
takes considerable time.

Table 3.1: Features used for k-NN-classification
Method Features

MCSA Isvosas hsbmcesa, Trsbmosa, SFisbMcsAs S Frsh,MCSA,S
MSCSA I mscsas DisbMscsa, Lrsb,mscsa, SFispmscsa, SFrshMscsa,s

Therefore, this thesis proposes to combine MSCA and MSCSA fault indicators with a
k-NN algorithm to estimate broken rotor bar fault severity in an induction machine in
the whole operating range. The features that are used for fault detection are listed
in Table 3.1. I5mcsa/mscsa, fisbmcsa/mscsa, Lisbmcsa/mscsa are the magnitudes of the
fundamental component, the first left and the first right sideband components in the
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current spectrum and the squared current spectrum, respectively. S Fig, mosa/mscsa and
SFigpMmosa/mscsa are the ratio of I to Iy, and Iy, respectively, similar to the fault indi-
cators from equations (3.1) and (3.2). These features were selected due to their successful
application in earlier studies on BRB detection in inverter-fed induction machines [97],
[98]. They are applied to measurement data from an induction machine with the differ-
ent manifestations of broken rotor bars shown in Figure 3.4 in combination with three
different classification algorithms.

The features were extracted from a data set of 840 measurements with one healthy machine
and the six broken rotor bar conditions illustrated in Figure 3.4. The measurements were
conducted at four different supply voltages (20 V, 30V, 40V, and 50 V) and three different
slip values (0.0167, 0.0333, and 0.05) at a fundamental frequency of 10 Hz. Taking all
three phase currents into consideration, this leads to 360 data points per state-of-health.
For the training of the different algorithms, a random selection of 48 data points per
state-of-health is used as test data. The remaining 312 data points are used for training
and validation in the MATLAB® classification toolbox. Five-fold cross-validation is used
to evaluate the performance of different classifiers. In every training and testing iteration,
multiple classifier models are trained with the same four randomly chosen subsets, and
then validated with the remaining subset.

Table 3.2: Performance evaluation of the investigated classifiers under various feature
selection schemes

Average accuracy in %

Feature selection schemes Fine Gaussian Weighted Subspace
SVM k-NN k-NN
MSCA features 76.5 80.1 92.3
MSCSA features 62.8 65.6 87.4
MSCA + MSCSA features 70.7 71.3 96.4
MSCA + MSCSA features + slip 73.2 74.6 97.4

MSCA + MSCSA features + slip

(with dimensionality reduction using PCA) .8 BLT 96.2

Table 3.2 shows the classification performance for different combinations of features and
classification algorithms. The SVM approach only leads to poor classification accuracy
when compared to k-NN, regardless of the choice of input parameters. In subspace k-NN,
the training data are divided into random subsets to reduce correlation and increase the
fault classification accuracy. A subspace k-NN algorithm with £ = 30 and six subspaces,
combined with MSCA and MSCSA fault indicators, fundamental current amplitude, and
information on the slip leads to the highest classification accuracy of 97.4 %. When using
PCA for dimensionality reduction and reducing the number of inputs from eleven to five,
the average classification accuracy is reduced to 96.2 %. When looking at the overall fault
detection accuracy, i.e., how many faulty machines are classified as faulty, the average
accuracy increases to 98.2 %. The confusion matrix shown in Table 3.3 shows that mostly
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incipient faults like a 3/4 broken rotor bar are falsely classified as healthy, while more
severe faults are classified accurately.

Table 3.3: Confusion Matrix for the developed classification algorithm

Classification result Correct Wrong
0 1/2 3/4 1 2 4 2.2
0 B% | 1% | 5% 1% 93 % 7%
1/2 1% [ 98% | 1% 98 % 2%
% 3/4 4% 96 % 96 % 4%
s 1 99% 1% 9% | 1%
= 2 1% 1% [ 98% 98 % 2%
4 9% | 1% 99 % 1%
2.2 1% [99% 99 % 1%

The training time of the different evaluated algorithms depends on the classifier type and
the number of selected features and data points for training and validation. Overall, the
training of the SVM and weighted k-NN-based classifiers took less than 20s, while the
training of the subspace k-NN classifier took approximately 50 s on a standard computer.
The subspace k-NN provides an efficient and precise diagnosis and reduces misinterpre-
tation of fault indicators as shown in section 3.2.5.

3.4 Bearing Diagnosis from Shaft Voltage

This section focuses on the detection of EDM events in electric machines. The funda-
mentals of EDM currents are presented in section 2.1.4. EDM events in rolling element
bearings can be detected in the shaft voltage [49]. When a full bearing breakdown occurs,
the shaft voltage is reduced to zero. Since the shaft voltage is coupled to the common-
mode (CM) voltage via the bearing voltage ratio (BVR) (c.f. equation (2.8)), it is usually
not zero in a machine driven by a two-level inverter. Furthermore, the shaft voltage should
only change when the CM voltage changes, since the two voltages are capacitively cou-
pled. The measurements in section 2.2.9 show that the shaft voltage cannot be calculated
only from the CM voltage but is actually composed of the CM voltage and the neutral
point voltage. However, the BVR can be used as a first guess and the CM voltage is often
more easily accessible than the neutral point voltage. Note that the BVR is no longer
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valid after a breakdown event. The voltage at the instant of the breakdown vg(tgpym) is
subtracted from the shaft voltage and acts as an offset from the BVR. Equation (2.8)
thus has to be adapted as follows:

C
uB(t) = vem(t) - G— OVI: e > vs(tepwa)- (3.11)

In order to facilitate the detection of breakdown events in the bearing voltage, the voltage
waveform is segmented into time periods between switching events in any of the three
phases. The switching events are detected from the CM voltage and are marked in
Figure 3.9. The dashed lines mark the switching events and the numbers correlate to
the segments. In segment one, a partial breakdown and a full breakdown occur. In
the second and third segment, the lubricant film withstands the applied voltage. In the
fourth segment, there is another partial breakdown followed by a full breakdown. In the
fiftth segment, the lubricant film again withstands the voltage. In the sixth and seventh
segments, the lubricant film breaks down immediately during the switching event and the
voltage stays at zero volts.
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Figure 3.9: CM voltage and shaft voltage with marked switching events and segments

The algorithm for the breakdown detection is illustrated in Figure 3.10. First, a bearing
voltage waveform is read. Then, the switching events are detected and are used to segment
the waveform into the seven previously introduced switching periods. Since the amplitude
of the shaft voltage can only increase during a switching event and is zero after a full
breakdown, only one full breakdown can occur in each segment. The following steps are
conducted for each segment of the voltage. When the average voltage in the switching
period is below a certain threshold, in this case 0.2V, a breakdown has occurred at the
beginning of the segment. If the voltage is above the threshold, the mean voltage of the last
20 samples is calculated. If it is below the threshold of 0.2V, a breakdown has occurred
somewhere in this segment. The algorithm then moves the sampling window backward
until the short-time average is again over 0.2V. This is the approximate instant where
the lubricant film has broken down. Then, the algorithm searches the maximum dvs/d¢ in
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the surrounding 100 samples. This point is defined as tgpm, the exact instant where the
lubricant film has broken down. If the mean voltage over the last 20 samples is above the
threshold, no breakdown has occurred in this segment.

( A

Read vp

Segmentation l 'j

Yes
Mean < 0.2V trpy = 0
Go back until
Yes
Last 20 samples breakdown
is found
v
No breakdown tgpm found
Look for

partial breakdowns

Figure 3.10: Algorithm for breakdown detection

While only one full breakdown can occur in one segment, multiple partial bearing voltage
breakdowns may occur. Thus, when either no full breakdown has occurred in one segment,
or the breakdown has not occurred directly at the beginning of the segment, the segment is
scanned for additional partial breakdowns. Figure 3.11 shows the derivative of the bearing
voltage dvs/da: and the limits that are used for partial breakdown detection. The limits are
the sum of the standard deviation of dus/da: and 10 % of the derivative of the CM voltage
dvem/ar and 10 % of the derivative of the neutral point voltage don/ds. dvem/dr and don/ar are
included to avoid false positives near the switching instants. When a full breakdown has
occurred within a segment, but not at the beginning, as is the case in segment one of the
waveform shown in Figure 3.9, the algorithm searches for partial breakdowns between the
beginning of the segment and the instant of the full breakdown tgpy. Otherwise, it checks
the full segment. At approximately 23 ps, dvs/ds crosses the limits and a partial bearing
breakdown is detected. The second crossing of the limit at 29 ps is the full breakdown.
Both these events can also be seen in Figure 3.9.
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Figure 3.11: Shaft voltage derivative and limits for partial breakdown detection

The algorithm checks, if at any points in between the beginning of the segment and
either the full breakdown or the end of the segment, dvs/da: crosses the limits. When that
is the case, the algorithm checks if the voltage amplitude is lower after the breakdown
to remove false positives. When this condition is met as well, the algorithm has found
a partial breakdown. Finally, it loops through all partial breakdown events and returns
markers at the highest dv/d: in their close proximity, thus returning the exact time instants
of the partial breakdowns.
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Figure 3.12: Algorithm for breakdown detection
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3.5 Fault Detection from Axial Flux

Axial stray flux strongly disturbs the bearing current measurements conducted in this
thesis. As already discussed in section 2.3, these disturbances can be suppressed using
a high-pass filter. However, as demonstrated in [57], the axial flux can also be used for
condition monitoring of a SCIM. Only the low-frequency part of the spectrum up to 2kHz
is needed for this. With the bearing current samples collected for the measurements in
chapter 4 on the test bench presented in section 4.1, a frequency resolution of 5Hz is
achieved. While this resolution is far from optimal, it still allows the detection of some
fault frequency components. Table 3.4 shows the expected fault frequencies for a bearing
fault and a broken rotor bar calculated from equation (3.8) and equation (3.9) rounded
to 5 Hz.

Table 3.4: Frequency components for an outer raceway fault and a BRB, rounded to

5Hz
Fault Type Frequency
k 1 2 3 4 )
Outer raceway fault 130Hz 210Hz 290Hz 370Hz 450Hz
BRB 25Hz 50Hz 75Hz 100Hz 125Hz

Figure 3.13 shows the spectrum of the measured bearing current, i.e., the disturbances
from axial stray flux. The spectrum from the healthy machine clearly shows the fun-
damental component at f = 50Hz and the rotor slot harmonics at f = 640Hz. The
spectrum from the machine with the bearing fault does not show any of the expected
fault frequency components. In this measurement, the bearing fault can thus not be de-
tected from the axial stray flux. The spectrum from the machine with the broken rotor
bar, however, exhibits prominent peaks at the expected frequency components, proving
that the disturbances from axial flux in the bearing current measurement can be used for
fault detection.

72



3.6 Summary

101 :
—— Healthy
f —— Bearing fault
10~ b J )\ Broken rotor bar | |
\

H
3
w

b NDE 111 A
//

// \
WVWWW/ WWWNMW% aa W’

—

3
o
T

|

| | | | | | | | |
0 100 200 300 400 500 600 700 800 900 1000
Frequency in Hz

Figure 3.13: Low-frequency spectrum of the measured bearing current

3.6 Summary

This chapter has given an overview of the most common fault types in SCIMs. Then,
three fault detection methods, namely MSCA, MSCSA and PCA have been introduced
and their suitability for application in machines with varying operating points has been
assessed. Especially at low load, their fault detection capability is lacking. To overcome
these shortcomings, they have been combined with a k-NN algorithm and additional
information about the operating point. Thus, a fault detection accuracy of 98.2% and
a fault classification accuracy of 97.4% could be reached. Then, an algorithm for the
automatic detection of EDM events and partial bearing voltage breakdowns from the
bearing voltage was presented. Finally, it was shown that the axial stray flux that disturbs
the bearing current measurements conducted in chapter 4 can be used for the detection
of broken rotor bar faults.
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4 Evaluation

In this chapter, parasitic effects in an electric machine are measured and evaluated. First,
the measurement setup and the measurement conditions are presented. Then, an evalu-
ation of the bearing voltage ratio (BVR), of electric discharge machining (EDM) events
and of partial bearing breakdowns is conducted on a healthy machine. Finally, the same
evaluation is conducted on two faulty machines, one with a bearing fault and one with
a broken rotor bar, assessing the influence of these faults on the parasitic effects in an
electric machine.

4.1 Measurement Setup

This section describes the main measurement setup used to validate the models, effects
and fault detection methods described in the previous chapters. The setup consists of an
inverter, a voltage source and an electric machine that is referred to as device under test
(DUT) in this work. For this evaluation, no external load machine is connected to the
DUT, i.e., it is operated under no-load condition. This way, it is guaranteed, that the
shaft voltage and bearing current in the electric machine, are caused by the connected
inverter and do not stem, e.g., from the inverter of a connected load machine.
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Figure 4.1: Equivalent of the setup for bearing voltage and current measurement
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The measurement setup is shown in Figure 4.1, where the voltage source vq. is located
on the left. The dc link of the inverter is split and balanced passively with resistors. The
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midpoint of the dc link is used as a reference potential for all measurements and is directly
connected to the stator. A PWM generator that generates the switching pulses based on
sine-triangle modulation controls the inverter. The current in one phase i}, is measured
with a Keysight N2783B current probe [99]. The common-mode (CM) current icy, the
driven end (DE) bearing current i, pg and the non-driven end (NDE) bearing current
innpE are measured with PMK UltraMiniHF Rogowski coils [61]. The shaft voltage is
measured using a voltage probe with a carbon brush from Electro Static Technology [34].
A photo of the test bench is shown in Figure 4.2.
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Shaft voltage probe DUT 7 ogowski coi Inverter
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Figure 4.2: Test bench setup for the evaluation

Three different states-of-health are investigated: a healthy machine, a machine with a
bearing fault and a machine with a broken rotor bar. Since the bearings are attached
to the rotor, only the rotor of the machine is swapped while the stator remains the
same. This is done to reduce the influence of parameter variations in the stator and to
reduce errors caused by disconnecting and reconnecting the measurement devices. The
only measurement devices that have to be reattached after exchanging the rotor are the
Rogowski coils inside the machine and the shaft voltage measurement.

For each operating point and state-of-health, 35 consecutive measurements are conducted.
Three of them have a duration of 200 ms, allowing to investigate long-term effects in the
bearing currents and voltages and to analyze the spectra of 41, icy and 7, with a frequency
resolution of 5Hz. The other 32 measurements are short time measurements with a
duration of 1 ms that allow investigating high-frequency effects more efficiently. As already
discussed in section 2.3, the bearing current is subject to low-frequency disturbances that
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4.2 Investigations on a Healthy Machine

likely stem from axial stray flux in the machine. To remove these disturbances, the bearing
current is high-pass filtered with a corner frequency of 9kHz. The filtered current is used
for all analyses and waveforms shown in this chapter.

4.1.1 Measurement Conditions

The measurements in this chapter are conducted under a specific set of operating pa-
rameters in order to ensure comparability. The dc-link voltage is varied from 100V to
400V and the fundamental frequency of the voltage applied to the machine is varied from
5Hz to 50 Hz, resulting in a no-load speed from 131rpm to 1475rpm. The switching
frequency is constant at 10 kHz and the modulation index is varied so that the amplitude
of the current flowing in the machine is similar for all investigated operating points. The
modulation indices for the different operating points are given in Table 4.1.

Table 4.1: Modulation indices at the investigated operating points
Frequency  Speed | 100V 200V 300V 400V
5Hz 131 rpm 9% 45% 3% 225%
10Hz 281rpm | 18% 9% 6%  4.5%
20 Hz 581rpm | 36% 18% 12% 9%
30 Hz 80rpm | 54% 27% 18% 13.5%
40 Hz 1173rpm | 2%  36% 24% 18%
50 Hz 1475pm | 90% 45% 30% 225%

4.2 Investigations on a Healthy Machine

This section describes the investigations that are conducted on the healthy DUT. First,
the bearing voltage ratio is calculated and analyzed in detail. Then, the occurrence
EDM events and of partial bearing breakdowns is analyzed with respect to the operating

point.

4.2.1 Bearing Voltage Ratio

In this section, BVR, i.e., the ratio of the CM voltage to the shaft voltage, is analyzed
for the different investigated operating points of the healthy machine. It is calculated
analogously to the approach shown in section 3.4 by dividing the voltage waveforms into
segments between the switching events. When no breakdown has occurred in a segment,
it is eligible for BVR calculation. Due to the capacitive coupling between CM voltage and
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shaft voltage, the voltage of the previous segment has to be taken into account as well.
The average BVR for segment ¢ with the duration 7; is then calculated as follows:

BVR(i) = i / v;);gg :%(Zj)l)dt (4.1)

Quantities with a line over them are average quantities. The average BVR for one mea-
surement is then calculated by weighting the average BVR for each segment with the
segment length. As an example, the waveforms of the bearing voltage vg and the CM
voltage vey and the star point voltage vgrp scaled with the average BVR over all mea-
surements are shown in Figure 4.3. Most of the time, the BVR is a good fit, but it is
not suited for an exact calculation of the shaft voltage waveform. When multiplying the
BVR with the neutral point voltage instead of the CM voltage, the waveform matches
well and especially the steepness and the peak values are reproduced much better than
when multiplying it with the CM voltage, as is usually done. An even more precise calcu-
lation of the bearing voltage can be achieved by multiplying the CM voltage and the star
point voltage both with the BVR and a weighting factor. However, the exact distribution
between vy and vsrp strongly depends on the winding configuration of the machine,
therefore using the star point voltage as an estimate is a reasonable alternative requiring
much less knowledge about the machine.
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Figure 4.3: Shaft voltage and scaled CM voltage at 200 V and 1475 rpm

Figure 4.4 shows the average BVR for different rotor speeds and dc-link voltages. The
average BVR for the healthy machine is 2.54 %. This value is also used in Figure 4.3. The
reduced BVR at Vpc = 400V over the whole speed range and at w = 130 rpm over the
whole dc-link voltage range is due to the high number of EDM events in these operating
points.
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Figure 4.4: Average bearing voltage ratio for different speeds and voltages

Finally, Figure 4.5 shows the maximum bearing voltage for each investigated operating
point of the healthy machine. The values that can be calculated by multiplying the
maximum star point voltage with the average BVR of 2.54 % are marked with the dashed
lines, where the colors correspond to the respective dc-link voltage. Note that it cannot
necessarily be calculated directly from the BVR, since when a breakdowns occurs, an
offset is added to the BVR (cf. equation (3.11)). This can lead to a lower ratio between
maximum bearing voltage and maximum CM voltage, when breakdowns occur so early
that the bearing voltage cannot fully build up. Alternatively, it can lead to a higher
maximum voltage, e.g., when a breakdown occurs and vg is negative and no breakdown
occurs in the following segments where vg and vey become positive. The dashed line in
Figure 4.5 correspond to the maximum bearing voltage when no breakdowns occur. Due
to the breakdowns in the bearing, the bearing voltage reaches values that are up to twice
as high as can be expected from the BVR.

4.2.2 Electric Discharge Machining Events

EDM bearing currents can deteriorate the surface of a bearings raceway and rolling ele-
ments [100]. This section analyzes EDM events, i.e., full breakdown events in the bearings.
Figure 4.6 shows voltage and current waveforms during an EDM event. At t = 51.5 s,
the bearing lubricant film breaks down and the bearing voltage vg drops to nearly zero
volts, as illustrated in Figure 4.6a. The DE and NDE bearing currents are shown in Fig-
ure 4.6b. The peak in ¢, pg is much higher than in 4, xpg, indicating that the EDM event
occurred in the DE bearing. During the EDM event, a peak current of more than 200 mA
flows. Together with the breakdown voltage of approximately 6.5V, a bearing apparent
power (BAP) of 1.3 VA is calculated. According to the investigations conducted in [20],
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Figure 4.5: Maximum measured bearing voltage and expected value from the BVR

this is far from harmful for the bearing. Note that the waveforms shown in Figure 4.6 are
recorded at the maximum dc-link voltage of 400V, so the bearing voltage, and thus the
BAP, is already higher than what can be expected for lower dc-link voltages.

In order to assess, whether EDM events inside a bearing can also be detected in the
CM current, Figure 4.6¢ shows the CM current during the EDM event. The timescale is
different from the previous waveforms to focus on the breakdown event itself and omit the
switching events that can also be seen in Figure 4.6a and Figure 4.6b. This is necessary
due to the high amplitude of the CM current during the switching events of up to 5A.
Nevertheless, there is no recognizable peak at the instant of the breakdown, which is
marked with black dashed boxes in Figure 4.6. The CM current is also analyzed during
other breakdown events but no recognizable current peaks can be found. One reason
could be that the sensitivity of the Rogowski coil used to measure iy is too low. The
silicon carbide (SiC) metal-oxide semiconductor field-effect transistors (MOSFETS) in the
inverter achieve high voltage slopes up to 40 V/us. Since the amplitude of the CM current
is proportional to dvem/a; during switching, and the voltage slope is much steeper than in
silicon (Si)-based inverters, icy is much higher here than in other publications using Si-
based inverters [101]. The amplitude of the bearing current and the CM current during
an EDM event, however, only depends on the machine characteristics and the bearing
voltage. Thus, the signal-to-noise ratio might not be sufficient to capture both the peaks
of the CM current and current peaks during breakdown events.

Figure 4.7 shows the number of EDM events per ms under different rotor speeds and
dc-link voltages. The mean over three consecutive measurements, with a duration of
200 ms, each is shown. The distribution of the number of EDM events over the 32 shorter
measurements is shown in the appendix in Figure A.8. The number of EDM events is
relatively low at low dec-link voltages and only increases at a dc-link voltage of 400 V. The
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Figure 4.6: Voltage and current waveforms during an EDM event

rated voltage of the machine is 400 V, but it is not specifically designed for operation with
an inverter. At low rotor speed, the number of EDM events is high and above 600 rpm,
it decreases below 101/ms. This is due to the low lubricant film thickness at low speed, as
shown in Figure 2.4.

When looking at the amount of time spent in breakdown, shown in Figure 4.8, it is visible
that with increasing speed, the time spent in breakdown is reduced. This correlates with
the lubricant film thickness shown in Figure 2.4. At low speed, the lubricant film is thin
and the maximum voltage it can withstand is thus low. At higher speed, it can withstand
higher voltage, since its thickness increases. From 100V to 300V dc-link voltage, no clear
increase in breakdowns is visible. At 400V dc-link voltage however, the amount of time
spent in breakdown is increased. This means that the bearing breaks down more often or
earlier in the switching period.

Figure 4.9a shows the distribution of the breakdown voltage over all recorded EDM events.
Note that EDM events that occur at the beginning of a switching segment and where
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Figure 4.7: Number of EDM events per ms for different dc-link voltages and speeds
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Figure 4.8: Percentage of time spent in breakdown for different dc-link voltages and
speeds

a breakdown has already occurred in the previous segment are excluded here. Since
this applies to more than 80 % of all EDM events and the breakdown voltage is zero
in that case, including these EDM events would inhibit the clarity of Figure 4.9a. The
highest recorded breakdown voltage is 11.4 V, but most breakdowns occur at a much lower
voltage.

The BAP is introduced in [20] as a simple indicator on how harmful an EDM event (or any
current passing through a bearing) is for the bearing. Figure 4.9b shows the distribution
of the BAP over all EDM events. Most breakdown events are below a BAP of 0.2 VA and
even the most severe EDM that occurs over the course of all measurements in the healthy
machine do not surpass 5.8 VA. Since the limit, above which EDM events reduce the
lifetime of a bearing is 20 VA, it can be concluded that even though many EDM events
occur, they do not harm the bearing and are not detrimental to the lifetime of the DUT.
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Figure 4.9: Distribution of breakdown voltage and BAP over all recorded EDM events

The BAP [20], similar to the apparent bearing current density [6], are both strongly
influenced by the peak value of the bearing current. As already discussed in section 2.1.4,
the total energy that is dissipated in the bearing in the case of an EDM event mostly
depends on the bearing voltage. Assuming that the electrical time constant of the bearing
discharge is much smaller than the thermal time constant of the bearing, the breakdown
energy directly correlates with the temperature that the material reaches at the instant
of the EDM event. Since the bearing capacitance can vary by more than 50 %, as shown
in section 2.2.8, depending on the ratio between the rotor-to-stator capacitance Crg an
the bearing capacitance Cg, the amount of energy dissipated in an EDM event can also
vary significantly. Especially in small machines with a larger air gap, such as the DUT,
the ratio between Crg and Cy can be small. In integrated e-axles, however, interior
permanent magnet machines are often used. Since they require a small air gap to achieve
high reluctance torque, Crg will be relatively high when compared to Cg. The variation
of Cp will thus have little influence on the bearing voltage and on the BAP.

4.2.3 Partial Bearing Breakdowns

As already shown in Figure 3.9, besides the full breakdowns that occur in the measure-
ments and that have been investigated in several publications (among others [13], [100]),
partial breakdowns can occur. In a partial breakdown, the voltage does not fully break
down to zero but is only reduced. Figure 4.10 shows such a partial breakdown event.

In Figure 4.10, both a partial breakdown and an EDM event, meaning a full breakdown,
occur. At tpg = 24.1ps, the bearing voltage shown in Figure 4.10a drops from 7.6V to
6.5V, before dropping to nearly zero at tgpy = 27.3ps. The bearing current is shown
in Figure 4.10b. Both during the partial breakdown and during the full breakdown, a
current peak can be observed. The current in the partial breakdown is much lower than
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Figure 4.10: Voltage and current waveforms during a partial breakdown followed by a
full breakdown

the current during the EDM event, but is still larger than the capacitive bearing current
during switching at ts, = 4pus. Figure 4.10c shows the CM current. The time scale is
again adapted, so that the focus is on the partial breakdown and the EDM event and the
switching event is omitted. Similarly to Figure 4.6c, no impact of the partial breakdown
or the EDM event can be seen. Finally, Figure 4.10d shows the star point and the CM
voltage. Here, no voltage drop can be observed at tpg, proving that the measured partial
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breakdown is not simply a voltage drop in vey or vgrp that is capacitively coupled to
UB.
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Figure 4.11: Number of partial breakdowns per ms for different dc-link voltages

Next, the influence of the dc-link voltage and the rotor speed on the occurrence of partial
breakdowns is investigated. Figure 4.11 shows the number of partial breakdowns per ms.
When compared to Figure 4.7, it can be seen that partial bearing breakdowns are much
rarer than full breakdowns. In the conducted measurements, they occur most often at a
dc-link voltage of 300V and at higher rotor speeds.

Figure 4.12a shows the distribution of the voltage drop over all recorded partial breakdown
events. Most partial breakdowns lead to a voltage drop between 0.6V and 0.8 V. The
lower number of recorded partial breakdowns with a lower voltage drop can be due to the
fact that their detection is more difficult since a lower voltage drop usually goes hand in
hand with a lower dvs/a¢ (cf. section 3.4).
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Figure 4.12: Distribution of breakdown voltage and BAP over all recorded partial bear-
ing breakdowns

Finally, Figure 4.12b shows the distribution of the BAP over all recorded partial break-
down events. As already expected from the BAP of the EDM events, the BAP of the
partial bearing breakdowns is far below the limit of 20 VA and, thus, not harmful for the
bearing.
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One possible explanation for the partial breakdown event could be that the carbon brush
that is used to measure the shaft voltage is not always perfectly connected to the shaft.
When a switching event occurs, the probe voltage and the bearing voltage would then
drift apart. However, since the probe capacitance would form a capacitive voltage divider
with the coupling capacitance between shaft and probe, as illustrated in Figure 4.13, the
measured voltage would have to be lower than the actual shaft voltage. When contact
is restored the absolute value of the measured voltage would thus increase to match the
actual bearing voltage. Thus, an unstable contact between probe and shaft could only
explain a voltage step that increases the amplitude and not a partial breakdown event as
illustrated in Figure 4.10.

T i
’UBl

I OCouple

UMeas C’Probe

Figure 4.13: Capacitive coupling of an unconnected probe

A second possible explanation stems from the distributed bearing model shown in Fig-
ure 2.13. When only the lubricant film between one of the raceways and a bearing ball
breaks down (e.g. the capacitance between a bearing ball and the inner raceway Cp 1) and
the voltage over the other parasitic capacitance (in this case the capacitance between the
bearing ball and the outer raceway Cp o) is not large enough for it to break down, only
a part of the bearing capacitance is discharged. The voltage drop can be estimated from
the dissipated energy. It strongly depends not only on the capacitance that has broken
down, but also on the surrounding capacitances (namely the rotor-to-stator capacitance
Crs and the winding-to-rotor capacitance Cwr). Usually, CRg is larger than the bearing
capacitance Cp and therefore also much larger than Cg;. Assuming Cp; = Cpo, the
energy that is dissipated in the partial breakdown is equal to

1 v
FEpp = 5 (73)2 - Cpy1. (4.2)

The energy stored in the surrounding capacitances is equal to

1
Eiotal = 2 <U132 - (2Cg + Crs) + (vem — UB)QCWR>- (4.3)

Substituting vey from equation (2.8) leads to
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Etotal =

N | —

2Cg + Crs + C 2
(UBQ . (2013 —+ CRS) + ( B C\P;/SR WR’UB — UB) CWR)

2

:%(2CB+CRS+CWR~<

2C + Crs + Cwr — OWR>
CWR

= UBQ (20]3 + CRS) . (44)

To estimate the range of the voltage drop due to the partial breakdown, two scenarios
are compared. A bearing with eight rolling elements is analyzed. It is assumed that the
bearing capacitance only consists of the ball-to-raceway capacitances. In scenario one that
is unfavorable for a high voltage drop, the ball-to-raceway capacitances are distributed
evenly, i.e., Cp1; = Cp,oi; = ©8/4. Furthermore, Crg is assumed to be ten times larger than
Cg [6]. The relative difference between the bearing voltage before the partial breakdown
and after the partial breakdown Agqvp can be calculated from the difference in energy
stored in the parasitic capacitances as

ARel/UB =1- M =1 2C'B + CRS — CB,I/4
Etotal QOB + CRS
2Cp + 10Cp — CB/16
\/ 2C5 + 105 ¢ (4.5)

Under these unfavorable conditions, the voltage drop is below 36 mV, assuming that the
partial breakdown occurs at the maximum recorded bearing voltage of 14 V. In scenario
two that is favorable for a high voltage drop, it is assumed that the ball-to-raceway
capacitances are distributed unevenly. The capacitance, in which the breakdown occurs,
is seven times as high as the other ball-to-raceway capacitances. The relation between
Cp and Cgy can then be calculated as

_ 7Cp 1 . CB.Imax _

C = CB 1 max- 4.6
B 5 5 B/, (4.6)
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Additionally, Cgg is assumed equal to Cg. The relative voltage difference is then calculated
as

Agavg = 1 —

1 2Cg + Crs — CB,I/4
B 2Cg + Chrs

= 4.3%.

_C
_1_ \/20}3 -+ CB B/4 (47)

20 + Cp

Even though the conditions are chosen favorably for a large bearing voltage drop in
scenario two, with large, very unevenly distributed bearing capacitances and a small Cgg,
the calculated voltage drop is still below 5%. Even at the maximum recorded bearing
voltage of 12.9V, this leads to a bearing voltage drop of 0.6 V. However, Figure 4.12a
shows that 65 % of partial breakdown events exhibit an even larger voltage drop. Even
when assuming that all rolling elements in one bearing are electrically connected via the
cage, the calculated maximum voltage drop only increases to approximately 1.1V, still
leaving approximately 30 % of partial breakdowns unaccounted for.

For a third possible explanation, the behavior of the partial breakdowns is analyzed in
more detail. For this part, only the measurements at w, = 1475rpm are considered.
The maximum d4v/d: of the EDM events analyzed in the previous section and of the par-
tial breakdowns is plotted in Figure 4.14 over the initial voltage before the breakdown
VB (t < tprear), Over the voltage level after the breakdown vg(t > tyreax) and over the volt-
age drop during the breakdown Awg, to assess with which of these variables it correlates

the most.

200 H

Full breakdowns
Partial breakdowns

d '“B/df, in V/ns

100 -

5 10

VB (t < tbrcak) inV

200

Ch’B/dt in V/ns

100

I
Full breakdowns
Partial breakdowns

SIS Ble % © |
2 4 6 8
UB (t > tbrcak) inV

d'UB/dI, in V/ns

200 H

Slow breakdowns
Fast breakdowns
Partial breakdowns

100 - / ke

Avg in V

10

(a) Voltage before breakdown (b) Voltage after breakdown (c) Voltage difference

Figure 4.14: dvs/a; over voltage before breakdown, after breakdown and voltage differ-
ence

Figure 4.14a shows dvs/da: over the bearing voltage before the breakdown. The EDM events
are marked in blue and the partial breakdowns are marked in green. Three overall trends
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can be recognized. While partial breakdowns occur at nearly all voltage levels, they exhibit
much lower maximum voltage slopes than full breakdowns. Furthermore, there seem to be
two categories of full breakdowns. For the bulk of the breakdowns, dvs/d: is proportional to
the bearing voltage at the instant of the breakdown vg(t < tpreak). Additionally, high-dv/a:
breakdowns with low initial voltage appear in the left side of Figure 4.14a.

Figure 4.14b shows dvs/da: over the bearing voltage after the breakdown. Naturally, all
full breakdowns are located on the left side of Figure 4.14b, since the voltage after a full
breakdown is low. Partial breakdowns are located again at the bottom of the figure, and
no clear correlation between dvs/ar and the voltage level, at which the partial breakdown
settles, is recognizable.

Finally, Figure 4.14c shows dve/a: over the breakdown voltage drop, i.e., the difference
between the voltage before and after the breakdown. For the full breakdowns, this
is similar to Figure 4.14a, since the voltage after the breakdown is low and therefore
Avg =~ vg(t < tpreax). For partial breakdowns, however, now a clear correlation between
voltage slope and voltage drop can be recognized. The least-square-fits show the aver-
age value in the respective parts of the scatter plot. The voltage slope during a partial
breakdown thus correlates with the difference in voltage before and after the partial break-
down. Breakdowns that are located on one straight line from the origin have the same
time constant 7 when modeling the voltage waveform of the breakdown as

UB<t) = UB(t > tbreak) + Avg - 65 (48)

Assuming that the bearing capacitance is the same for all measurements at one speed,
this means that the breakdown resistance is lower for full breakdowns than it is for partial
breakdowns. Furthermore, the strong correlation between Avg and dvs/at suggests that the
voltage level, at which the breakdown settles is already fixed when the breakdown starts.
Thus, partial breakdowns are not full breakdowns that are interrupted by, e.g., mechanical
separation or a breakdown current that falls below a certain limit and extinguishes, e.g.,
due to the high pressure in the lubricant as suggested in [102] for transformer oil.

The average time constant of the breakdowns, i.e., the steepness of the balance lines
in Figure 4.14c, is given in Table 4.2. The fast breakdowns colored in red occur dur-
ing switching events, when the bearing was already in breakdown during the previous
switching segment. They are always considerably faster than the slow breakdowns, which
constitute the bulk of the breakdown events. Partial breakdown events, on the other
hand, are around three to four times slower. Under the assumption that the bearing
capacitance is the same for all breakdown events at one specific speed, this suggests that
the breakdown resistance is three to four times larger in partial breakdowns than in full
breakdowns.

The partial breakdown settling voltage, i.e., the voltage level after a partial breakdown,

reaches values of up to 6 V. Until this point, no satisfactory explanation for this could be
found. The correlation between Avg and dvs/d: suggests that a partial discharge of the
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Table 4.2: Average breakdown time constant for different rotor speeds wy,

wm | Partial breakdowns Slow breakdowns Fast breakdowns
131 rpm 25.511s 14.5ps -
281 rpm 29.3 s 16.4 s 4.6 18
581 rpm 37.31s 12.3 s 2.7ps
880 rpm 55.4 ps 13.6 ps 5.41s
1173 rpm 42.9 ps 13.9ps 3.6 ps
1475 rpm 59.1ps 13.5ps 3.8 s

bearing capacitances is the reason. Higher voltage drops could be caused by a connec-
tion of the bearing balls via the cage during a partial breakdown or subsequent partial
breakdowns.

4.3 Influence of Bearing Faults in Electric Machines on
Parasitic Effects

In this section, the influence a bearing fault on the parasitic effects investigated in sec-
tion 4.2 is analyzed. To this end, the measurements from section 4.2 are repeated with
a machine with a point defect in the outer raceway of the NDE bearing. To facilitate
the comparison with the measurements from the healthy machine, the results from the
healthy machine and the faulty machine are plotted next to each other. The BVR and
the occurrence of EDM events and partial bearing breakdowns are analyzed for the DUT
with a point defect in the outer raceway and compared to the results from the healthy
machine.

4.3.1 Bearing Voltage Ratio

The average BVR for different dc-link voltages and rotor speeds is shown in Figure 4.15.
The BVR is again calculated according to equation (4.1). At 131 rpm, the BVR cannot be
calculated, since, due to the high number of breakdowns, no switching segment without
breakdowns can be found for the BVR calculation. At higher speeds, the BVR increases
and is close to the average value from the measurement conducted in section 4.2. The
average BVR for 281 rpm and above is 2.35 %, which is slightly below the value for the
healthy machine.

In Figure 4.16, the maximum bearing voltage for each investigated operating point of the
machine with the bearing fault is shown. The expected maximum voltage values that
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Figure 4.15: Average bearing voltage ratio for different speeds and voltages for the DUT
with a bearing fault

can be calculated by multiplying the maximum star point voltage with the average BVR
of 2.35 % are marked with the dashed lines, the colors correspond to the respective dec-link
voltage. Similar to Figure 4.5, the difference between the actual maximum voltage and
the expected value from the BVR is due to the voltage offset from the EDM events.
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Figure 4.16: Maximum measured bearing voltage and expected value from the BVR
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4.3.2 Electric Discharge Machining Events

Figure 4.17 shows the number of EDM events per ms under different speeds and dec-link
voltages. In Figure 4.17a, the measurements with a healthy machine from section 4.2.2
are shown again for comparison. In Figure 4.17b, the same measurements are conducted
with a machine with a point defect in the outer raceway of one bearing. The amount
of breakdowns that occur is increased in most operating points. The difference is more
notable at lower speeds for a dc-link voltage of 100V and 200V. For 300V and 400V,
the amount of breakdowns is increased over the whole speed range. Two effects can
explain this. On one hand, the point defect in the bearing leads to increased bearing
losses, and thus, to an increase in bearing temperature. As shown in section 2.2.8, higher
temperatures lead to a reduced lubricant film thickness, and thus, the voltage at which
the lubricant film breaks down is reduced. On the other hand, when a ball passes the
point defect, it will receive an impulse in radial direction, affecting the lubricant film
thickness and maybe even leading to metallic contact between the inner and outer raceway.
Since the bearing temperature is not measured, it cannot be determined with absolute
certainty which of these effects is dominant. However, since the machine is not operated
continuously for more than one minute, it can be assumed that the bearing temperature
does not increase significantly. Therefore, it is assumed that the bearing balls experience
more movement in radial direction in the faulty bearing, causing an increase in the number
of breakdowns.
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Figure 4.17: Number of EDM events per ms for different dc-link voltages and rotor
speeds

The amount of time spent in breakdown shown in Figure 4.18 is increased comparison to
the healthy case. At 131 rpm, the bearing is in breakdown most of the time. This explains
why the BVR cannot be calculated for the low-speed operating points. Only at low dc-link
voltages, i.e., 100V and 200V, and speeds above 900 rpm, the breakdown behavior is
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4.3 Influence of Bearing Faults in Electric Machines on Parasitic Effects

similar for both the healthy and the broken machine. At a dc-link voltage of 300V, the
faulty bearing breaks down more often and earlier compared to the healthy bearing. At
400V, the time spent in breakdown is slightly reduced. However, Figure 4.17b shows that
more breakdowns occur, meaning that the EDM events occur on average slightly later in
the switching period, which reduces the time spent in breakdown.
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Figure 4.18: Percentage of time spent in breakdown for different dc-link voltages rotor
and speeds

Finally, Figure 4.19 shows, in which bearing the EDM events occur. In the healthy
machine, they are distributed relatively evenly between the DE and NDE bearings. In
the machine with the bearing fault, however, more EDM events occur in the faulty bearing
(NDE) than in the healthy bearing (DE).
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Figure 4.19: Breakdown location in a healthy and fault bearing

To summarize, this section has shown that in a machine with a bearing fault, EDM events
occur more often compared to a healthy machine. Especially at low rotor speeds, where
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the lubricant film it thin, the faulty bearing is in breakdown most of the time. While the
EDM events are distributed evenly between both bearings in a healthy machine, in the
faulty machine, more breakdowns occur in the faulty bearing. Since EDM events can also
be one root cause of bearing faults, this shows a self-reinforcing effect, i.e., EDM events
cause bearing faults, which in turn cause more EDM events, damaging the bearing even
more.

4.3.3 Partial Bearing Breakdowns

Next, the occurrence of partial breakdowns in the healthy and the faulty machine is
compared. Figure 4.20 shows the number of partial breakdowns per ms in the healthy
and the faulty machine. In both machines, the partial breakdowns mostly occur at a
dc-link voltage of 300 V and at high rotor speed. The differences are relatively small and
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Figure 4.20: Number of partial breakdowns per ms for different de-link voltages

due to the low overall number of partial breakdowns, no statistically relevant assertion
can be made here.

Figure 4.21b shows the distribution of the partial breakdown voltage, i.e., the difference
in voltage before and after the breakdown, over all recorded partial breakdown events in
the machine with the bearing fault. The distribution is slightly shifted towards higher
breakdown voltages.

Next, Figure 4.22b shows the distribution of the bearing apparent power. As already
expected from the measurements from the healthy machine, the values are far away from

the critical thresholds and pose thus no danger to the bearings of the machine.

Finally, Figure 4.19 shows, in which bearing the partial breakdowns occur. In the healthy
machine, they are distributed relatively evenly between the DE and NDE bearings. In
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Figure 4.21: Distribution of breakdown voltage over all recorded partial bearing break-
downs in the machine with the faulty bearing
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Figure 4.22: Distribution of BAP over all recorded partial bearing breakdowns in the
machine with the faulty bearing

the machine with the bearing fault, however, more partial breakdowns occur in the faulty
bearing (NDE) than in the healthy bearing (DE).

The point defect in the bearing thus leads to a slight increase in EDM events, and thus,
a slightly lower average BVR. The maximum bearing voltages are similar to those in the
healthy machine. The number of EDM events increases especially in low-speed operating
points, where the lubricant film is thin and metallic contact between the bearing balls
and raceways is thus more likely. No increase in the number of partial breakdown events
can be seen, but the distribution of both EDM events and partial breakdowns between
the bearings shifts slightly towards the damaged bearing in the faulty machine.
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Figure 4.23: Partial breakdown location in a healthy and fault bearing

4.4 Influence of Broken Rotor Bars in Electric Machines
on Parasitic Effects

In this section, the influence a broken rotor bar on the parasitic effects investigated, in
section 4.2, is analyzed. To this end, the measurements from section 4.2 and section 4.3
are repeated with a machine with a broken rotor bar. To facilitate the comparison with
the measurements from the healthy machine, the results from the healthy machine and
the faulty machine concerning EDM events and partial bearing breakdowns are again
plotted next to each other.

4.4.1 Bearing Voltage Ratio

The average BVR for different dc-link voltages and rotor speeds in the machine with a
bearing fault is shown in Figure 4.24.
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Figure 4.24: Average bearing voltage ratio for different speeds and voltages for the DUT
with a broken rotor bar
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The BVR is again calculated according to equation (4.1). The BVR is much more constant
between the different operating points when compared to the measurements on the healthy
machine in Figure 4.4 or the measurements on the machine with the faulty bearing in
Figure 4.15. At higher speeds, the BVR increases and is close to the average value from
the measurement conducted in section 4.2. The average BVR above is 3.31 %, which
is much higher than the value for both the healthy machine and the machine with the
bearing fault. Different effects can cause this. The winding-to-rotor capacitance Cwr has
the largest influence on the BVR. Since the same stator was used for all measurements,
one possible explanation could be that the broken rotor is slightly smaller than the rotor
in the healthy machine, e.g., due to manufacturing inaccuracies. For the rotor-to-stator
capacitance Crg, an increase in air-gap length from 500 pm to 550 pm leads to a reduction
in capacitance by 10 %. For the winding-to-rotor capacitance Cyyg, this reduction can be
assumed to be lower since the distance between the winding and the rotor is larger than
the distance between rotor and stator. Assuming that Cgg is at least ten times larger
than Cwr [6], [44], the BVR would thus increase. Another possible explanation is that
the bearings that are used in the faulty machine either have a larger radial clearance or
are lubricated with a different lubricant, leading to a larger lubricant film thickness and
thus a reduced bearing capacitance.
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Figure 4.25: Maximum measured bearing voltage and expected value from the BVR in
a machine with a broken rotor bar

In Figure 4.25, the maximum bearing voltage for each investigated operating point of
the machine with the broken rotor bar is shown. The values that can be calculated
by multiplying the maximum star point voltage with the average BVR of 3.31% are
marked with the dashed lines; the colors correspond to the respective dc-link voltage.
The maximum bearing voltage is only significantly higher than expected at low speed
and high dc-link voltage. This indicates that at high speeds, or low dc-link voltages,
the number of EDM events is low and, thus, no large offsets are added to the bearing
voltage.
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4.4.2 Electric Discharge Machining Events
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Figure 4.26: Number of EDM events per ms for different dc-link voltages

Figure 4.26 shows the number of EDM events per ms under different speeds and dc-link
voltages. In Figure 4.26a, the measurements with a healthy machine from section 4.2.2
are once more shown for comparison and in Figure 4.26b, the same measurements are
conducted with a machine broken rotor bar. The amount of breakdowns that occur is
reduced in almost all operating points. On average, in the faulty machine, the number
of EDM events is more than 50 % lower than in the healthy machine. Together with the
higher average BVR and the higher shaft voltage, this indicates that even though the
bearings in the different machines should be of the same type, since they were purchased
from the same manufacturer and have the same model number, different types of bearings
have been used in the two machines.

The amount of time spent in breakdown shown in Figure 4.27b is also reduced in com-
parison to the healthy case. At 131 rpm, and high dc-link voltages, the bearing is still in
breakdown most of the time. At speeds above 131 rpm or dc-link voltages below 300V,
the bearing is in breakdown less than 12 % of the time.

Finally, Figure 4.28 shows, in which bearing the EDM events occur. In the healthy
machine, they are distributed relatively evenly between the DE and NDE bearings. In
the machine with the broken rotor bar, however, more EDM events occur in the DE
bearing than in the NDE bearing.
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Figure 4.27: Percentage of time spent in breakdown for different dec-link voltages and
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Figure 4.28: Breakdown location in a healthy and fault bearing

4.4.3 Partial Bearing Breakdowns

In the following, the occurrence of partial breakdowns in the healthy machine and in the
machine with the broken rotor bar is compared. Figure 4.29 shows the number of partial
breakdowns per ms in the healthy and the faulty machine. In the machine with the broken
rotor bar, nearly no partial bearing breakdowns can be observed.

In Figure 4.30, the distribution of the partial breakdown voltage, i.e., the difference in
voltage before and after the breakdown, in the healthy and the faulty machine is compared.
The distribution is slightly shifted towards lower breakdown voltages. However, due to
the low overall number of partial breakdown, a comparison is not reasonable.
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Figure 4.29: Number of partial breakdowns per ms for different dc-link voltages
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Figure 4.30: Distribution of breakdown voltage over all recorded partial bearing break-
downs in the machine with the broken rotor bar

Finally, in Figure 4.31b the distribution of the bearing apparent power is compared be-
tween the healthy machine and the machine with the broken rotor bar. Similar to the
measurements with the healthy machine and the machine with the bearing fault, the val-
ues are significantly below the critical thresholds and pose thus no danger to the bearings
of the machine.
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Figure 4.31: Distribution of BAP over all recorded partial bearing breakdowns in the
machine with the broken rotor bar

4.5 Bearing Current Countermeasures

This section evaluates one of the bearing current countermeasures that are presented
in section 2.2.4. The most effective bearing current countermeasure investigated in [30]
is grounding the shaft to reduce the bearing voltage and create a low-impedance path
for the bearing current. Therefore, a bearing voltage grounding ring from Electrostatic
Technologies [34] is mounted on the DE side of the machine and the bearing voltage is
measured on the NDE side.
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Figure 4.32: Bearing voltage with and without a shaft grounding ring
Figure 4.32 shows the bearing voltage with and without a shaft grounding ring. The
maximum bearing voltage is reduced from 8V to 1 V. The rms value is reduced even

further to approximately 0.2V. During the switching transients, the bearing voltage
increases to up to 1V, but quickly discharges again.
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Figure 4.33: NDE bearing current with and without a shaft grounding ring at the DE

In the operating point at 400V dc-link voltage and speed of 1475 rpm, the maximum
bearing current decreases by 40 % in the DE side where the grounding ring is located.
This current is assumed to flow completely through the grounding ring. The maximum
bearing current at the NDE side, however, increases by 10 % compared to the NDE bearing
current in the healthy machine, as can be seen in Figure 4.33. Note that in the investigated
sample, no breakdowns occur in the bearings. Due to the very low shaft voltage, less
breakdowns are expected to occur, especially at high rotor speed. If breakdowns occur,
they would have a much lower BAP due to the reduced bearing voltage.

4.6 Summary

In this chapter, parasitic effects in electric machines have been investigated. First, the
BVR was analyzed under the influence of EDM events. It was shown that, under the right
conditions, the maximum bearing voltage can surpass the value that would be expected
from the BVR by a factor of two. A bearing voltage estimation from the BVR is thus
only valid when it can be ensured that no EDM events occur.

To assess the damage they can cause in the bearing, the EDM events themselves were
analyzed. With increasing dc-link voltage and thus increasing bearing voltage, more EDM
events occur. At very low speed, the number of EDM events is high as well. This is due
to the low lubricant film thickness, causing a higher field strength at the same voltage
levels and possibly leading to metallic contact between the bearing balls and the raceways.
Even though many EDM events occur, the analysis of their BAP has shown that they are
not harmful for this machine.
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4.6 Summary

In EDM events, the bearing voltage fully breaks down. However, from the presented
measurements, partial breakdowns, where the voltage settles at a level below the initial
voltage before the breakdown, also occur. They are much rarer than full breakdown and
often precede them. The correlation between the voltage drop during a partial breakdown
and the voltage slope suggests that a partial discharge of parts of the distributed bearing
capacitance is the most reasonable explanation.

The same investigations were repeated on a machine with a bearing fault and on a machine
with a broken rotor bar. In the machine with the bearing fault, an increased number of
EDM events were observed, and nearly 70 % of them occurred in the faulty bearing. The
number of partial breakdowns was relatively similar compared to the healthy machine,
but the voltage decrease that they incurred were slightly higher in comparison to the
healthy machine. The results for the machine with the broken rotor bar are inconclusive.
While the average BVR is around 30 % higher, the number of breakdowns is reduced on
average by 50 %. Nearly no partial breakdowns occur. All this combined leads to the
assumption that different bearings were used in the machine with the broken rotor bar.

Finally, a shaft voltage grounding ring is evaluated as means to reduce the shaft voltage.
Even though the brush reduces the shaft voltage and creates a bypass path for the current
in the DE bearing, the peak current in the NDE bearing increases by approximately
10 %.
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5 Conclusions and QOutlook

This thesis has investigated on the parasitic electrical behavior of electric machines and its
relation to machine faults. It gives a comprehensive overview of these parasitic effects in
electrical machines and presents a high-frequency model that enables an in-depth under-
standing of these effects. The presented minimally-invasive bearing current measurement
technique allows to evaluate the model and to investigate the influence of faults on the
electric behavior of bearings.

High-Frequency Modeling of Electric Machines

This work has proposed a detailed high-frequency model of an electric machine that
can be used to model common mode currents, bearing currents and bearing voltages.
A comprehensive model parameterization procedure has been presented, facilitating the
adaptation of this model to other machine types and applications. By automating the
fine-tuning with a particle-swarm algorithm, the effort for the parameterization of the
model has been reduced significantly.

Moreover, the distributed bearing capacitance has been analyzed in detail, showing that
in radially loaded bearings the capacitance is distributed unevenly. The bulk of the
capacitance is shifted towards the bottom of the bearing, where most breakdowns are
expected to occur. Thus, the current flow within the bearing during a breakdown has
been analyzed, showing that the maximum current within the bearing is much higher
than the current that can be measured from the outside.

Minimally-Invasive Bearing Current Measurement

Furthermore, a minimally-invasive method for bearing current measurement in electric
machines has been presented. By placing Rogowski coils around the shaft of the machine,
the bearing current can be measured without changing its path and thus influencing the
impedance. Depending on the utilized Rogowski coil, the measurements can be disturbed
by axial stray flux from the rotor of the machine. However, this study shows that bearing
currents can be measured even with commercially available Rogowski coils with insufficient
suppression of axial flux components. The frequency band, in which these disturbances
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occur, is much lower than that of the bearing currents. Thus, it is possible to separate
them with low- and high-pass filters.

Al-Based Fault Detection

The effectiveness of conventional fault detection methods such as motor current signature
analysis (MSCA) and motor square current signature analysis (MSCSA) greatly varies
depending on the operating point. Especially in low load operating points, incipient
broken rotor bar faults cannot be detected reliably. However, by combining the fault
frequency components from the aforementioned methods and additional information on
the operating point with a k-nearest neighbor algorithm, a fault detection accuracy of
98.2% has been achieved. The estimation of fault severity has reached an accuracy of

97.4%.

Analysis of Bearing Voltage Breakdowns

The investigations conducted in this work have shown that bearing voltage breakdowns
can lead to bearing voltages that are twice as high as the voltage that would be expected
from the BVR. The occurrence of EDM events depending on the operating point was
investigated in detail. It was shown that the time constant of the breakdown varies.
Additionally, at high rotor speed and medium dc-link voltage, partial bearing voltage
breakdowns occur. The bearing voltage is not fully discharged but settles at different
voltage levels. The analysis of this effect suggests that in these cases, the breakdown
resistance is higher, and that only a part of the bearing capacitances is discharged.

Influence of Faults on Bearing Voltage Breakdowns

Finally, the occurrence of bearing voltage breakdowns under different fault conditions was
investigated. In a faulty bearing, at low speed, no significant bearing voltage amplitude
could be observed. At low speed, the bearing was in constant breakdown due to repeating
metallic contact between the rolling elements and the fault in the raceway. At higher
speed, more EDM events occurred in the faulty bearing than in a healthy bearing. They
can also damage the bearing further, suggesting a self-reinforcing relation between bearing
faults and EDM events. For broken rotor bar (BRB)-faults, however, the results remain
inconclusive.
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Future Work

In future work, the bearing currents flowing inside a bearing during a breakdown should
be investigated in more detail to verify the results from the distributed bearing model.
A test bench could consist of a Rogowski coil placed around the steel ball in a hybrid
bearing, where all balls except one are made of ceramic, similar to the test bearing used
in this work. During EDM events, it can be analyzed, whether the currents flowing inside
the bearing are higher than the current that can be measured on the outside, and if there
is a proportionality between those two currents. This is facilitated by fixing the bearing
cage to one position and rotating the inner and outer raceways of the bearing.

Further, the exact reason for partial bearing voltage breakdowns should be investigated.
This requires an experimental setup, in which they can be reproduced reliably. With
a reduced switching frequency, i.e., longer time between switching events, more partial
breakdowns can occur and it can be determined whether they are always precursors of
full breakdowns. The bearing voltage has to be applied via a capacitive voltage divider
with capacitances that are similar to the parasitic capacitances in an electric machine to
receive results that are transferable to an actual application.

The Rogowski coil developed in [48] should be improved in terms of signal-to-noise ratio
and suppression of axial field components. This can be achieved by either increasing the
manufacturing accuracy of the 3D-printed bobbin or using a printed circuit board (PCB)-
based Rogowski coil. Additionally, the integrator circuit has to be improved to reduce
the output noise.

The findings from the sensitivity analysis of the model suggest that the winding-to-rotor
capacitance Cwg has a great influence on the shaft voltage. For an optimal machine
design, it should be minimized, e.g. by reducing the size of the slot openings, by adding
electrostatic shielding to the slot, or by changing the winding configuration.
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A Appendix

A.1 Machine Impedance and Capacitance Measurements
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Figure A.1: Impedances measurements of all three phases
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Figure A.2: Measured capacitive coupling between all three phases
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A.2 Bearing Capacitance Measurements
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Figure A.3: Parasitic capacitance of a hybrid bearing with automatic transmission fluid
(ATF) as lubricant
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Figure A.4: Parasitic capacitance of a hybrid bearing with alkyldiphenylether (ADE)
as lubricant
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Figure A.5: Parasitic capacitance of a hybrid bearing with polyalphaolefin (PAO) as
lubricant
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A.2 Bearing Capacitance Measurements
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Figure A.6: Parasitic capacitance of a single bearing ball at 300 rpm with ATF as lu-
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Figure A.7: Parasitic capacitance of a single bearing ball at 3000 rpm with ATF as
lubricant
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A.3 EDM Events
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Figure A.8: Breakdowns per ms in a healthy machine at different dc-link voltages and
speeds. 32 consecutive samples of 1 ms each
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Figure A.9: Breakdowns per ms in a machine with a bearing fault at different dec-link
voltages and speeds. 32 consecutive samples of 1 ms each
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Figure A.10: Breakdowns per ms in a machine with a broken rotor bar at different dc-
link voltages and speeds. 32 consecutive samples of 1 ms each
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Highly integrated e-axles, combining inverter, electrical machine
and a gearbox in one housing, feature high power densities and
short current paths between inverter and machine. However,
the parasitic currents flowing in these integrated e-axles can
be much higher compared to the parasitic currents in conven-
tional e-drives due to the reduced parasitic inductances and in-
creased parasitic capacitances.

With the increased use of wide-bandgap semiconductor devic-
es with very fast switching transients in these highly integrated
e-axles, the impact of parasitic currents grows. These parasitic
currents can have a negative impact on electromagnetic com-
patibility and the lifetime of bearings and gearboxes in the drive.

This thesis presents an in-depth investigation of parasitic ef-
fects in electrical drives, putting emphasis on physics-based
models of the electrical machine and the bearings. Herein, the
influence of different failure modes of the machine on the par-
asitic currents is investigated and fault detection methods are
derived and evaluated.
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