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As the use of variable frequency drive systems has become widely used, bearing currents
due to the high-frequency common-mode voltage has become a major reliability issue in
electric motors. The bearing voltage ratio (BVR) is an important parameter used in
determining the risk of such capacitive bearing currents which is ultimately determined by
the network of parasitic capacitances within the motor. This thesis attempts to examine the
effects of the stator slot insulation material, namely its dielectric property, on the BV'R in
an electrostatic view. In this work, a series of motor models with the same geometry and
different insulation permittivity is simulated using two-dimensional finite element analysis
(FEM) to isolate important parasitic capacitances, including the winding-to-rotor
capacitance. This would then be used to calculate the BVR across varying dielectric

constants to determine a systematic impact of insulation material characteristics. The



findings illustrate that the permittivity of the slot insulation makes the distribution of
parasitic capacitance to vary, resulting in the measurable changes in BVR. It is a
quantitative study of the correlation between the properties of insulation materials and BVR
and the discussion of technical feasibility of reducing bearing currents by choosing
materials. Moreover, the practical implications in relation to the design of the motor and
the possible material-based optimization approaches are discussed. The study offers a
material-based view of the perception and suppression of bearing current risks, which has a
theoretical perspective of the design and design recommendations on making motor-

reliable during the design stage.
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SYMBOLS AND ABBREVIATIONS

Abbreviations

BVR bearing voltage ratio

PWM pulse-width modulation
EDM electrical discharge machining
EMF electromotive force

FEM finite element method

VFD variable frequency drive
Symbols

&r relative permittivity

Cwr winding-to-rotor capacitance
Csr stator-to-rotor capacitance
Co bearing capacitance

Up bearing voltage

Uem common-mode voltage
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1 Introduction

The thesis is to investigate how stator slot insulation material affects the bearing voltage
ratio (BVR) and assess the viability of reducing bearing current risk by ensuring an optimal
selection of the material property. The current common theory of inverter-induced bearing
currents in the modern variable-speed drive systems due to the widespread use of pulse-
width modulated (PWM) inverters has become a critical problem to the reliability of the
modern motors (ABB Drives 2011). These non-circulating or capacitive currents are the
induced currents that are caused by the high frequency common-mode voltage and flow
through parasitic capacitances in the motor which eventually leads to the electrical

discharge machining (EDM) of the bearings (Muetze 2004).

These currents are produced essentially as a result of the network of parasitic capacitances
within the motor, where the capacitance of the rotor with respect to the stator winding (Cuwr)
is the most significant constitutor to the electric charge that accumulates on the shaft and
resulting as the shaft voltage. These stray capacitances are directly related to the bearing
voltage ratio which is one of the important risk indicators (Muetze and Binder 2007).
Therefore, studies on bearing current mitigation have frequently been concerned with
altering motor geometry, e.g. the location of windings or the addition of electrostatic

shields, in such a way that they perturb or damp Cy: (Vostrov et al. 2018).

Geometric changes are good and promising countermeasures, but the contributions of the
insulating materials themselves have not been elaborated upon. The slot cap insulation (or
slot wedges) keeps the stator winding fixed in the slot and creates a field influence towards
the rotor. Its influence is not only defined by the thickness but also by the dielectric
constant &.. Based on the basic concepts of a plate capacitor, the capacitance is proportional
to the permittivity of the dielectric medium. Consequently, the insulation material used for
slot wedges, in terms of relative permittivity, may directly affect the value of Cy: and as a

result, indirectly affect BVR.

The fact that the high-frequency common-mode voltage essentially controls the formation
of non-circulating bearing currents, and the internal parasitic capacitance network of the

motor, has been widely proven in existing research (Vostrov 2023). Electrically, a motor



can also be represented as a system of capacitances between the conductive parts of the
motor windings, stator core, rotor and bearings. The winding-to-rotor capacitance (Cwr) is
the most important factor in determining the shaft-voltage division in this capacitive
network (Muetze and Binder 2007). In turn, much literature has gone into the reduction of
bearing currents through the manipulation of this capacitive network. An engineering
countermeasures have been explored and suggested in many studies: The winding
placement should be optimized (Vostrov et al. 2018), electrostatic shields should be
introduced into slots or over end windings (Vostrov et al. 2020; Vostrov et al. 2021),
external filtering or shaft-grounding devices can be employed. The aim of these methods is
to geometrically adjust the electric-field path or offer a different low-impedance discharge

path in an attempt to minimize BVR.

This thesis explores in particular a material-centric approach. The essential aim is to
examine the influence of dielectric properties of slot insulation material on parasitic
capacitances and resultant BVR. In order to isolate the permittivity effect, the experiment
uses finite element method (FEM) simulations to simulate motors that have the same
geometry, but whose insulation-material properties differ. The results are expected to offer
another, material-based factor to minimizing bearing current risk in the design phase to
motor designers. One of the principal methodological weaknesses of this study is that the
2D electrostatic model is not able to completely account the three-dimensional effects of
the end-winding region on the overall parasitic capacitance. This shortcoming will be
considered, and its impact on the results will be discussed in the framework of the
established analytical models of end-winding effects. The thesis is divided into the
following structure: Chapter 2 reviews the basics of bearing-current, its types, and overall
mitigation methods. Chapter 3 is dedicated to non-circulating bearing currents and
examines the contribution of stator-slot insulation to the parasitic network of capacitances
of the motor. In chapter 4 the methodology, including parametric study design and
workflow of the finite element method used to do the simulation, is described. Chapter 5
shows the results and discusses the effects of permittivity on BVR. The last chapter 6 ends

with the final results, conclusions, and research directions.
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2 Bearing currents overview

This chapter presents the theoretical foundation of the research and reviews the main types
of bearing currents, their damaging effects, and the principal countermeasures discussed in

the literature.
2.1 Types of bearing currents

This section presents the different types of bearing currents commonly reported in the
literature. In an electrical machine, conductive components (stator winding, stator core,
rotor core/shaft, and bearing parts) are separated by dielectric materials, thereby forming
stray (parasitic) capacitances. The main capacitances typically considered are winding-to-
rotor Cywr, winding-to-stator Cys, stator-to-rotor Cg, and bearing capacitance C,. They are
indicated in Figure 1. These capacitances provide paths for parasitic currents that may pass

through rolling bearings and cause degradation.

From
inverter

Co

Figure 1. Main bearing-current paths and parasitic capacitance network in an inverter-fed

motor system
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In the literature, bearing currents are typically categorized based on the current path within
the machine/drive system, leading to four main types: circulating, non-circulating, shaft-

grounding, and stator-grounding currents.

2.1.1 Circulating Bearing Currents

Circulating bearing currents, also known as inductive or classical currents, circulate in a
closed loop through the rotor—bearings—stator, causing damage to both bearings (e.g., path
“a” in the schematic in Figure 1). A key feature is that their existence is not determined by
grounding conditions or load configuration, they can appear even in otherwise “normal”

grounding arrangements.

The classical mechanism is mainly associated with machine geometry and construction
imperfections, for example, an asymmetric magnetic circuit, geometric inaccuracies, rotor
eccentricity, or a non-uniform current distribution in the stator winding. These factors can
generate a pulsating closed-loop magnetic flux around the stator during rotation; by
electromagnetic induction, a parasitic EMF is induced in the rotor—bearings—stator contour,
producing shaft-end voltage and circulating current. This induction-based mechanism is

discussed in detail in the cited literature (Pyrhonen et al. 2016).

With modern manufacturing, assembly accuracy has improved and therefore circulating
currents are often considered less dominant than in earlier machines. However, an
additional mechanism becomes relevant when the supply voltage contains high-frequency
harmonics, typically due to converter operation: part of the magnetizing current can leak
through Cywr and Cys, making the instantaneous winding current non-uniform along the
winding. This uneven distribution produces an oscillating magnetic field, which can
contribute to shaft-end potential difference and circulating-current components (Boldea

and Nasar 2005).

For inverter-supplied machines, circulating bearing currents are often not the main
contributor to bearing damage in many practical cases; they are typically considered a
major issue mainly in large-scale machines (GAMBICA 2006), which is why many works

(including the provided dissertation) focus primarily on non-circulating currents.
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2.1.2 Non-circulating Bearing Currents

Non-circulating bearing currents—also known as capacitive or EDM (Electrical Discharge
Machining) currents—are described as the most common parasitic bearing-current type in
modern variable-speed drives because they occur readily when the machine is supplied by
PWM from a two-level converter. Their path is primarily associated with the capacitive

network formed by Cyr, Csr, and Cy, and is widely reported in the literature (e.g., path “b” in

the schematic). (Heino 2014).

Modern frequency converters introduce high du/df voltage pulses and significant common-
mode voltage, which together create an unwanted rotor-to-stator voltage built over the
machine’s parasitic capacitances. Once the voltage is established, it can drive current

through the bearing. The damage mechanism depends on operating mode.

At low rotational speed, the lubricant film may not fully cover the rolling elements, and the
bearing can exhibit a resistive—capacitive behavior with random transitions between
conductive and capacitive states. When a galvanically conductive spot disappears, a micro
switching arc may ignite, leading to localized heating, deformation, and even evaporation
of bearing material; accumulated effects deteriorate the surfaces (Czerny and Wiechmann

2001).

At higher or rated speeds, the balls are usually separated by a thin oil film, and the bearing
behaves mainly as a capacitor. Electric charge accumulates mainly in Cs: and Cv, and a
discharge occurs when the bearing voltage exceeds the lubricant breakdown threshold—
often reported to be about 5-30 V. This results in EDM-type sparking, surface pitting, and

can also accelerate grease degradation and change lubrication properties.

Because two-level PWM converters are widely used due to simplicity and cost, most new
and upgraded drive systems are exposed to this non-circulating bearing current issue,

making it a central focus for countermeasure development.
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2.1.3 Shaft grounding Currents

Shaft grounding current can be regarded as a leakage current that flows through the load. It
is typically discussed in relation to damage in load bearings and occurs when the motor
housing grounding is inadequate or absent (Sandwell 2002). In this situation, leakage
currents originating from the energized winding via capacitive couplings return to ground
through an alternative path. Consequently, the current may flow from the machine through
the motor bearings — shaft — load bearings — coupled load — ground (e.g., path “c” in

the schematic), so both motor and load bearings may be impacted.

Moreover, if the motor grounding is compromised and the motor—load coupling provides a
galvanic connection, even a non-circulating current can effectively behave as a shaft
current, passing through the load bearing and contributing to damage on the driven side as

well.

2.1.4 Stator grounding Currents

Stator grounding current is an earth-leakage current driven mainly by the capacitance
between the winding and the stator/grounded parts (e.g., path “d” in the schematic). It can
occur even in well-grounded machines and typically does not flow through the bearings, so

under normal grounding conditions it is generally not considered harmful to bearings.

Nevertheless, if the motor grounding system fails, the stator grounding current may be
forced to return through the load grounding network. In that case, it effectively becomes
part of a shaft-grounding-current path and may contribute to bearing damage in both the

motor and the load.

2.2 Adverse effects caused by bearing currents

Bearing currents are parasitic currents that pass through the rolling element bearings of an

electrical machine. Although bearings are typically made of high-strength materials and are
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expected to last for many years, the presence of parasitic electrical currents may lead to
accelerated bearing degradation, reduced lifetime, increased maintenance costs, and
unplanned downtime, especially in inverter-fed drive systems where high-frequency

common-mode voltage is present (Vostrov 2023; Muetze and Binder 2007).

From the damage mechanism perspective, the most harmful bearing-current-related
phenomenon in modern variable-speed drives is commonly associated with non-circulating
(capacitive/EDM) bearing currents, which are driven by PWM-generated common-mode
voltage pulses with high du/dt. Two-level voltage-source converters are widely used and
are known to produce relatively high common-mode voltage, thereby making EDM-type
bearing currents a typical reliability concern (Muetze and Binder 2007; Vostrov et al.

2021).

The actual degradation mechanism is extremely dependent on the operating condition and
the lubrication regime. Bearings may have a resistive capacitive behaviour with random
changes between the galvanic conduction and capacitive isolation when the lubricant film
is not fully formed across the rolling elements at standstill and low speed. It can occur that
a previously conductive spot is removed by rolling motion to form a micro-switching arc,
and will leave footprints on raceways and rolling elements. This cyclical arc effect causes

the erosion of material and surface (Czerny and Wiechmann 2001; Vostrov 2023).

Under the previously stated conditions (that the rolling elements are uniformly covered
with a thin coating of lubricant), the bearing acts more or less as a capacitor with a film of
lubricant as the dielectric. The charge build-up to the point of breakdown of the lubricant
film is enabled by the capacitance network of the motor, especially, the winding-to-rotor
coupling. The typical breakdown voltage is typically quoted as approximately 530 V and
can be decreased through increased temperatures and is readily achieved through inverter
supply. When the breakdown occurs a temporary conduction channel is formed in the
lubricant film and a pulse of discharge-current is formed, producing a micro-spark.
Discharge local heating and melting of metal leads to surface pitting; repeated discharge
accelerates surface erosion, and even grease degradation, worsening the bearing operating

conditions (Prashad 1987; Muetze and Binder 2007; Romanenko et al. 2015).
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Experimentally, electrical discharge activity is associated with conventional surface-
damage patterns, such as pitting and fluting/corrugation. Fluting failures have been
reported and analyzed as an important bearing-failure mode during an electrically-stressed
operation, and surface-analysis experiments have revealed that bearings deteriorate
quantitatively with respect to surface-degradation once they are subjected to a given
electrical stress (Zika et al. 2009; Hemati 2019). In addition to that, the experimental
reports of the changes in grease properties during the discharge process were also noted,
which implies that bearing currents may negatively impact not only the metallic surfaces

but the lubrication behaviour as well (Romanenko et al. 2015; Gonda et al. 2019).

Finally, damage due to bearing current may not be confined to the bearings of the motor.
The shaft grounding current may be carried through an alternative ground path that
incorporates both the shaft and the load to which it is connected resulting in potential
damage to both the bearings on the motor side and the load side (Sandwell 2002; Vostrov
2023).

2.3 Countermeasures

Because bearing currents may have different origins, frequency contents, and current paths,
mitigation measures must be selected according to the dominant current mechanism. In
modern inverter-fed drives, the most common harmful mechanism is non-circulating
(capacitive/EDM) bearing currents driven by high-frequency common-mode voltage;
therefore, countermeasures are generally discussed in a system-level manner and can be
grouped into: (1) inverter-side measures, (2) measures between inverter and motor, (3)
motor-side design measures, and (4) bearing-level measures aimed at reducing harm

(Muetze and Binder 2007; Vostrov 2023).

2.3.1 Inverter-side measures

Since common-mode voltage and high du/d¢ switching are key contributors, one mitigation

direction is to modify the inverter topology or modulation strategy to reduce common-
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mode voltage generation. Studies have proposed new circuit layouts and modulation
strategies (including solutions for multilevel and other converter types) that can reduce
common-mode voltage and related high-frequency components. However, for widely used
two-level inverters, modulation optimization alone cannot fully eliminate the bearing
current problem in practice; additionally, drive performance such as torque ripple, power
factor, and harmonic distortion may be compromised when control is tuned primarily for

bearing-current mitigation (Tallam et al. 2010; Chen and Zhao 2016; Vostrov 2023).

2.3.2 Measures between inverter and motor

Another mitigation direction is to suppress common-mode voltage and high-frequency
components along the inverter-to-motor path. Different filter types must be clearly
distinguished: common-mode voltage filters and sinusoidal filters can be effective for
reducing EDM-related non-circulating bearing currents, whereas du/dt filters and common-
mode chokes are generally suitable for other problems (e.g., circulating-related issues) but
do not reduce EDM currents (Luu and Shudarek 2017; Wu et al. 2016; Vostrov et al. 2021).
Practical design also requires attention to proper filter selection and installation constraints
(space, voltage drop, losses), as well as cable parameters and grounding practices, since
cabling and grounding conditions influence the propagation of high-frequency disturbances

in the drive system (Muetze 2009; Hedayati et al. 2013; Vostrov 2023).

2.3.3 Motor-side measures

Because EDM bearing currents are supported by parasitic capacitances inside the motor—
particularly the winding-to-rotor capacitance Cw—motor-side mitigation aims to reduce
the capacitive coupling that drives shaft voltage build-up. One approach is geometric
design optimization to reduce the coupling paths and thereby lower the bearing voltage
ratio (Vostrov et al. 2018; Vostrov et al. 2021). Another well-established approach is
electrostatic shielding: slot-embedded shields (acting as a Faraday-cage-like barrier) can

separate the stator winding from other conductive parts and reduce the effective winding-
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to-rotor coupling, which has been proposed and validated in multiple studies (Busse et al.
1997; Ferreira et al. 2012). In addition to slot shielding, shielding concepts have also been
extended to end-winding/overhang regions to further suppress capacitive coupling
contributions that originate from end-winding geometry (Magdun et al. 2010; Vostrov et al.

2020).

2.3.4 Bearing-level measures and harm reduction

In those cases where the parasitic currents are impossible to eliminate, the harm-reduction
techniques are oriented at either providing another current route that is less dangerous or
changing the bearing environment. Hybrid (ceramic-ball) bearings are also believed to be
the most efficient because they can reduce bearing capacitance significantly and avoid the
harmful accumulation of charges; yet are more expensive and can degrade mechanical
properties and load rating compared to traditional bearings (Muetze and Binder 2007;
Vostrov 2023). It is important to note that insulated bearings should not be confused with
hybrid bearings. In the bearings insulated with thin film or coating galvanic currents are
blocked, but high-frequency capacitive currents may still exist, which means that insulated

bearings cannot be effectively used as a solution to EDM currents (Vostrov 2023).

Another harm-reduction solution that can be used to stabilize the galvanic connection over
a larger contact area and avoid the formation of charge and harmful current-density peaks,
however, is also possible that the performance of lubrication will be impaired is conductive
grease, which also should be considered (Romanenko et al. 2015; Vostrov 2023).
Alternatively, shaft-grounding devices can also be used to supply low-impedance path in
parallel with the bearings. Brush-based solutions are feasible but require maintenance
(wear) and are also environmentally sensitive; other concepts such as microfiber-based
grounding solutions and brushless (capacitive) shunting have also been proposed as

possible solutions.

In general, even though there exist a large amount of countermeasures, there is no single

solution that will be effective in all machines and operating conditions. The suitable
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mitigation strategy depends on current mechanism that predominates, converter type, type

of motor, grounding, and cost factors as they are implemented in practice.
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3 Non-circulating bearing currents: origin and estimation

This chapter discusses how stator slot insulation, with emphasis on the slot clearance

region, influences bearing-current phenomena in inverter-fed machines.

3.1 Role of Slot Insulation in the Parasitic Capacitance Network

In inverter-fed drives, the rotor/shaft is not in strict sense electrically isolated with respect
to the stator system, as there are numerous conductive components, separated by thin
dielectric layers. This connection generates a number of stray capacitances, as was
indicated in Figure 1, which in combination with the bearing capacitance form an
electrostatic network of coupling between the inverter terminals, the rotor, and ground

(Vostrov 2023).

A model of this network is often constructed using four dominant capacitances: winding-
to-rotor Cwr, winding-to-stator (frame) Cuws, stator-to-rotor Cs: and the bearing Cy. These
components create displacement-current paths under PWM excitation to enable the inverter
common-mode voltage to charge the rotor and be present across the bearing (Vostrov

2023).

In this network, Cy: plays a specific role in inverter-related EDM currents, as it is the
pathway of the most direct coupling, through which high-frequency voltage components
are transmitted between the stator winding and the rotor surface (Vostrov 2023; Vostrov et
al. 2018). This coupling is affected by the stator-slot insulation system (particularly, the
slot wedge area) which uses two design features: geometry and dielectric properties.
Geometrically, the distance between the energized conductors and the rotor-facing
conductive surface is increased, and this is likely to decrease Cyw:. Regarding the material
perspective, the distribution of the electric field varies with the relative permittivity e, and,
as a result, the effective capacitance. Reported comparisons, however, show that at realistic

material ranges, permittivity variations generally result in a significantly smaller BVR shift
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compared to thickness variations of the wedge/slot insulation (Vostrov 2023; Vostrov et al.

2021).

3.2 Propagation Mechanism of Bearing Currents with Variable Insulation Properties

The role of bearing currents in PWM-fed motors relates to their common-mode voltage
and rapid voltage transients at motor terminals. PWM signals generate a large amount of
high frequency voltages. Unlike a sinusoidal supply, these voltages interact with the
motor's stray capacitances and generate displacement currents through -electrostatic

networks (Vostrov 2023)

For the non-circulating (capacitive/EDM) mechanism, the process can be summarized as a
charge—discharge sequence. The common-mode voltage from the inverter couples through
stray capacitances and charges the rotor/shaft with respect to the stator frame/ground. The
bearing voltage is proportional to the capacitive division of the network. The bearing
voltage then, is a result of the capacitive division of the network. When this voltage
reaches the dielectric breakdown of the lubricant and the bearing contacts, a rapid

discharge occurs (Vostrov 2023).

Breakdown is often said to occur at 5-30 V, and the range could be lower with higher
temperatures. This implies inverter operation can quickly drive the bearing to discharge
(Vostrov 2023). PWM driven discharge events are cyclic and generate heat and wear on
the surfaces of the raceways and rolling elements. It leads to degradation of the lubricant

and characteristic deterioration of the bearing (Vostrov 2023).

When slot insulation properties vary, the mechanism is affected indirectly—through the
capacitances. Increasing wedge thickness reduces Cy: and therefore reduces the fraction of
common-mode voltage transferred to the rotor and bearing. By contrast, changing the
wedge permittivity alters the field distribution but usually yields a comparatively smaller
impact on the resulting BVR, as illustrated by modelling results that compared &, = 4.2 with
&= 1 for an industrial 15 kW machine (Vostrov 2023; Vostrov et al. 2021).
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3.3 Finite Element Method for Electrostatic Analysis of Insulation Materials

Direct experimental identification of individual machine capacitances is challenging
because measured signals often include multiple parallel and distributed couplings. For this
reason, electrostatic finite-element modelling is widely used to estimate key capacitances

needed for bearing-voltage and bearing-current assessment (Vostrov 2023).

In electrostatic FEM, capacitance extraction can be performed using a charge-based
approach. Conductors are assigned known potentials, the electric field is solved, and the
total charge O on a selected conductor is evaluated. The corresponding capacitance is then

obtained from:

=, (1)

where C is the capacitance (F), Q is the total electric charge on the selected conductor (C),
and U is the applied potential difference (V). In this study, U is set to 1 V, so the computed

charge is numerically equal to the capacitance (Vostrov et al. 2018; Vostrov 2023).

To reduce computational cost while preserving accuracy, a sector model can be used
instead of the full machine cross-section, combined with periodic boundary conditions that
replicate the full geometry. This strategy allows efficient evaluation of slot-related

capacitances that dominate inverter-induced coupling phenomena (Vostrov et al. 2018).

In this thesis, the method is applied to quantify how slot insulation parameters affect the
capacitance network. The insulation influence is introduced via dielectric property changes
(relative permittivity e,) for the slot wedge material. The extracted capacitances are then

used as inputs for BVR computation and sensitivity analysis (Vostrov 2023).

Finally, it is important to distinguish between the core (slot) contribution and the end-
winding contribution to the total winding-to-rotor coupling. A 2D cross-section model
primarily captures the core-area part; if total Cw: is required, the end-winding contribution
should be treated explicitly or accounted for through an additional modelling/estimation

step (Vostrov et al. 2020; Vostrov 2023).
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3.4 Bearing Voltage Ratio (BVR) and Insulation Dependency

Bearing Voltage Ratio (BVR) is frequently used to relate inverter common-mode excitation

to the bearing voltage that drives EDM discharges. It is commonly defined as:

= b/ o™ (2)

where BVR 1is the bearing voltage ratio, Us is the bearing voltage (V), and Ucm is the
common-mode voltage (V) (Vostrov 2023; Vostrov et al. 2021).

Under the dominant-capacitance approximation, the electrostatic network can be

interpreted as a voltage divider, yielding:

— wr ’ (3)

where Cy: is the winding-to-rotor capacitance (F), Cs: is the stator-to-rotor capacitance (F),
and Gy is the bearing capacitance (F). This equation represents the capacitive voltage-
divider relationship used to estimate the fraction of common-mode voltage appearing

across the bearing (Vostrov 2023).

Two insulation dependencies are central in practice. First, geometric dependency:
increasing wedge/slot insulation thickness (and therefore increasing effective spacing)
reduces Cw: and can lead to a clear reduction in BVR. Second, material dependency:
adjusting the wedge permittivity e modifies the field distribution and capacitance, but the
reported BVR sensitivity to & changes is typically modest compared with thickness-driven

changes (Vostrov 2023; Vostrov et al. 2021).

For interpretation, typical BVR values in conventional machines are discussed to be in the
order of a few percent, and lower BVR is generally preferable. As a practical reference, a
bearing voltage level around 10 V peak (or lower) is often considered safe, with smaller
machines potentially requiring even lower levels. Consequently, a frequently discussed
“safe” BVR range is approximately 2%—6%, with the admissible percentage decreasing as

the rated motor terminal voltage increases (Vostrov 2023).
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In this thesis, insulation dependency is assessed by extracting the relevant capacitances
under varying slot-insulation parameters and translating them into BVR using the
capacitance-divider formulation. This provides a transparent link between insulation design

choices and bearing-voltage build-up under inverter excitation (Vostrov 2023).
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4 Methodology

This chapter describes the workflow used to quantify the influence of slot-wedge dielectric
properties on parasitic capacitances and the bearing voltage ratio (BVR). The approach
combines a reconstructed slot geometry, a controlled permittivity sweep, and electrostatic

FEM-based capacitance extraction.

4.1 Case Study Motor and Baseline Geometry

The case-study geometry in this thesis is the stator-slot cross-section of a reported 11-kW
general-purpose industrial induction machine. The slot opening and slot wedge are
reconstructed from the source data shown in Table 1. The geometry is then used as the

basis for the 2D electrostatic finite element model.

Table 1. Reference points used to reconstruct the stator-slot cross-section for the 2D

electrostatic FEM model

Point Coordinate x (mm) Coordinate y (mm)
1 0 -0.6

2 0 0.63

3 0 2.4

4 3.44 24

5 3.32 1.38

6 1.88 0.63

7 1.75 0

8 7.06 0

9 7.06 -0.6
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Figure 2. Reconstructed stator-slot cross-section used for the 2D electrostatic FEM model

To represent the periodic slot arrangement, the model focuses on a single-slot region and
applies periodic (or symmetry-equivalent) boundary conditions at the lateral boundaries of

the modeled sector, so that the electric-field solution corresponds to a repeating slot pattern.

4.2 Parametric Study Design

The parametric study isolates the effect of slot-wedge permittivity by varying only &, of the
slot-wedge region. All other parameters are kept constant, including slot geometry,

conductor placement, boundary conditions, and the assumed bearing capacitance used in

the BVR calculation.

4.2.1 Selection of Slot Wedge Permittivity Values

Seven slot-wedge material cases are defined based on typical relative permittivity values.
The selected & values span from air (&= 1) to higher-permittivity insulating materials that

remain realistic for practical slot-wedge applications.
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Table 2. Slot wedge material cases and relative permittivity values

Case Material Relative permittivity, &
1 Air 1.0006

2 Wood 2.5

3 Polyesterimide 3.1

4 Polyamide 33

5 Epoxy composites 5.0

6 Glass Fiber 6.2

7 Mica 6.5

Table listing seven slot-wedge material cases used in the parametric study. The table shows
each case number, material name, and relative permittivity, ranging from air at 1.0006 to

6.5.

4.2.2 FEM Model Adjustments

To implement insulation variation, the slot-wedge domain is defined as a separate material
region in the 2D model. For each case, the wedge-domain relative permittivity is adjusted

while the rest of the model remains unchanged.

4.3 FEM Simulation Workflow

The simulations were carried out using the Electrostatics interface in COMSOL
Multiphysics v.6.4 under a 2D planar assumption. The workflow for each material case
consisted of: (a) assigning conductor terminals/potentials (winding at 1 V; stator core and
rotor boundary at 0 V), (b) applying outer-boundary conditions for the surrounding air

region, (c) generating a mesh with local refinement near the slot opening and wedge edges,
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(d) solving the electrostatic problem, and (e) post-processing to compute conductor charges
and capacitances. A fixed excitation of 1 V was used so that the capacitance equals the
computed charge (C = Q/U). The Electrostatics interfaces were solved in 2D with an out-

of-plane thickness the adopted machine of d = 0.208 m.

4.4 Data Extraction and Processing

For each & case, the total charge QO on the winding conductor is obtained from the
COMSOL solution and converted to the winding-to-rotor capacitance Cw: using Eq. (1).
The corresponding BVR is then calculated from Eq. (3) by combining the extracted

capacitance values with the assumed bearing capacitance.
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5 Outcomes

This chapter reports the capacitance-extraction results from the COMSOL electrostatic
simulations and evaluates how the slot-wedge relative permittivity affects the parasitic

capacitance network and the bearing voltage ratio (BVR).

5.1 Results

Table 3 shows the extracted winding-to-rotor capacitance Cw, stator-to-rotor capacitance

Cs, and the calculated BVR for the seven insulation-material cases.

Table 3. Effect of slot-wedge relative permittivity on capacitances and bearing voltage

ratio
& Cw: (pF) Cq (pF) Gy (pF) BVR (%)
1.0006 39.015 1308.3 27 2.7842
2.5000 59.061 1308.0 27 4.1563
3.1000 63.268 1307.9 27 4.4395
3.3000 64.428 1307.8 27 4.5172
5.0000 71.320 1307.6 27 49771
6.2000 74.309 1307.5 27 5.1753
6.5000 74.913 1307.5 27 5.2152

The table displays extracted capacitance values and computed bearing voltage ratio for
seven varying cases of slot-wedge permittivity. This includes permittivity, capacitance of
the winding to rotor, capacitance of the stator to rotor, bearing capacitance of 27 pF, and
bearing voltage ratio. With increasing relative permittivity (er), values of BVR increase, Cs:

stays almost the same and Cy: increases.
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5.2 Analysis

The electric-field distribution at the slot opening and the strength of capacitive coupling
paths are influenced by the slot-wedge permittivity. In the current construction, Cyr
increases significantly with the permittivity, whereas Cs is almost constant. Thus, the BVR
increases with permittivity as Cwr increases in the numerator and the denominator varies

only minimally.

5.2.1 Influence on Capacitances

By varying & from 1.0006 to 6.5, Cy: rises from 39.02 pF to 74.91 pF (92.0%), implying
that a more permissive wedge enhances winding-to-rotor capacitive coupling in this slot
layout (Hemati 2019). In contrast, Cs: only weakly changes from 1308.3 pF to 1307.5 pF
(= 0.06%), indicating that in any stator —rotor coupling path most geometric features
dominate the capacitance and it is only weakly sensitive to wedge permittivity within the

range examined here.
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Figure 3. Variation of Cy: and Cs: with slot-wedge relative permittivity &;

Capacitance Cy: increases monotonously and Cs stays almost constant with a slight
decrease, as shown in Figure 3 in the same way that they depend on &.. This implies that,
unlike the traditional stator-rotor coupling case, the overall influence of the slot-wedge
dielectric is of minor importance; rather it affects only locally to the winding region

electric field.

5.2.2 Influence on BVR

With C, = 27 pF, the calculated BVR increases from 2.7842% at &r = 1 to 5.2153% at & =
6.5 (an increase of 87.3%). This follows directly from (3): since Cw: increases with &

while Cy: is nearly unchanged, the ratio increases.
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Figure 4. Variation of BVR with slot-wedge relative permittivity &;

Figure 4 illustrates that as the slot-wedge relative permittivity & increases in the range (e:~
1.0-6.5), the bearing voltage ratio (BVR) continues to increase. For example, at & =

1.0006, BVR is 2.7842% and at & = 6.5, BVR is 5.2152%, meaning there is an increase of
approximately 2.43 percentage points yielding an increase of about 87% relativistically.
From the capacitance-divider point of view in (3), this is because &; increases leading to a
linear increase in Cy: (from 39.015 pF to 74.913 pF), where Cs: is approximately 1.308nF,
a constant. Therefore, as & increases, the capacitance Cw: increases and the building

capacitance is almost constant, which results in a larger BVR.
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5.3 Discussion of Practical Implications

Design-wise, these findings suggest that a slot-wedge material with a larger permittivity
would be more beneficial to BVR and thus to augment the possibility of capacitive bearing
currents when using common-mode inverter excitation. Absolute BVR varies by an
estimate of 2.43 percentage points over the range of consideration (e;), which is 1 to 6.5. So,
slot-wedge material choice can be used as a secondary control lever to build-up bearing
voltages, but larger reductions will nearly always require geometry changes, electrostatic
shielding or mitigation schemes on the drive side. The values in this table are capacitances
which are compounded due to a 2D model of the core-region and out-of-plane thickness d
= 208 mm; not including end-winding contributions which need to be added explicitly on

an absolute machine level.
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6 Conclusions

6.1 Summary of Findings

The aim of this thesis was to determine the effect of slot-wedge insulation permittivity on
parasitic capacitances and bearing voltage ratio (BVR). This was done using a 2D

electrostatic COMSOL model of an 11- kW machine slot. Based on the permittivity
sweep (& = 1.0-6.5), Cy: was found to increase from 39.02 pF to 74.91 pF while Cs was

found to be relatively constant at approximately 1.31 nF. Assuming Cy is equal to 27 pF,
BVR was found to increase from 2.78% to 5.22% across the tested range. Hence, the slot-
wedge insulation permittivity was found to influence bearing voltage build-up to some

degree in this configuration

6.2 Contribution

The insulation-material sensitivity analysis that supports this work adds to new knowledge
by differentiating the impacts that slot-wedge permittivity has on the capacitance network
and BVR, while maintaining a unified slot geometry. A detailed workflow is provided in
this thesis for (a) redesigning the slot based on reference-point coordinates, (b) conducting

electrostatic FEM analysis with defined boundary conditions, and (c) obtaining and

rationalizing — and BVR for a given bearing capacitance.
sr

6.3 Practical Recommendations

For the explored 11- kW slot configuration, Cy: increases with a higher slot-wedge &

while Cs: remains nearly constant and this boosts BVR. So based on our end goal of zeroing
or minimizing bearing-voltage build-up, we should choose wedge materials with the lowest
possible permittivity provided that mechanical, thermal and manufacturing constraints are
met. Material selection cannot substitute for proven mitigation measures such as

electrostatic shields, shaft grounding solutions, common-mode filtering or optimized PWM.
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6.4 Future Work

Future work should include end-winding contributions and bearing capacitance
(operational conditions and lubrication film) sensitivity so as to build upon the current
core-region 2D model. Furthermore, 3D modeling and/or coupled electrostatic circuit
approaches may enhance the prediction of machine-level capacitance and BVR. It is also
advisable to experimentally validate the predicted material-dependent trends on the case-

study machine.

And this work is limited by several factors, most notably the 2D cross-sectional
assumption and constant bearing capacitance. Examples of future work include (a)
incorporating end-winding contributions, (b) sensitivity to Cp, (c) 3D or coupled

electrostatic-field formulations, and (d) experimental validation of the predicted trends.
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