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Abstract

With the expansion of the electromobility and wind energy, the number of fre-
quency inverter-controlled electric motors and generators is increasing. In parallel,
the number of the rolling bearing failures caused by inverter-induced parasitic cur-
rents also shows an increasing trend. In order to determine the electrical state of
the rolling bearing, to develop preventive measures against damages caused by
parasitic currents and to support system-level calculations, electrical rolling bear-
ing models have been developed. The models are based on the electrical insulating
ability of the lubricant film that develops in the rolling contacts. For the capacitance
calculation of the rolling contacts, different correction factors were developed to
simplify the complex tribological and electrical interactions of this region. The
state-of-the-art correction factors vary widely, and their validity range also differ
significantly, which leads to uncertainty in their general application and to the de-
mand for further investigations of this field. In the present work, a combined sim-
ulation method is developed that can determine the rolling bearing capacitance of
axially loaded rolling bearings. The simulation consists of an electrically extended
EHL simulation for calculating the capacitance of the rolling contact, and an elec-
trical FEM simulation for the capacitance calculation of the non-contact regions.
With the combination of the resulted capacitance values of the two simulation
methods, the total rolling bearing capacitance can be determined with high accu-
racy and without using correction factors. In addition, due to experimental inves-
tigations, the different capacitance sources of the rolling bearing are identified. Af-
ter the validation of the combined simulation method, it can be applied for the
investigation of the different capacitance sources, i.e., to determine their signifi-
cance compared to the total rolling bearing capacitance. The developed simulation
method allows a detailed analysis of the rolling bearing capacitances, taking into
account influencing factors that could not be considered before (e.g., oil quantity
in the environment of the rolling bearing). As a result, the accurate calculation of
the rolling bearing capacitance can improve the prediction of the harmful parasitic
currents and help to develop preventive measures against them.



II

Kurzfassung

Mit dem Ausbau der Elektromobilitat und der Windenergie steigt die Zahl der
umrichtergesteuerten Elektromotoren und Generatoren. Parallel dazu steigt auch
die Zahl der Walzlagerausfille, die durch umrichterinduzierte parasitare Strome
verursacht werden. Um den elektrischen Zustand von Walzlagern zu bestimmen,
vorbeugende Mafinahmen gegen Schaden durch parasitare Strome zu entwickeln
und elektrische Berechnungen auf Systemebene zu unterstiitzen, wurden elektri-
sche Wailzlagermodelle entwickelt. Die Modelle beruhen auf der elektrischen Iso-
lierfahigkeit des Schmierfilms, der sich in den Walzkontakten ausbildet. Fiir die
Berechnung der Walzlagerkapazitidt wurden verschiedene Korrekturfaktoren ent-
wickelt, um die komplexen tribologischen und elektrischen Wechselwirkungen in
diesem Bereich zu vereinfachen. Die aktuellen Korrekturfaktoren und ihre Giiltig-
keitsbereiche variieren deutlich, was zu Unsicherheiten in deren allgemeinen An-
wendung fithren kann und weitere Untersuchungen auf diesem Gebiet erfordert.
In der vorliegenden Arbeit wurde ein kombiniertes Simulationsverfahren entwi-
ckelt, mit dem die Walzlagerkapazitdt von axial belasteten Walzlagern berechnet
werden kann. Die Simulation besteht aus einer elektrisch erweiterten EHD Simu-
lation zur Berechnung der Kapazitat des Walzkontakts und einer elektrischen FEM
Simulation zur Kapazitatsberechnung der weiteren Bereiche. Durch die Kombina-
tion der resultierenden Kapazitatswerte der beiden Simulationsverfahren kann die
gesamte Walzlagerkapazitat mit hoher Genauigkeit und ohne Verwendung von
Korrekturfaktoren berechnet werden. Dariiber hinaus werden durch experimen-
telle Untersuchungen die verschiedenen Kapazitatsquellen des Walzlagers identi-
tiziert. Nach der Validierung der kombinierten Simulationsmethode kann diese
zur Untersuchung der verschiedenen Kapazitiatsquellen eingesetzt werden, d.h.
um deren Bedeutung im Vergleich zur gesamten Walzlagerkapazitat zu ermitteln.
Die entwickelte Simulationsmethode ermoglicht eine detaillierte Analyse der
Walzlagerkapazitdten unter Beriicksichtigung von Einflussfaktoren, die bisher
nicht beriicksichtigt werden konnten (z.B. Olmenge in der lagernahen Umgebung).
Durch die genaue Berechnung der Walzlagerkapazitaten konnen schadliche para-
sitdare Strome besser vorhergesagt und Praventivmafinahmen dagegen entwickelt

werden.
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Nomenclature

List of Symbols

Variable Unit Description

a,b mm Semi-axes of the hertzian contact ellipse

a...as - Lubricant-specific constants of the Bode equations

dir mm Diameter of the inner ring raceway

dor mm Diameter of the outer ring raceway

d, mm Pitch diameter

dre mm Diameter of the rolling element

f Hz Frequency

h pm Gap height

ho um Central lubricant film thickness

ho pm Mutual approach

ho,isotn um Central lubricant film thickness assuming isothermal
contact conditions

ho,tn um Central lubricant film thickness with thermal correction

honin pm Minimum lubricant film thickness

Rmin isoth pm Minimum lubricant film thickness assuming isothermal
contact conditions

Romin ¢n pm Minimum lubricant film thickness with thermal
correction

[ - Imaginary unit

ki, ky, ks - Lubricant-specific constants of the Bode equations

k¢ - Correction factor of the contact capacitance

Correction factor of the contact resistance
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Variable Unit Description

n min! Rotational speed

Ncage min-! Rotational speed of the cage

Ny min! Rotational speed of the inner ring

Nor min! Rotational speed of the outer ring

Nye min! Rotational speed of the rolling element

p MPa Pressure

Deav MPa Cavitation pressure

Pmax MPa Maximum hertzian contact pressure

r mm Radius

Tix, T2x mm Radius of the contacting bodies in x-direction
T1y, T2y mm Radius of the contacting bodies in y-direction
Tir mm Radius of the inner ring raceway

Tor mm Radius of the outer ring raceway

Trw,ir mm Groove radius of the inner ring raceway
Trw.or mm Groove radius of the outer ring raceway

U, m/s Hydrodynamic velocity

U, Uy m/s Velocities of the contacting surfaces

Ugy m/s Hydrodynamic velocity of the inner ring contact
Upy m/s Hydrodynamic velocity of the outer ring contact
t msec Time

t1, ty msec Time points

v m/s Velocity, Circumferential velocity

V1, Uy m/s Velocities of the contacting surfaces

Veage m/s Circumferential velocity of the cage

Vi m/s Circumferential velocity of the inner ring

Vor m/s Circumferential velocity of the outer ring

Av m/s Relative velocity

X,z

Cartesian coordinates



VII

Variable Unit Description

A mm? Area

A pF Rolling element independent capacitance

Ap.. A, - Lubricant-specific constants of the Bode equations

Ayertz mm? Area of the hertzian contact ellipse

B pF Capacitance increase per rolling element

C pF Capacitance

Ch,Ch ... 'V Lumped capacitances of a multi-conductor system

cl,cl... V Ground capacitances of a multi-conductor system

Cc pF Cable capacitance

Ceon pF Contact capacitance

Chertz pF Capacitance of the hertzian contact region

Cintet pF Capacitance of the inlet region

Coutlet pF Capacitance of the outlet region

Coutside pF Capacitance of the outside region of the contact

Crideir  PF Capacitance of the inner ring contact obtained by
the electrically extended EHL simulation

CRitontor  PF Capacitance of the outer ring contact obtained by
the electrically extended EHL simulation

ChEpmvir  PF Capacitance of the surroundings of the inner ring
contact obtained by FEM simulation

Chibnvor  PF Capacitance of the surroundings of the outer ring
contact obtained by FEM simulation

Crp pF Rolling bearing capacitance

Crea Crep PF Rolling bearing capacitances of the electric motor

Crs pF Rotor-Stator stray capacitance

Cs pF Substitutive capacitance

Cseg pF Segment capacitance of the rolling bearing

CoonEny pF Environmental capacitance of the rolling bearing

segment obtained by FEM simulation

Thermal correction factor of the lubricant film thickness
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Variable Unit Description

Cwr pF Winding-Rotor stray capacitance

Cws pF Winding-Stator stray capacitance

D; mm Outer diameter of the rolling bearing

D, mm Inner or bore diameter of the rolling bearing

Ey GPa Reduced modulus of elasticity

E\ E, GPa Modulus of elasticity of the contact bodies

Ep V/m Dielectric strength

F N Load

Foy N Axial load

Fy N Normal load

Fraa N Radial load

G - Dimensionless material parameter

H - Dimensionless lubricant film thickness

H, - Dimensionless central lubricant film thickness

H, - Dimensionless mutual approach (iteration constant)
Hpin - Dimensionless minimum lubricant film thickness

I A Electric current

Iy A Charging current (first instant)

0 - Mid-point of the intermediate circuit in the inverter
p - Dimensionless pressure

Q N Load of the rolling element or the contacting bodies
Q C Electric charge

Q4, Q, C Electric charges of a multi-conductor system

Q; N Individual load of the rolling element

R Q Electric resistance

R’ Q Simplifying resistance for the calculations

R? - Coefficient of determination

Ra1, Ry pHm, mm Arithmetic average roughness of the surfaces
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Variable Unit Description

R Q Electric resistance of the cable

Reonoil Q Electric resistance of the lubricated rolling contact
Rege Q Effective resistance

Ryertzoil Q Electric resistance of the hertzian contact region

Ro Q Internal resistance of the oscilloscope

Rg1, Ry pm, mm Root-mean-square roughness of the surfaces

Rp Q Regulating resistance

Rpp Q Electric resistance of the rolling bearing

Rg Q Substitutive resistance

R, mm Equivalent radius of the contacting bodies in x direction
R, mm Equivalent radius of the contacting bodies in y direction
T °C K Temperature

U - Dimensionless speed parameter

U \% Voltage

Uy \Y% Supply voltage

Ui, U, \Y Voltages of a multi-conductor system

Uy, U, \% Voltages at different time points

Uc \Y% Charging voltage

Uen \% Common-mode voltage

Ujc \Y% Intermediate circuit voltage of the frequency inverter
Unnax \% Maximum of the charging voltage

Urp \Y% Voltage acting on the rolling bearing

Uy, Uy, Uy V Phase voltages

uv,w - Phases of the electric motor

w mm Width of the rolling bearing

w - Dimensionless load parameter

X Q Reactance

X - Dimensionless x-coordinate
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Variable Unit Description

Y - Dimensionless y-coordinate

AX, AY - Dimensionless element sizes of the EHL simulation
Z - Number of rolling elements

Z Q Complex impedance vector

Z; Q Impedance vector of a capacitor

Z, Q Impedance vector of a resistor

a ° Contact angle

g ° Nominal contact angle

a; ° Individual contact angle of the rolling element
ap, ay 1/Pa Pressure-viscosity coefficient

s 1/K Lubricant-specific constant of the Bode equations
p ° Angle of the external load on the rolling bearing
Br 1/K Isothermal compressibility (Bode equations)

Bin 1/K Temperature-viscosity coefficient

14 - Geometric parameter

4 1/s Shear rate

) pHm, mm Depth of indentation

tan(9) - Dielectric loss factor

£o F/m Vacuum permittivity

& - Relative permittivity

Er air - Relative permittivity of air

Eroil - Relative permittivity of the oil

n Pas Dynamic viscosity

il - Dimensionless dynamic viscosity

Mo Pas Dynamic viscosity at atmospheric pressure

6 - Cavity fraction

K - Ellipticity parameter (ratio of the semi-axes)
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Pave
Pel
Pel,oil
Pg

Ps

™ 9

00

W/(mK)

m?/s

1/mm

kg/m3

kg/m?3
kg/m?

Q'm
kg/m?3
kg/m’
pm, mm
MPa

sec

rad/s
rad/s
rad/s
rad/s
rad/s

Approximation of ellipticity parameter

Specific lubricant film thickness

Thermal conductivity

Minimum value of the coefficient of friction
Kinematic viscosity

Poisson’s ratios of the contact bodies

Curvature of the body

Density

Dimensionless density

Density at atmospheric pressure

Average density of oil and gas

Electrical resistivity (or specific electrical resistance)
Electrical resistivity of the oil

Solidification density parameter of the Bode equations
Lubricant-specific constant of the Bode equations
Combined roughness of the contacting surfaces
Shear stress

Time constant

Phase angle

Angular velocity, angular frequency

Angular velocity of the cage

Angular velocity of the inner ring

Angular velocity of the outer ring

Angular velocity of the rolling element

Elliptic integral of the first order

Approx. of the elliptic integral of the first order
Elliptic integral of the second order

Approx. of the elliptic integral of the second order

Thermal load parameter
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Subscripts

Index Description
1,2 Body 1, 2

ax Axial

1]

Index of vector and matrix elements

ir Inner ring

max Maximum

min Minimum

or Outer ring

rad Radial

RB Rolling bearing

re Rolling element

Abbreviations

Abbreviation Description

AC Alternating current

BVR Bearing voltage ratio

CFD Computational fluid dynamics

DC Direct current

DIN Deutsches Institut fiir Normung

EDM Electric discharge machining

EEHL Electrically extended EHL simulation

EHL Elastohydrodynamic lubrication

FBNS Fischer-Burmeister-Newton-Schur (algorithm)
FEM Finite element method

GESA Gerat zur erweiterten Schmierstoffanalyse (German)

Device for extended lubricant analysis (English)
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GTO
IGBT
ISO
JFO
LMA
MEGT
PTFE
PVC
PWM
RC
SVM
WEC

Gate-turn-off (thyristor)

Insulated gate bipolar transistor

International Organization for Standardization
Jakobsson-Floberg-Olsson (cavitation model)
Levenberg-Marquardt algorithm

Institute of Machine Elements, Gears and Transmission
Polytetrafluoroethylene

Polyvinyl chloride

Pulse-width modulation
Resistance-capacitance (circuit)

Space vector modulation

White etching cracks






1 Introduction

Rolling bearings are among the most widely used machine components and the
demand for their stable and high performance in diverse applications is constantly
present. It can be explained by their essential function, which is to ensure relative
motion between components next to the transmission of the related forces and tor-
ques with minimal losses. Today, there is a wide range of different types of rolling
bearings, designed for specific operating conditions or environments, i.e., to ensure
high efficiency in various applications. In addition to higher efficiency, the aim of
the rolling bearing development process is to achieve a long service life. The cor-
rect service life prediction of the rolling bearings is a significant task at the design
stage of the machines, since the failure of a rolling bearing can lead to the failure
of the whole machine. To prevent such undesired events, there are various calcu-
lation methods — rolling bearing standards (e.g., [DIN ISO 281], [DIN 26281]), cat-
alogues with design guidelines (e.g., [Skf18], [Sch18]), and further empirical or nu-
merical calculation processes — that allow the design engineer to determine the ex-
pected service life and critical conditions of the bearings. These calculation meth-
ods develop in parallel with the rolling bearing itself and can take more and more
influencing factors into account. In addition, the computer-aided design and opti-
misation of mechanical systems enables further improvement of the performance
and quality of the individual components. Through the coupling of different sim-
ulation levels (system, subsystem, element), i.e., by considering the system level
interactions between the components (e.g., the interactions between the rolling
bearings and the supported gears in a drive unit), more accurate predictions can
be made about the conditions of each individual component in the machine.

A large proportion of rolling bearing applications is related to the mobility and
energy sectors, which are currently undergoing a major transformation. As sus-
tainability comes increasingly to the fore, so do the modern electric motor and gen-
erator systems, which brings challenges in the related rolling bearing applications.
With the increasing number of frequency inverter-controlled electric motors and
generators, the number of bearing failures caused by parasitic currents is also in-
creasing. Depending on the mechanical and electrical conditions of the bearing,



different type of parasitic currents can appear, which influence the failure mode
and thus the service life of the bearing. In order to predict such harmful electric
conditions, and to elaborate possible preventive measures, complex multi-level
(rolling contact, rolling bearing, electric drive) multi-field (tribological, mechani-
cal, electrical) calculations and simulations are necessary, where the interactions of
the different components can be taken into account. An essential part of these in-
vestigations is the correct electrical modelling of the mechanical subsystems, such
as the rolling bearings. In the rolling contacts of the bearings, a lubricating film
develops. It can act as an electrical insulation between the conductive surfaces and
thus can be described and quantified electrically. Since the accurate mechanical
and fluid dynamical modelling of this area is already a complex task, simpler cal-
culation methods in combination with various correction factors are often used to
derive the corresponding electrical values. The currently used correction factors
and functions vary over a wide range, depending on different conditions (e.g., type
of the rolling bearing, electrical properties of the lubricant), and their validity range
also varies considerably. This leads to uncertainty in their general application and
to the demand for further investigations in this field. Due to the electrical consid-
eration of the insulating lubricant film in the contacts and the surrounding con-
ductive components, the rolling bearings can be modelled with equivalent electric
circuits, and lastly with operating point-dependent electrical values, such as ca-
pacitance, resistance, and impedance. It allows the integration of the rolling bear-
ings as an electrical subsystem into the system-level electrical simulations. The pre-
sent work is focusing on the improvement of the capacitance modelling of rolling
bearings, in parallel with the general investigation of the phenomena in the back-
ground of the correction factors. The results provide the possibility to improve the
accuracy of system-level modelling of electric motors and generators, and to de-
velop preventive measures against parasitic current-induced damages in the me-
chanical subsystems.



2 Fundamentals and state of the art

The appearance of parasitic currents in rolling bearings has necessitated the elec-
trical investigation and modelling of this basically mechanical component. In this
chapter, the fundamentals are discussed, starting from the sources and types of
bearing currents, through the related mechanical description of rolling bearings,
and closing with the state-of-the-art electrical modelling of rolling bearings using
different correction factors.

2.1 Fundamentals of bearing currents

Although the phenomenon of harmful bearing currents has been known and in-
vestigated for decades, the number of bearing damages caused by parasitic cur-
rents has increased in recent years. It can be explained by the increasing applica-
tion of frequency inverter-controlled electric machines. Thereby, in addition to the
"classical" bearing currents, "modern", frequency inverter-induced bearing cur-
rents have appeared. These "modern" bearing currents are in the focus of numer-
ous scientific works, such as in [Miit04], [Gem16], [Rad16], [Tis17], [Furl?7] and
[Bec20], among others.

211 "Classical" bearing currents

The "classical" bearing currents, compared to "modern” bearing currents, have
lower frequencies and can potentially occur in any electric motor or generator.
Typically, two sources can be distinguished, which are briefly presented in the fol-
lowing based on [Zik10]:

o Electrostatic charging: It can occur due to frictional electricity (e.g., in
pumps and fans), which leads to the development of a DC voltage between
the shaft and the machine frame, and thus across the bearing. If this poten-
tial difference exceeds the insulating ability of the lubricant film in the roll-
ing contact, an electrical discharge can occur, which can lead to damages on
the contact surfaces and in the lubricant.



o Magnetic asymmetries: The asymmetries of the magnetic field can be
caused by various reasons, such as the inaccuracies of the production pro-
cess, imperfections in the design, material inhomogeneities or the bending
of the shaft in case of large machines. The resulted magnetic asymmetries
induce an alternating voltage along the shaft. If the shaft voltage is high
enough, it can discharge through the lubricant film and leads to a low fre-
quency circulating current across one bearing, through the frame, across the
other bearing, back to the shaft. Bearing currents due to magnetic asymme-

tries are more typical of large-size electric machines.

Due to the improved manufacturing processes and optimised motor designs, the
electrical bearing loads caused by "classical" bearing currents and the number of
the resulted failures have been reduced [Zik10].

2.1.2 "Modern" bearing currents

In case of damages related to "modern" frequency inverter-induced bearing cur-
rents, an increasing trend can be observed, which can be explained by the increas-
ing application of frequency inverter-controlled motors and generators. To de-
scribe the origin of the "modern"” bearing currents, the operating principle of a volt-
age source DC-link frequency inverter is briefly explained in the following based
on [Jag05] and [Pre02]. The inverter controls the rotational speed of a three-phase
induction motor with the pulse-width modulation (PWM) method.

Frequency inverter

Rectifier circuit DC Link Inverter circuit
with diodes Intermediate circuit with IGTBs

Power supply = X /N /N —

Motor

S

N QN N T

Figure 2.1:  Schematic representation of a voltage source DC-link frequency in-
verter (based on [Jag05])



As shown in Figure 2.1, the frequency inverter consists of three main parts. First,
the three-phase diode rectifier bridge converts the incoming three-phase AC
power supply to a DC voltage. In the DC link there are smoothing capacitors,
which are connected at the mid-point O to the ground and thereby define a positive
(+U;c/2) and a negative (—U,¢/2) voltage rail, respectively. These discrete voltage
levels are combined by the fast-switching semiconductors (nowadays they are pre-
dominantly insulated gate bipolar transistors (IGBT)) to generate the control volt-
age signals for the phases (U, V, W) of the electric motor. Therefore, the phase volt-
ages are not sinusoidal but square wave signals, which are defined by the pulse-
width modulation (PWM) and its control algorithm, the space vector modulation
(SVM). (These modulation techniques have different variations that result in dif-
ferent signal quality and computational requirements.) The PWM controls the
IGBT switching elements and varies the width of the discrete voltage levels, i.e.,
the shape of the square wave signals. For this purpose, a reference sine wave and
a triangular carrier signal are compared, as it is illustrated on Figure 2.2. If the
reference signal is greater than the carrier signal, the corresponding pulse-width
modulated voltage signal is in high state, otherwise it is in low state.

Source

signals Time
PWM

voltage >
signal Time

Figure 2.2:  Operating principle of the pulse-width modulation based on [SM19]

Due to the inductances of the motor winding, a sinusoidal current is generated by
the rectangular voltage pulses of the phase signal. The phase voltages are then syn-
chronised by the SVM depending on the desired rotational speed and load. In case
of three 120° phase-shifted sinusoidal voltage signals, the sum of the signals would
be zero at every time point. In contrast, the sum of the pulse-width modulated
voltage signals is generally not zero, but a stair-shaped signal, with three rising
and three falling levels. This characteristic signal is the common-mode volt-
age U¢y, which represents the star point-to-ground voltage of the motor. The com-
mon-mode voltage does not impair the electromechanical performance of the mo-
tor, but it has a significant role in the generation of bearing currents [Zik10]. The
pulse-width modulated phase voltage signals, and the corresponding common-
mode voltage are illustrated on Figure 2.3.
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Figure 2.3:  Pulse-width modulated phase voltage signals, and the common-
mode voltage (based on [SM19])

The electric machines comprise inherent stray capacitances, which represent ca-
pacitive coupling between certain components of the motor. These stray capaci-
tances interact with the high-frequency common-mode voltage and influence the
generation of parasitic bearing currents. The air gaps and further insulating mate-
rials between the conductive components of different potentials are able to store
electrical charge and thus can act as local stray capacitances. In case of electric mo-
tors, there are stray capacitances at the winding-rotor Cy,p, rotor-stator Czg and
winding-stator Cy s couplings (Figure 2.4). In this regard, also the rolling bearings
act as stray capacitances Cgp 4, Crp p, considering the lubrication film between their
conductive components. Based on the location of the stray capacitances in the mo-
tor, an equivalent circuit diagram can be obtained, which is shown in Figure 2.4 b).
It can be observed that the capacitances form a voltage divider, which allows to
describe the ratio between the voltage acting on the rolling bearing Ugp and the
common-mode voltage Ucy. This relation is the "bearing voltage ratio" (BVR)
[Miit04]:
Urp Cwr

BVR = = 2.1
Uem  Cwr + Crpa+ Crs + Crpp @1)

The BVR can be used to approximate the maximum induced voltage on the bearing
related to the common-mode voltage of the motor. The investigations in [Miit04]
and [Tis17] showed that the BVR for most standard electric motors is between 1 %
and 10 %. For example, in case of a maximum common-mode voltage of 400 V, a
maximum bearing voltage of 40 V can be expected [Rad16].
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Figure 2.4: a) Stray capacitances of the electric motor (based on [Rad16]);
b) Equivalent circuit diagram of the motor using the stray capaci-
tances [Tis17]

After the brief description of the operating principle of modern frequency inverter-
controlled electric motors (focusing on the rolling bearing-related electrical ef-
fects), the induced "modern" bearing currents can be presented in the following,
categorised into four groups based on [Zik10], [Jag05] and [Furl7]:

o dU/dt currents: The application of IGBTs as fast-switching semiconductors
improves the switching rate, and thus the approximation of the desired si-
nusoidal voltage signals (compared to the previously used gate-turn-off
(GTO) thyristors), and at the same time leads to an increased steepness of
the voltage pulses. These fast voltage transients, combined with the stray



capacitances, cause current pulses according to the I = C - dU/dt relation at
each transition of the phase voltages, i.e., at each switching event of the fre-
quency inverter [Zik10]. In case of a well-developed lubricating film in the
rolling contacts, the bearing is in a capacitive state. Therefore, the voltage
can build up and the currents passing the bearing — with an amplitude of
approx. 10 mA [Furl7] — do not lead to damages, since they are in a reactive
state. If the bearing operates with insufficient lubrication condition, i.e., the
insulating effect cannot be achieved in the rolling contacts, active currents
are draining to the ground through the bearing at the switching events in
the range of 5 mA to 200 mA [Furl17]. Examples for dU/dt current paths are
illustrated on Figure 2.5 a).

Electric discharge machining (EDM) currents: As shown in Figure 2.4, the
common-mode voltage Uy, which acts between the winding and the stator,
and the stray capacitances, which serve as a voltage divider, define the bear-
ing voltage Ugp. This voltage has a similar course as the common-mode volt-
age but scaled according to the BVR. If the bearings of the motor operate
with insulating lubricant film in the rolling contacts, they act like capacitors
and are charged at every switching operation due to the dU/dt currents. In
this case the bearing voltage can build up until the point, where the break-
down voltage of the lubricant film is exceeded. At this moment, the energy
stored in the stray capacitances will be discharged and an EDM current
pulse occurs, which can lead to damages in the rolling bearing. In contrast
to dU/dt currents, which can only occur during the switching operations of
the frequency inverter, EDM currents can appear independently of them at
any time, when the breakdown voltage of the lubricant film is exceeded
[Jag05]. Depending on the amplitude of the common-mode voltage, on the
stray capacitances of the motor and especially on the operating-point-de-
pendent lubrication condition in the roller bearing, the EDM-breakdown
can occur at a few volts up to several tens of volts, and the corresponding
current can reach several amperes [Furl7]. Figure 2.5 a) shows examples for
EDM current paths in the motor.

Grounding currents: The steep edges of the common-mode voltage interact
with the winding-stator stray capacitance Cy, 5, and thereby high-frequency
currents are generated. These currents, which leave the winding through
the capacitance Cyys, flow back to the source, i.e., to the ground potential of
the frequency inverter and called grounding currents [Furl17]. Since the cur-
rent follows the path with the lowest impedance, the grounding conditions
have a great importance regarding the affected components. If the motor is



installed with a low-impedance stator grounding, most of the grounding
current flows as "stator-to-ground" current through this grounding back to
the inverter (i.e., to its ground potential). In this case, the bearings are not
affected. If the rotor shaft is connected to a well-grounded driven machine
(next to a possible poor grounding of the stator or the inverter), an alterna-
tive current path may form, which provides lower impedance than the pre-
viously defined. Therefore, the high-frequency currents flow from the stator
through one of the bearings to the shaft, then along the shaft to the driven
machine and back to the grounding potential. These "rotor-to-ground" cur-
rents are in the range of several amperes [Furl7], and they can lead to dam-
ages in the rolling bearings of the motor or in the components of the driven
machine. Figure 2.5 b) represents possible current paths for both the "stator-
to-ground" and the "rotor-to-ground" currents.

High frequency circulating currents: As it was mentioned previously,
high-frequency grounding currents can leave the winding through the ca-
pacitance Cy, s due to the steep edges of the common-mode voltage. Conse-
quently, the current flowing into the stator winding is higher than the cur-
rent flowing out [HXL20], [CLN98]. The resulted non-constant (both in
space and time) current-flow in the stator winding generates a tangential
magnetic field around the motor shaft. This rotating magnetic field can in-
duce an alternating shaft voltage in axial direction (similar to the shaft volt-
ages generated by the magnetic asymmetries at the "classical" bearing cur-
rents). As a result, high-frequency circulating currents can flow from the
motor shaft across one bearing, along the motor frame and across the other
bearing back to the motor shaft. It is illustrated in Figure 2.5 c). The circu-
lating currents appear on the bearings with the same magnitude but with
opposite polarity. Since they are coupled with the dU/dt currents, they do
not flow continuously, but synchronised with the switching operations of
the frequency inverter [Zik10]. The high-frequency circulating currents,
such as the grounding currents, can also reach values of several amperes
[Furl7]. The investigations described in [Tis17] show that the electrical bear-
ing load due to circulating currents increases with increasing motor power,
and typically occurs from a motor power of 50 kW [RG15].
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Figure 2.5: Frequency inverter-induced bearing currents represented by their
paths: a) dU/dt and EDM currents; b) Grounding currents; c) Circu-
lating currents (based on [PBCN18] and [Sch20])
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2.1.3 Damages due to bearing currents

The presented parasitic currents can lead to different types of rolling bearing dam-
ages (Figure 2.6), which can significantly reduce the service life of the component,
and thus the service life of the whole machine. The current related rolling bearing
damages are described in the following:

o Crater formation and grey frosting: Due to the high energy of the electrical
discharges, metallic particles can leave the surfaces, resulting in crater-like
formations. In parallel, local melting can occur, which is then rolled over by
the rolling element leading to a hardened material layer and macroscopi-
cally matt-looking surface [Furtl7]. The resulted surface structure is also
known as "grey frosting". (Figure 2.6 a))

o Fluting: The fluting is a typical current-related damage of rolling bearings,
which is also referred to as "ripple" formation in the literature. The fluting
is characterised by a multitude of heterochromatic grey lines perpendicular
to the raceway [Tis17b]. These lines form a nearly periodic ridge-valley
structure on the running traces of the rings (or in rare cases on the rolling
elements). The fluting leads to increased vibration and thus significantly
higher wear of the rolling bearing. (Figure 2.6 b))

o Lubricant degradation: The high local temperature generated by electrical
discharges in the rolling contact leads to the degradation of the lubricant.
Due to oxidation processes, the lubricant discolours and its lubricating
properties deteriorate, which can lead to bearing damages. In addition, dur-
ing the crater formation, the metal particles that leave the surfaces accumu-
late in the lubricant, thereby changing its electrical properties. (e.g., conduc-
tivity, permittivity) [Bec20]. These effects can be observed for both lubricat-
ing oils and greases. (Figure 2.6 c))

o White etching cracks (WEC): The WECs are cracks in the microstructure of
the bearing steel, which appear with localised white areas when the micro-
section is polished and etched. The formation mechanism of WECs is a com-
plex and diverse process and the subject of ongoing research. The WECs
lead to material spalling and thus to an early failure of the rolling bearing.
Current research shows that the presence of bearing currents helps the for-
mation of WECs [LBG16], [LBG21]. (Figure 2.6 d))
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a) Crater formation and grey frosting

b) Fluting

d) White etching cracks

Figure 2.6: Rolling bearing damages caused by parasitic currents: a) Crater for-
mation and grey frosting [Rad16], [Bec20]; b) Fluting [Rad16]; c) Lub-
ricant degradation; d) White etching cracks [MSMK19], [LBG16]
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214 Preventive measures

The damages caused by the parasitic bearing currents can lead to the downtime of
the entire machine. In order to avoid this outcome, different preventive measures
have been developed and are currently being researched. Focusing on the manip-
ulation of harmful currents and their paths, different preventive strategies can be
distinguished. These strategies and the components, developed for their practical
application, are summarised in [Bec20], and are presented accordingly in the fol-
lowing:

Strategy 1: The rolling bearings and their surroundings are designed in such a way
that no harmful currents can flow through the bearings.

o Insulated bearings (hybrid bearings or ceramic bearings)

o Insulated bearing rings

o Insulated clutches

Strategy 2: The harmful currents are limited or avoided before they would reach
the rolling bearing by influencing the electrical system.

o Sine-wave filters

o Nanocrystalline or ferrite rings

o Current-limiting chokes

Strategy 3: The harmful currents are conducted through an alternative path,
thereby avoiding the rolling bearing.

o Shaft grounding rings

o Contact brushes

o Conductive sealings

o Conductive lubricants

The listed strategies and components have inherent advantages and disad-
vantages. While some methods only protect against certain type of bearing cur-
rents, others lead to one-time or regular additional costs (due to additional parts
and/or mounting), which make their application financially disadvantageous. Fur-
thermore, reducing certain type of harmful currents can lead to an increase in other
types of parasitic currents. The manipulation of current paths, and thereby avoid-
ing the bearing currents, can also shift the harmful effects to other mechanical com-
ponents, such as to the gears. These facts underline the need for the electrical mod-
elling of mechanical components and contacts, which allows the observation and
investigation of the system-level electrical interactions.
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2.2 Basics of rolling bearings

To discuss the state-of-the-art electric bearing models, it is first necessary to present
the related rolling bearings and their relevant aspects. Accordingly, this chapter
focuses on the mechanical description of rolling bearings, and the lubricant film in
the rolling contact.

2.2.1 Function and design

The function of rolling bearings is to transfer forces between parts moving relative
to each other and to define their relative position. The friction that arises between
moving components is reduced with the help of intermediate rolling elements,
which replace sliding motion with rolling (next to a small amounts of residual slid-
ing) [SS12]. Today, a large variety of rolling bearings is available, with bearing de-
signs optimised for specific applications and environments. Rolling bearings can
be distinguished, among others, according to the direction of the carried load (ax-
ial, radial or combined) or the shape of the rolling elements (ball, cylindrical-, ta-
pered- or further special roller). Figure 2.7 provides a brief overview of typical roll-
ing bearing designs, showing their target load conditions and contact angles.

Contact angle = 90°
(for axial load) 75° 60° 45°

Cylindrical roller thrust bearing
Needle roller thrust bearing

Thrust ball bearing

Angular contact thrust ball bearing

Thrust

Spherical roller thrust bearing Beatings
Single row angular contact ball bearing

. . _130°
Four-point contact ball bearing ,

Radial
bearings P ]

Double row angular contact ball bearing

vV 0 N o0 W N e

Self-aligning ball bearing
10 Deep groove ball bearing

11 Tapered roller bearing

12 Spherical roller bearing
13 Needle roller bearing

14 CARB toroidal roller bearing

Radial load

15 Cylindrical roller bearings

Contact angle = 0°
(for radial load)

Thrust load

Figure 2.7:  Typical designs of rolling bearings with targeted load conditions and
contact angles [Skf18]
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Generally, the rolling bearings consist of the following parts: inner ring, outer ring,
rolling elements, cage, and lubricant. The rolling elements move on the raceways
of the inner and outer rings and are kept evenly spaced by the cage. The rings and
the rolling elements are made of bearing steel (in special cases ceramic or plastic
materials are also applied), and the cages can be made of steel, brass, or different
plastic variants. To reduce frictional losses, lubricating oils, greases, and in special
applications solid lubricants are used. The rolling bearing can also be equipped
with sealing rings to keep the lubricant between the inner and outer rings and to

avoid contamination.

In the following, the work focuses on deep groove ball bearings, angular contact
ball bearings and thrust ball bearings. The first two are of particular importance
for electric motors and generators, while the third has a significant role in investi-
gations because of its favourable modelling possibilities. Figure 2.8 illustrates the
main parts and the mounting dimensions of the rolling bearings through the ex-
ample of an angular contact ball bearing and a thrust ball bearing.

Figure 2.8:  Main parts and mounting dimensions of rolling bearings through the
example of an angular contact ball bearing and a thrust ball bearing

The rolling bearings are mounted with the bore diameter D; of the inner ring and
the outside diameter D, of the outer ring. In the case of thrust ball bearings, the
inner and outer rings can be defined by their positioning surfaces, i.e., the ring
mounted with its inner diameter D; is referred to as inner ring. Furthermore, the
width W of the bearing is a further mounting dimension. Another group of bearing
dimensions is related to the operation of the bearing. This includes, among others,
the diameter of the rolling element d,., and the groove radius of the raceway on
the inner ring r,,, ; and outer ring 7., .. The dimensions related to the rolling ele-
ment and its direct environment are shown in Figure 2.9.
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Figure 2.9: Rolling bearing dimensions related to the rolling element and its di-
rect environment

During the operation of the rolling bearing, the external load is transmitted inside
the bearing from one raceway through the rolling elements to the other raceway.
The direction of the load is described by the line connecting the contact points of
the bearing rings with the centre of the rolling element. This line closes an angle
with the radial mid-plane of the bearing, which is called contact angle [Bal05]. De-
pending on the operating condition of the bearing, a distinction can be made be-
tween nominal contact angle a, and operating contact angle a. The nominal con-
tact angle, which depends only on the geometry of the bearing, is present in un-
loaded condition. When the bearing is loaded by external forces, it operates with
the operating contact angle that considers the change of the angle due to the load-
dependent deformations. Furthermore, at high rotational speeds, additional cen-
trifugal forces act on the rolling elements, resulting in different loads and contact
angles in the inner and outer ring contacts. A detailed description of the rolling
bearing dimensions, and the related calculations can be found in [Sch19] or [Bar96],
among others.

2.2.2 Loads and hertzian contact

If a rolling bearing is subjected to external forces or tilting moments, the inner ring
of the bearing can shift and tilt relative to the outer ring due to the clearance and
the elastic deformation of the components. The resulted displacement leads to an
individual operating contact angle a; for each rolling element j (Figure 2.10 a)),
and accordingly to an individual load Q;. Depending on the external loads, differ-
ent load distributions can be observed on the rolling elements, which are illus-
trated in Figure 2.10 b). In the case of purely radial loading of the bearing (f = 0°),
a load zone is formed inside the bearing and only the rolling elements located
within this zone are subjected to it. With an increasing axial component of the
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external load (0° < § < 90°), more and more rolling elements are involved with their
unique contact angle a; and load Q;. For bearing loads acting only in the axial di-
rection Fp, (f =90°), the load is distributed evenly on all rolling elements with the
same operating contact angle a as:

Fax
Z- sina

Q= (2.2)
where Z is the number of rolling elements. To calculate the load distribution and
contact angles in general cases, there are different calculation methods that take
into account the balance of external forces and the forces acting on the rolling ele-
ments. For low to medium rotational speeds the assumption of static equilibrium
is generally used (e.g., [DIN 26281]). For higher rotational speeds, the calculations
can be extended to take centrifugal forces into account [HKO06].
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Rolling element Nr. —

Figure 2.10: a) Operating contact angles of the individual rolling elements in case
of a combined bearing load; b) Distribution of the bearing load on the
rolling elements under different load conditions of the rolling bear-
ing [Sch10]

Knowing the load on the rolling element, the deformation and the area of the con-
tact surface can be approximated using the hertzian contact theory [Her81], which
is described in the following based on [Wan15]. Although this calculation method
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applies certain simplifications (e.g., the surfaces are assumed to be frictionless and
only normal forces are transmitted between them), it is well suited to general prob-
lems, and is still widely used today. In the case of ball bearings, the contacts can be
generally described as point contacts between elastic ellipsoids, where a contact
ellipse is formed due to the acting load Q. The corresponding semi-major and semi-
minor axes are denoted by a and b. The geometries of the contact partners are de-
scribed with their curvatures in two perpendicular planes, which are also perpen-
dicular to the plane of the contact ellipse and defined by the semi-axes. The coor-
dinates are chosen to satisfy the following condition of the radii in accordance with
Figure 2.11:

1 1 1 1
—+t—>—+— (2.3)
rly r2y T1x T2x
The convex surfaces are represented by a positive radius, while the concave sur-
faces are represented by a negative radius.
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Figure 2.11: a) Representation of the hertzian contact of elliptic bodies; b) Section
views of the contact before the deformation with the corresponding
coordinates and dimensions (based on [Wan15])

In this system the semi-major and semi-minor axes a and b, the depth of indenta-
tion §, and the maximum contact pressure p;,4, can be calculated as:

_ e @
Pmax = 1.5 ——— (2.4)
_ 2B @ 25
0=F" I77¢ (T['K'EO) (23)
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where Y. p is the sum of the curvatures:
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The material properties of the contact bodies are described with the reduced mod-
ulus of elasticity E,, using the modulus of elasticities E; and E;, and Poisson’s ra-

tios v; and v, of the bodies:

2
Ey E,

E0:

The ratio of the semi-axes (or ellipticity parameter) is denoted by «:

K=y (2.10)
Furthermore, F and € are the complete elliptic integrals of the first and second
order. Since iterative calculations are required to solve the presented form of the
hertzian equations, several methods have been proposed to simplify and speed up
the computational process. A possible method for the replacement of the elliptic
integrals was presented by Brewe and Hamrock [BH77], where the parameters &,
F and k are described by regression-based analytic approximation formulas as the
function of the curvature radii. The provided fits for £, F and k are denoted by g,
F and k:

) R

€ = 1.0003 + 0.5968 -R—" (2.11)
y

_ R,

F =1.5277 + 0.6023 - In (R—) (2.12)

X

0.636

a_ . _Y> 2.13
- = 1.0339 (Rx (2.13)
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- = (2.14)

- (2.15)

Once the elliptic semi-axes are known, the area of the hertzian contact surface
Apere, can be calculated, which has significant role in the electrical modelling of
the contact (described in Chapter 2.3.1).

AHertz =m-a- b (216)

2.2.3 Rolling bearing kinematic

For the calculation of the lubricant film thickness in the rolling contacts of the bear-
ing, it is necessary to know the kinematic conditions of the related components. In
the following, the calculation of the required velocities and rotational speeds is
presented using the example of an angular contact ball bearing. It is assumed that
the rolling elements roll slip-free on the raceways, while the deformation of the
contacts and the effect of centrifugal forces are neglected. The kinematic conditions
and the related geometric dimensions are shown in Figure 2.12.

Secti:on A Secti:on B
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Figure 2.12: Kinematic conditions of an angular contact ball bearing (based on
[Bar96] and [Aul14])

The circumferential velocity of a body rotating around its axis can be calculated as:

2-m'n
60

(2.17)
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Where w is the angular velocity, n is the rotational speed, and r is the distance
between the axis of rotation and the circumferential point. For the subsequent
equations, the pitch diameter d,, and the geometric parameter y are first defined:

dy +d
p=— o =Ty T (2.18)
d
y =——"cosa, (2.19)
dp

Using the presented parameters, the circumferential velocity at the contact point
of the inner and outer ring can be calculated as:

1
Vi = Tir " Wir =§'(dp_dre'cosa0)'wir =
1 T, (2.20)
=5 dp A=y) wy=—p—"dp-(1-7)
1
Vor = Tor * Wor =E'(dp+dre'cosa0)'wor =
{ g, (2.21)
=§'dp'(1+y)'wor= 60 'dp'(l‘l')/)

The circumferential velocity of the cage v.44e, Wwhich also represents the transla-
tional velocity of the centre of the rolling elements, can be determined with the
help of the previously defined contact velocities:

Vcage = E ) dp " Weage = E (Wi + Vo) =
_ - d,
120

(2.22)

'[nir'(l_y)'l'nor'(l'l')/)]

Then, the rotational speed of the cage n.,4, and the rotational speed of the rolling

elements (relative to their centre) n,., can be expressed as:

1
Neage = E ’ [nir (I=-py)+n,-A+ )/)] (2.23)
- 1 . dp . . 2
Npe =55 (nor - nir) (1 -V ) (224)
2 dye

For the calculation of the lubricant film thickness (Chapter 2.2.5), the hydrody-
namic velocity is necessary. It can be calculated by the averaged sum velocity of
the contact surfaces considering an equivalent system, where the cage and the set
of rolling elements are stationary fixed, and the velocities of the components are
assigned accordingly [Aull4]. Thereby, the lubricant is conveyed into the lubrica-
tion gap due to the rotation of the contact partners around their axis of rotation.
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In this way, the hydrodynamic velocity of the inner ring contact and the outer ring
contact can be calculated:

Vs
Uiy = m ) dp ) [(1 - V) ) (nir - ncage) —-rv nre] (2.25)

(1 + V) (nor ncage) +ty: nre] (2'26)

| 120
The presented calculations can also be applied to a driven shaft with a non-rotating
outer ring. In this case, the circumferential velocity of the outer ring v,, and the
rotational speed of the outer ring n,, must be substituted with zero in the equa-
tions. Similarly, the calculations can also be applied for thrust ball bearings if the
contact angle a, is defined as 90°. A detailed description and calculation of the
kinematic conditions of rolling bearings (e.g., considering different contact angles
at the inner ring and outer ring contact) can be found, among others, in [Bar96].

224 Lubrication and lubricant properties

Friction occurs between contacting components that move relative to each other
and are subjected to contact loads. It leads to wear, heating, and it could reduce
the service life of the parts. To ensure a long service life, lubrication is applied,
which can reduce friction and reduce or avoid wear between the components
[S512]. In addition, lubrication is used to improve heat dissipation, to transfer wear
particles from the contact and to prevent corrosion. These beneficial factors make
it an essential part of the rolling bearings. The lubricants can be solid (e.g., PTFE,
graphite), plastic (grease), liquid (oil) or gaseous (air). In electric motors, genera-
tors and in the related applications predominantly lubricating oils and greases are
used. The lubricating oils can be divided into mineral oils and synthetic oils. Dur-
ing their production, certain properties are specifically adjusted, such as viscosity
and density. Other properties such as flash point, corrosion resistance, foaming
behaviour or electric conductivity can be influenced by different additives. Lubri-
cating greases consist of base oil, thickener, and additives. Due to its structure, the
thickener can absorb the base oil and deliver it to the bearing components in small
quantities over a long period of time. In this way, even a small amount of grease
can provide sufficient lubrication for a considerable time. Additives are also used
in case of lubricant greases to influence some targeted properties. Commonly used
additives, their influence, and a detailed description of the composition of lubri-
cants can be read in [SS12].
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The electrical energy storing ability of the rolling bearing strongly depends on the
thickness of the lubricant film in the rolling contacts, and thereby on the rheologi-
cal and electrical properties of the lubricant. Since the present work focusing on
oil-lubricated rolling bearings, the relevant properties of lubricating oils, which are
taken into account in the subsequent modelling, are presented below.

In terms of the description and modelling of lubricants, viscosity is one of their
most important rheological properties. The dynamic viscosity n describes the in-
ternal friction of the fluid, i.e., its resistance to relative movement. It is defined as
the shear force F required to move two parallel, plane surfaces of unit area 4 with
a constant relative velocity 4v against each other, in case of an infinitesimally thin
h fluid layer between them. For Newtonian fluids under these conditions, a linear
velocity profile dv/dy develops, as it is depicted in Figure 2.13.

F
o Av =v, — v, —
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h . dv Av
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Figure 2.13: Gap flow with velocity gradient in case of a Newtonian fluids [SS12]

Thus, the dynamic viscosity is the ratio of the shear stress 7 to the shear rate y in
the fluid. Since the shear force F per unit area A corresponds to the shear stress 7,
and the velocity gradient dv/dy corresponds to the shear rate y, the dynamic vis-
cosity can be expressed as:

_ F/A
"~ dv/dy

n (2.27)

T
14
Another quantity used to describe the internal friction of a fluid is the kinematic

viscosity v, which is defined as the ratio of the dynamic viscosity 7 to the density p
of the fluid:

v=21 (2.28)

The viscosity changes as a function of temperature and pressure. With increasing
temperature, the viscosity decreases, while increasing pressure leads to increasing
viscosity. To describe these relationships, different calculation methods have been
developed. In case of dynamic viscosity, the equation of Vogel can take the tem-
perature dependence into account using lubricant-specific constants [S512], which
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must be determined by measurements. The change of the dynamic viscosity as a
function of the pressure can be described by the Barus equation [Bar93] with the
help of the oil viscosity at atmospheric pressure and the pressure-viscosity coeffi-
cient a,, which itself depends on both the pressure and the temperature [CH10].
Using the equation derived by Rodemund [Rod80], the effect of both parameters
can be taken into account using the coefficients of Vogel (for temperature depend-
ence) and additional parameters from Rodemund (for pressure dependence).

Similar to viscosity, density also depends on temperature and pressure. The in-
creasing temperature leads to decreasing density, while increasing pressure leads
to increasing density. The [DIN 51757] offers a calculation method for the determi-
nation of the density of lubricants considering their temperature-dependence at
atmospheric pressure. Another calculation method was developed by Vogelpohl,
which uses separate formulae for the density-temperature and density-pressure
relationships [SS512]. Gundrum derived an equation [Gun91] with which both pa-
rameters can be considered using lubricant-specific constants.

In the present work, a set of equations developed by Bode [Bod84], [Bod89] is ap-
plied to describe the pressure- and temperature-dependence of density and dy-
namic viscosity in case of the investigated oils. Similar to some of the previously
mentioned methods, the equations require lubricant-specific constants (a5, ps,
as...as, and A,...A,;) that must be determined experimentally using a high-pres-
sure viscometer. Knowing these values, the temperature and pressure dependent
density p(p,T) and dynamic viscosity n(p,T) of the lubricant can be calculated
with the help of the following equations:

T
P, T) = oD 2 3 2.29
1_a_ln<az+a3-T+a4-T +as-T +p) (2.29)
1 a2+a3'T+a4'T2+a5-T3
where
p(T)=ps- (1-asT) (2.30)
and
A2p(p,T)
n(p,T) = A, - e<pg(%)—p(p,T)> (2.31)
where

pg(T) = Az (1+A4,-T) (2.32)
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Using the measurement results of the high-pressure viscometer, the pressure-vis-
cosity coefficient a, can also be determined [VB14] (which is necessary for the cal-

culation of the lubricant film thickness):

* Mo -
* = 2.33
“ (./;),1 n(p) dp) ( )

Besides pressure and temperature, viscosity can also depend on the shear rate. If

the shear stress is proportional to shear rate, then the viscosity is a proportionality
constant (Eq. (2.27)). Fluids showing this behaviour are known as Newtonian flu-
ids. However, certain fluids (and most lubricating oils) show a non-linear relation-
ship between shear stress and shear rate, i.e., the viscosity changes as the function
of the shear rate. A fluid is called shear thickening (or dilatant) if its viscosity in-
creases as the shear rate increases, and a fluid is called shear thinning (or pseudo-
plastic) if its viscosity decreases as the shear rate increases. In rolling bearing ap-
plications, lubricating oils often behave as pseudoplastic fluid. To describe these
viscosity and flow behaviours, different fluid models were elaborated. The fluid
models and further rheological descriptions of the lubricants, which are not the
subject of the present work, can be found, among others, in [SS12] and [Kiel7].

In addition to the rheological description, the electrical properties of lubricants also
play a significant role in the electrical modelling of rolling bearings. Since in the
past, the electrical properties of lubricants were not part of the selection criteria
used in rolling bearing applications, there are currently no standards or prescribed
test methods for characterizing them under relevant conditions of high pressure,
temperature, and shear [Rad16]. There are standards only for the determination of
the electrical properties of transformer oils (e.g., [DIN 51412], [DIN EN 60156],
[DIN EN 60247]). Accordingly, the number of investigations focusing on this field
in rolling bearing applications has increased in recent years (e.g., [BKRS18],
[BCGS19], [GCBS19]). In the work of Bechev, a test methodology was elaborated
for the characterization of the electrical properties of rolling bearing lubricants
[Bec20]. The developed test method allows the determination of the related elec-
trical properties of the lubricants directly in the rolling bearing. The relevant elec-
trical properties of the rolling bearing lubricants are the relative permittivity &,,
the dielectric loss factor tan(§), the resistivity p,; and the dielectric strength Ep.
These parameters depend, among others, on the temperature, the pressure, the
electric field strength, and the frequency of the applied electric load in case of al-
ternating current [Rad16], [Bec20]. For a detailed description of the mentioned pa-
rameters, see [Kiic09].
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Focusing on the determination of the electrical capacitance of the rolling bearings,
the relative permittivity of the lubricant is of particular importance. The relative
permittivity (or dielectric constant) is a relative measure, which describes the abil-
ity of a material (as dielectric) to store electric energy in an electrical field. It is
expressed as a ratio of the permittivity of vacuum (g, = 8.854 - 102 F/m), i.e., it rep-
resents the factor by which the capacitance of a capacitor is increased by the appli-
cation of the dielectric medium compared to vacuum. The relative permittivity also
depends on the temperature and pressure. To describe these dependencies, the
modified Clausius-Mossotti equation can be used based on the work of Bondi
[Bon51] and Schrader [Sch88], which requires a reference density and a reference
relative permittivity for the calculations. A different approach was provided by
Bode, using an extended set of material-specific constants (ky, k;, k3) determined
by measurements with a quartz viscometer [Furl7]. In the present work, the calcu-
lation method of Bode and the corresponding equations are applied to describe the
relative permittivity of the lubricants:

&®T) =& (T) + k3 - [p(p, T) — p(T)] (2.34)
& (T) =ky - Br(T)™ "% p(T)Ye + k- T (2.35)
Br(T) = “ (2.36)

a,+as-T+a,-T?>?+as-T3

2.2.5 Elastohydrodynamic lubrication

When two lubricated contact bodies move relative to each other under high load,
a lubricant film can develop between them. The thickness of the lubricating film
greatly influences the frictional losses and the electrical behaviour of the contact.
Based on the deformation of the contact bodies (rigid or elastic) and the pressure
dependence of the lubricant viscosity (constant or pressure-dependent), different
lubrication regimes are defined [Joh70]:

o Rigid - Isoviscous or hydrodynamic lubrication
The pressure in the film does not cause elastic deformation of the
bodies and does not change the viscosity of the lubricant.
(Rigid bodies, constant viscosity)

o Elastic - Isoviscos lubrication
The pressure in the film causes elastic deformation of the bodies but
does not influence the viscosity of the lubricant.
(Elastic bodies, constant viscosity)



27

o Rigid - Piezoviscous lubrication
The pressure in the film does not cause elastic deformation of the
bodies but influences the viscosity of the lubricant.
(Rigid bodies, pressure-dependent viscosity)

o Elastic - Piezoviscos or elastohydrodynamic lubrication (EHL)
The pressure in the film causes elastic deformation of the bodies and
influences the viscosity of the lubricant.
(Elastic bodies, pressure-dependent viscosity)

Since in typical high loaded rolling element-raceway contacts EHL lubrication is
present, the current work and the following description focus on this regime. To
determine the relevant contact variables, such as pressure and lubricant film thick-
ness, the solution of the following coupled equations is required:

o Reynolds differential equation (represents the continuity equation of the
lubricant)

o Lubrication gap equation (represents the contact geometry and the elastic
deformation)

o Lubricant equations of state (represent the temperature and pressure de-
pendence of the lubricant density and viscosity)

o Energy equation (represents the energy equilibrium in the lubrication gap)

The resulted lubricant film thickness- and pressure distributions of the high loaded
EHL rolling contact have characteristic courses, which are illustrated in Figure
2.14. In the central area of the contact, a relative wide, nearly constant lubrication
gap can be observed between the deformed surfaces, which can be described by
the central lubricant film thickness hy. In this region, the pressure distribution
shows a similar course like the pressure distribution described by the hertzian con-
tact theory. In the outlet direction, it is followed by a second pressure peak (the so-
called Petrusevitz peak) and a characteristic constriction of the lubrication gap due
to the corresponding deformation. The minimum lubricant film thickness hy,;, is
located in this area, which is of particular importance from both tribological and
electrical point of view.

The analytical solution of the aforementioned coupled equations is not possible in
most cases, and their simultaneous numerical solution is a time-consuming task
[Mag12]. Therefore, to calculate analytically the central and the minimum lubricant
film thickness (thereby reducing the computational time and effort), numerous ap-
proximate equations have been developed over the last decades.
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Figure 2.14: Lubrication gap and pressure distribution in EHL rolling contact
(based on [Mag12] and [Aul14])

In case of point contact, the best-known approximate equations were derived by

Hamrock and Downson in 1977 from a series of numerical calculations [HD77].
The elaborated analytical formulae (Eq. (2.37) - (2.38)) use dimensionless parame-
ters and describe the minimum and central film thickness with rolling direction

along the minor semi-axis of the elliptical contact surface, assuming perfectly

smooth contact surfaces and isothermal condition:

Hmin = 3.63- GO.4-9 . U0.68 . W—0.073 . (1 _ e—0.68'K)

HO =2.69 - GO.53 . UO.67 . W—0.067 . (1 —061- e—O.73-K)

The equations contain the following dimensionless parameters:

o Dimensionless film thickness:

H=—
Ry

o Dimensionless material parameter:

G:a;EO

o Dimensionless load parameter:

o Dimensionless speed parameter:

_No U

U
Eo - Ry

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)
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In the equations « is the elliptic parameter (Eq. (2.10)), R, is the reduced radius of
the contacting bodies in rolling direction, ay, is the pressure-viscosity coefficient
(Eq. (2.33)), E, is the reduced modulus of elasticity (Eq. (2.9)), Q is the load of the
contact, 71, is the dynamic viscosity of the lubricant at atmospheric pressure and
sump temperature and u, is the hydrodynamic velocity (Eq. (2.25) and (2.26)).

Another group of approximate equations were derived by Chittenden et al.
[CDDT85a], [CDDT85b], which extended the previous approach by considering
the flow direction of the lubricant in the contact (Eq. (2.43) and (2.44)). For this
purpose, an additional term was introduced, which can take into account the ratio
of the radii transversal to and in flow direction of the lubricant.

o 67.(&)2’ ’
Hpin = 3.68 - G049 - 068 .y ~0.073 . l1 —e T \Re l (2.43)

Hy = 4.31- G049 - Y068 . )y —0073 . l1 —e R l (2.44)

The ratio Rs/R, is defined using the angle ¢ of the inflow direction to the minor
semi-axis as:

R
Y. e o2
R, R, cos“ & +sin“ &

_ 2.45)
R (
Re cos?é + R_y -sin? &

X

The presented approaches were developed using a series of complex numerical
calculations. In order to solve them and to reduce the computational effort, differ-
ent simplifications had to be made, which are also valid for the resulted analytical
formulae. Accordingly, various correction factors have been developed to over-
come the modelling inaccuracies caused by these simplifications, and to extend
their range of validity. The assumption of an isothermal condition in the rolling
contact, which was applied during the development of the presented analytical
formulae, is not valid for the actual formation of the lubricant film. To correct the
calculated lubricant film thickness values, different thermal correction factors were
elaborated. Applying them, the corrected lubricant film thickness values can be
obtained as:

hon = Cen * hoisotn (2.46)

hmin,th = Cip hmin,isoth (2.47)



30

With the thermal correction factor of Murch and Wilson [MW75]:

3.94
Cenmw7s) = 35951 poez (2.48)
where
. vy 2
I = No " Bn " Ug (2.49)
Atn

The thermal load parameter £ can be calculated with the help of the dynamic vis-
cosity at atmospheric pressure 7,, the temperature-viscosity coefficient B, the
thermal conductivity A;, and the hydrodynamic velocity u,. Although the men-
tioned thermal correction of Murch and Wilson was developed for line contacts, it
can also be applied to point contacts as an approximation [Kiel7]. Further correc-
tion factors and methods have been developed to consider the lubricant compress-
ibility (e.g., [VB94], [CVL10]), shear-thinning of the lubricant (e.g., [JKBO08]), surface
roughness (e.g., [Krel3]) and further influencing effects. Within their validity
range, the presented approaches for the determination of the central and minimum
film thickness show good agreement with the results of different studies and their
measurements [JDY06], [CDV07]. Over the years, numerous approximate equa-
tions were developed, which differ in their range of validity or can consider certain
additional factors in the modelling of the lubricated rolling contact. Their descrip-
tion, the comparison of their validity range and the developed correction factors
are summarised in [MBWR20].

Based on the ratio of the lubricant film thickness to the surface roughness of the
contacting bodies, and on the related coefficient of friction, different lubrication
and friction conditions can be distinguished. To represent them, the Stribeck-curve
can be used (Figure 2.15), which was developed from a systematic study of the
coefficient of friction in case of plain bearings [Str02]. The Stribeck-curve describes
the relationship between the coefficient of friction and the relative speed of the
contacting surfaces (and hence the thickness of the lubricant film). The different
lubrication and friction conditions are described in the following based on [S512].

o No Lubrication / Solid body friction
If there is no lubricant between the contacting surfaces, solid state friction
occurs.

o Boundary lubrication / Boundary friction
In this case the lubricant is present between the bodies, but because of its
insufficient quantity or the disadvantageous operating conditions no hy-
drodynamic effects occur. This region can be described by a relatively con-
stant and high coefficient of friction.
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o Mixed lubrication / Mixed friction

In mixed lubrication, the quantity of the lubricant and the operating condi-
tions support the formation of a lubricating film, but its thickness is not suf-
ficient to completely separate the surfaces, i.e., the contact of the asperities
is present. The behaviour of the tribological system is partly defined by the
mechanisms occurring in boundary lubrication and partly by the mecha-
nisms of the full film lubrication. With the increasing relative velocity, the
coefficient of friction first decreases until a minimum value py,,;, due to the
decreasing solid body friction. Thereafter, it increases due to the increasing
fluid friction in the contact.

o Full film lubrication / Fluid friction
The surfaces of the contacting bodies are completely separated from each
other by the lubricant film. The frictional resistance that counteracts the
movement is generated solely by the shearing of the viscous fluid, i.e., by
fluid friction. It provides quasi wear-free operation.
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Figure 2.15 Stribeck-curve with the schematic representation of the different fric-
tion and lubrication conditions (based on [Kiel7])

In order to describe the lubrication conditions quantitatively, a dimensionless
parameter, the specific lubricat film thickness can be used. It is defined as the ratio
of the minimum or central lubricant film thickness and a representative roughness
measure of the contact surfaces. In the work of Tallian [Tal68] the specific lubricant
film thickness A is defined as:
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ho ho

l=—m=—
(2.50)
1/qu.1 + R,

where the central lubricant film thickness hy is normalised by the combined
roughness o of the contacting surfaces. The parameter o is calculated from the root-
mean-square roughness R, value of the surfaces. Assuming a gaussian normal
distribution of the roughness heights, an approximation of ¢ is possible with the
help of the arithmetic average roughness R, values [Aul14]:

T
o= Rt Rz~ [5 R +RE, @51)

It is assumed that for A <1, the roughnesses of the bodies cause solid contact or
they are only separated by a thin boundary layer (boundary lubrication), while for
3 <A the surfaces are completely separated by the lubricating film (full film
lubrication). In the range 1 <A <3, the interactions between the roughness peaks
decisively influence the lubricating film formation (mixed lubrication) [Eng02].
There are also other boundary values in the literatur. For example in the work of
Bartel [Bar10], the boundary between the full film lubrication and the mixed
lubrication regimes is defined by A =3...5. For the boundary between the mixed
and boundary lubrication, the assumption value A = 0.25 can be also found [CH10].
In addition, there are other definitions of the specific lubricant film thickness
where other film thickness or roughness values are used (e.g., [ZW12]).

2.3 The electrical modelling of rolling bearings

2.3.1 Electrical contact model

The electrical models of the lubricated rolling contact were originally developed
for the determination of the lubricant film thickness. The models provide the con-
nection between the film thickness and the electrical parameters such as capaci-
tance, resistance and impedance, which can be determined by different electrical
measurement methods (e.g., impedance- or charging curve measurement). Later,
these models became the basis for the electrical description of rolling bearings used
in electrical system simulations. The models are based on the capacitive behaviour
of the lubricated rolling contact, where the developed lubricant film separates the
contact surfaces. As a result, the rolling contact can be considered as a capacitor,
where the separated conductive surfaces are the capacitor plates and the lubricant
film between them acts as a dielectric.
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a) EHL rolling contact b) Electrical analogy model ¢) Substitution model
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Figure 2.16: Electrical description of the EHL rolling contact focusing on the ca-
pacitances: a) EHL rolling contact; b) Electrical analogy model;
¢) Substitution model (based on [Brii72] and [Furl7])

The electrical rolling contact, similar to the EHL description, can be divided into
three regions: inlet region, hertzian contact region and outlet region. Accordingly,
it can be modelled with three capacitors connected in parallel [Brii72], as it is illus-
trated in Figure 2.16. Thus, the total contact capacitance C,,, is the sum of the ca-
pacitances of the contact regions:

Ceon = Chertz t Coutsize = Chertz + Cintet + Couttet (2-52)

This modelling approach is often used in related scientific works, such as in
[Bar96], [[GB12] and [Furl7], among others. The capacitance of the hertzian contact
region can be calculated as a parallel plate capacitor, where the area of the capaci-
tor plates is approximated by the hertzian contact area Ay, and the distance
between the plates is approximated by the central lubricant film thickness hy:

AHertz

Chertz = €0 " & - hO (2-53)

In this equation, g, is the vacuum permittivity, &, is the relative permittivity of the
lubricant, and it is assumed that the electric field is homogeneous, i.e., the electric
field lines are parallel in the entire region. The electrical influence of the surface
geometry in the area of the minimum lubricant film thickness is neglected. The
other two regions cannot be properly approximated by the equation of a parallel
plate capacitor. While in the inlet region the curvature of the partially deformed
surfaces makes the modelling problematic, in the outlet region it is combined with
the presence of a two-phase dielectric (air and lubricant) caused by the cavitation
phenomena. To avoid these modelling difficulties and to define the capacitance of
the whole contact, different correction factors and functions were developed. The
correction factors describe the ratio between the total capacitance of the contact
and the capacitance of the hertzian contact region as:
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C
ke = —= (2.54)
CHertz
— — AHertz
Ceon = k¢ * Crertz = k¢ " €0 & A (2.55)
0

Based on the experimental investigations of spindle bearings, Barz [Bar96] defined
the correction factor k. = 3.5, which showed a good agreement in the investigated
cases, but the subsequent studies concluded that this relation is not valid in gen-
eral. In the work of Jablonka et al. [JGB12], the relation of the total contact capaci-
tance, the hertzian contact capacitance and the capacitance of the outside region
(inlet and outlet region) were investigated with the help of a ball-on-disk apparat.
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Figure 2.17: Hertzian contact (Ccontace) and outside (Cpyesige) capacitances, as a
function of optically measured lubricant film thickness [JGB12]

The results (Figure 2.17) show that low lubricant film thickness values lead to high
capacitance values, while increasing film thickness results in lower capacitances.
It can also be observed that with increasing film thickness, the capacitance of the
hertzian contact region (denoted by C;y,¢qc¢) decreases more significantly than the
capacitance of the outside region (denoted by Cyytsige). After a certain point, the
capacitance of the outside region exceeds the value of the hertzian contact region,
which shows the significance of the operating point dependent investigation of the
electrical rolling contact, focusing on the different contact regions.

From electrical point of view, the EHL rolling contact can be characterised not only
by its capacitance but also by its resistance. The resistance of the hertzian contact
region can be calculated analogously to the capacitance with the help of the hertz-
ian contact area Ay,,t, and the central lubricant film thickness h,, as:
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ho

AHertz

Ryertz,oit = Pet,oil ° (2.56)
where pg; o1 is the specific resistance of the lubricant. Using the ky correction fac-
tor, the electric resistance of the total contact is:

Reonoit = kr * Ruertzou (2.57)

By connecting the obtained capacitance and resistance in parallel, the EHL rolling
contact can be electrically described in general for full film lubrication conditions
[Pra06]. Further studies, which investigate the electrical discharge phenomena and
the related damages, often add additional elements to this model (e.g., resistors
and switching components that are activated by the discharge event), such as
[GSRS14], [RG15], or [Rad16].

2.3.2 Electrical rolling bearing model

The electrical modelling of the rolling bearings is built on the electrical contact
model. By connecting two electrical contact models in series, which represent the
contact points of a rolling element with the inner- and outer rings, the electrical
model of a rolling bearing segment is obtained. Then, by connecting the segment
models in parallel according to the number of rolling elements, the electrical roll-
ing bearing model is obtained (Figure 2.18). This is the basic idea of the electrical
modelling of rolling bearings, which is used in numerous scientific works such as
in [Furl7] and [Bec20]. In some studies, it is extended with the resistance of the
rolling contact and other conductive parts (rolling elements, inner- and outer ring),
while in others they are omitted. Since the present work investigates the capaci-
tances of rolling bearings, the following description focuses on the capacitive mod-
elling and neglects the resistances.

a) | EHL rolling contact b) ) Electrical contact model | c) ) Segment model | d) ) Rolling bearing model

Breill &r air Ciniet Cherez  |Coutlet

Inlet Hertzian Outlet T Ceon = k¢ * Chertz
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Figure 2.18: Modelling strategy of the rolling bearing capacitances: a) EHL rolling
contact; b) Electrical contact model; c¢) Segment model; d) Electrical
rolling bearing model (based on [Bec20])
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An influencing factor of the electrical modelling of rolling bearings is the cage ma-
terial, which can be either insulating (e.g., polyamide) or conductive (e.g., steel,
brass) [Furl7]. Using conductive cage, the rolling elements are electrically con-
nected among each other (assuming that the rolling elements are in contact with
the cage and no insulating lubricant film develops between them), while in case of
an insulating cage, the rolling elements are electrically connected only through the
inner and outer rings. The electrical circuit diagrams of the rolling bearings with
conductive and insulating cage materials are illustrated in Figure 2.19.

a) Rolling bearing with insulating cage b) Rolling bearing with conductive cage

10
i

Figure 2.19: Electric circuit diagrams of the rolling bearings: a) Rolling bearing
with insulating cage; b) Rolling bearing with conductive cage [Furl7]

Based on the circuit diagrams, the total bearing capacitance can be derived [Furl7]:
o For conductive cage:

Z \NZ
i=1 Ccon,ir,i 21’:1 Ccon,or,i

CRB == (258)
ZiZ=1 Ccon,ir,i + ZiZ=1 Ccon,or,i
o For insulating cage:
2 C C
CRB _ Z con,ir,i con,or,i (2.59)
=1 Ccon,ir,i + Ccon,or,i

Where Z is the number of the rolling elements. Knowing the operating conditions
of each rolling contact, the individual contact capacitances C;op i, Coonor can be
calculated and used for the determination of the total rolling bearing capaci-
tance Crp. Since the electrical modelling of the unloaded rolling elements is not
possible using the approach described in the previous section, they are usually
taken into account by various simplifications. In [Furl7], it is assumed, that the
unloaded rolling elements are located at the middle of the radial clearance, and the
related capacitances are calculated with the resulted distances and the undeformed
geometries.
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A key part of the electrical rolling bearing models is the application of the appro-
priate correction factor or function that describes the ratio between the total capac-
itance of the rolling contact and the capacitance of the hertzian contact region. By
comparing the measured total capacitances of the rolling bearings (or the ball-on-
disc apparat [JGB12]) with the capacitances calculated by the hertzian contact re-
gions, different correction functions were derived (e.g., [JGB12], [Jab15], [BFT17],
[Fur17]). In the work of Bechev [Bec20], some of the best-known correction func-
tions are summarised and extended with additional ones, which were developed
with the help of a thrust ball bearing using lubricants with different electrical prop-
erties ("highohmic" and "lowohmic"). As it can be observed in Figure 2.20, the mag-
nitude of the correction factors can reach significant values even for small lubricant
film thicknesses, which are even larger for radially loaded bearings. With increas-
ing film thickness, the correction factors show larger values, i.e., the measurement
results lead to larger deviation from the capacitances of simple capacitor model of
the hertzian contact regions. Accordingly, the role of the outside region in the total
capacitance of the rolling contact increases with the increasing film thickness. It
can also be observed that the load case (axial or radial loaded rolling bearing) and
the permittivity of the lubricant ("highohmic" and "lowohmic") play significant role
in the course of the correction functions.
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Figure 2.20: Different correction factors as the function of the central lubricant
film thickness (based on [Bec20])
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In general, the values provided by the correction functions vary over a wide range,
which is not specified in physical terms, and thus leads to uncertainty in the elec-
trical modelling of rolling bearings. In addition, it is possible that further factors
(other than the ratio of the total contact capacitance to the capacitance of the hertz-
ian contact region) are included in the correction functions due to the applied
measurement method during their elaboration. Consequently, the state-of-the-art
electrical rolling bearing models can provide a good approximation for simpler
cases, but depending on the type of bearing, the direction of the applied load, the
electrical properties of the lubricant and further unknown factors, they can still
lead to significant deviations. To understand the underlying factors behind the un-
certainty of the electrical modelling of rolling bearings and to improve the validity
range of the electrical bearing models, further investigations are necessary.
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3 Motivation and objectives

The rapid expansion of electromobility, wind power and further applications re-
lated to frequency inverter-controlled electric motors and generators has led to
new challenges and requirements in the development of rolling bearings. Due to
the presence of parasitic currents in rolling bearings, electrical damages can occur.
The rolling bearing is therefore no longer just a mechanical component in such
systems, but also an electrical component, making its electrical characterization es-
sential. In order to determine the electrical state of the bearing, to develop preven-
tive measures against electrical damages, and to support system-level electrical
calculations, electrical bearing models have been developed, as described in the
previous chapter. The state-of-the-art electrical rolling bearing models are based
on the electrical contact models that use different correction factors or functions.
Although these correction factors can help to describe the regions of the contact,
where the electrical modelling is problematic, their validity is usually limited by
different factors (e.g., geometry, lubricant properties). In general, the values of the
correction factors vary over a wide range, are influenced by numerous known and
unknown factors, and thus their application can lead to uncertainty in the electrical
modelling of rolling bearings.

The main objective of the present work is to develop a computational method for
the determination of rolling bearing capacitance under full film lubrication condi-
tion without applying correction factors. In addition, through systematic investi-
gations using experimental and numerical techniques, the capacitance sources in
rolling bearings must be identified and then considered in the developed calcula-
tion method. The results must be validated and compared with calculations using
correction function. The developed computational method is intended to serve as
the basis for deriving physically based electrical rolling bearing models in the fu-
ture for axially, and subsequently for combined loaded rolling bearings. The work
focuses on the full film lubrication condition and is limited to the capacitance mod-
elling of axially loaded rolling bearings. Accordingly, the investigation of rolling
bearings with combined loads and the modelling of rolling bearing resistances are
not part of the studies.
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4 Experimental investigation methods

In this chapter, the measurement setup and the measurement methods applied for
the experimental investigations are described. Some results are also presented for
the explanation of the measurement methods, but the comprehensive analysis of
the experimental and numerical results is discussed in Chapter 6.

4.1 Measurement set-up and testing conditions

4.1.1 Measurement set-up

For the experimental investigations, a test cell called GESA (from the German
"Gerit zur erweiterten Schmierstoffanalyse", i.e., "device for extended lubricant analysis")
was adjusted and used. The GESA cell was developed at the Institute of Machine
Elements, Gears, and Transmissions (MEGT) of the University of Kaiserslautern,
as part of a scientific research work [Bec20]. The cell, which involves a thrust ball
bearing 51208 as test bearing and the investigated lubricant, can be integrated in a
commercially available four-ball-tester (Figure 4.1).

Figure 4.1: Test bench for the experimental investigations: a) Four-ball-tester
[HP19]; b) GESA cell installed in the four-ball-tester [Bec20]
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In this work, a slightly modified variant of the GESA cell was applied, which is
shown in Figure 4.2. The non-rotating ring of the thrust ball bearing is installed in
the cell base, while the rotating ring is mounted on a shaft, which is driven by the
electric motor of the four-ball-tester. The shaft is centred with the help of a ceramic
ball and tapered bores. It leads to a smooth and low-vibration operation of the
system, which is essential for the investigation of phenomena related to the lubri-
cant film in the rolling contact.

Shaft 1 Brush holder

Shaft insulation Carbon brush

Ceramic ball Collector

Shaft 2

Temperature
measurement

Insulated |
housing

Rolling bearing )
|
un
—r
Cell base 1 i .
il ¥
T
i
L]

Cell base 2 I_,, — [T

l [
Ceramic insulation / !
: Water channels for
Centering cone i temperature control

Figure 4.2: Modified GESA cell with its main components

! Current
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The axial load of the bearing is adjusted by the load unit of the four-ball-tester. The
cell can be cooled by a water-cooling system or heated by cartridge heaters, which
are regulated by a temperature control system leading to stable operating temper-
ature. The temperature of the oil sump and the non-rotating ring can be measured
close to the rolling contact. The rotational speed (100 to 6000 min™), axial load (0 to
12 kN), and temperature (10 to 90 °C) can be varied and adjusted to the desired
operating conditions by the presented setup. The test cell is electrically insulated
from both the motor and the frame of the four-ball tester using insulating compo-
nents. The desired electric load, or the measurement signal is transmitted to the
rolling bearing with the help of a special slipring (i.e., collector) mounted on the
shaft. The obtained electrical path through the rolling bearing is illustrated in Fig-
ure 4.2. In addition to the smooth running and the precisely adjustable operating
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condition, a significant advantage of the measurement set-up is that the electrical
path is defined by a limited number of conductive components and using only one
rolling bearing. This minimises the influence of undesired external factors, result-
ing in more accurate examinations. The presented GESA cell serves as the basic
instrument for the investigations, but in some special cases minor modifications
have been applied (see later in Chapter 6.1.2).

4.1.2 Investigated rolling bearings and test oils

In most of the investigations, the thrust ball bearing 51208 was applied as test bear-
ing, which was used in the development of the GESA cell [Bec20]. The application
of this bearing has various experimental and modelling advantages. The bearing
can be quickly installed and de-installed, and the rings can be easily separated even
between measurements to change the number of rolling elements. The vertical ar-
rangement ensures that the axial load and oil quantity are evenly distributed on
and between the rolling elements, which is beneficial for both the modelling and
for the comparison of the experimental and numerical results. In addition, due to
the geometrical and operational similarities, it can be assumed that under suffi-
cient lubrication and steady-state operating conditions, the lubricant film thick-
nesses in the rolling contacts are identical. For further simplification of the subse-
quent electrical modelling, the geometric dimensions of the steel cage of the bear-
ing were measured and a 3D-printed plastic replica was made and mounted in the
bearing. The aim of using thrust ball bearing in the tests was to investigate the
electrical rolling contact and to determine the capacitance sources of the bearing.
Afterwards, an angular contact ball bearing (type 7206) was applied, which is of
practical relevance in the field of electromobility. The aim was to demonstrate the
general validity of the experiences gained by the investigation of the thrust ball
bearing in a more complex case, where the contact geometries at the inner and
outer ring contacts are different. The data of the bearings are summarised in Ap-
pendix A.1.

During the investigations carried out in this work, two electrical insulating test oils
were used as lubricants. They were selected on the basis of having different base
oils, no additives and significantly different relative permittivities. The different
base oils (mineral oil and polyglycol) and the different relative permittivities in-
crease the range of validity of the investigations. The relevant properties of the
lubricants are summarised in Table 4.1. In addition, the viscosity, density, and rel-
ative permittivity of the test oils were determined as a function of pressure and
temperature by external high-pressure measurements. With the help of these
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measurements, the lubricant-specific coefficients of Bode, presented in Chap-
ter 2.2.4, were also determined.

Table 4.1: Investigated lubricants with their basic properties

Lubricant Test oil 1 Test oil 2
Base oil Mineral oil Polyglycol
Additives No No
Density at 15 °C [kg/m?] * 890.6 1043.9
Dynamic viscosity at 40 °C [mm?/s] * 97.3 107.7
Dynamic viscosity at 100 °C [mm?/s] * 8.8 18.8
Relative permittivity at 40 °C [-] * 2.2 6.3

* at atmospheric pressure

4.2 Measurement methods

The presented measurement setup allows the application of different measure-
ment methods to determine the capacitance of the rolling bearings. In this work,
two methods were applied, the charging curve measurement and the impedance
measurement. Due to their parallel application, the uncertainties related to the
measurement techniques can be reduced. In addition, their range of applicability,
the differences in their results and possible influencing factors can be compared.

4.2.1 Charging curve measurement

The first measurement method is based on the charging characteristic of capacitors.
If a capacitor is connected in series with a resistor (thus forming an RC-circuit) and
then loaded by a DC supply voltage, the capacitor is gradually charged through
the resistor until its voltage reaches the supply voltage. In parallel, the charging
current has a high initial value at the first instant, which then asymptotically ap-
proaches zero as the capacitor becomes fully charged. The described serial RC-cir-
cuit, the charging voltage and the charging current are shown in Figure 4.3.



44

a) b) Voltage A
Uot —
0.75 Uy,
R o Charging voltage
N 05 Uy
0.25 Uy
C
Yo —_ Ue 27 3t 4t 5t 67 Ti;ne
Current A
IO = Uo/R
: ) 0751
0.51
o,
Charging current
0251, sne

>

2T 3t 47 5t 6T Time

Figure 4.3:  a) Serial RC-circuit; b) Charging voltage and charging current of the
RC circuit with the introduction of the time constant t

The charging processes can be described by the following equations, which are
derived from the differential equation underlying the charging process of the ca-
pacitor in the presented RC-circuit:

Ucs(t) =Uy- (1 — e_%) =U,- (1 — e_T%> 4.1
e RC 4.2)

Where U, is the supply voltage, and 7 is the time constant:

T=R-C (4.3)

If the resistance is expressed in Ohms and the capacitance in Farads, the time con-
stant is defined in seconds. At the time point determined by 7, the actual capacitor
voltage reaches 63 % of the applied supply voltage U,. The capacitor is fully
charged at approx. 5 times the value of the time constant (Figure 4.3 b)).

To determine the rolling bearing capacitance, measurements of its charging char-
acteristic can be used. For this purpose, a signal generator and an oscilloscope are
required. In this work, the “HAMEG - HM 8035” pulse generator and the “LeCroy -
WaveSurfer 424" oscilloscope were applied. The signal generator provides the volt-
age supply by generating predefined square wave signals, and the oscilloscope is
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used to measure the charging voltage across the rolling bearing as a function of
time. Based on the measurement setup, an equivalent electrical circuit can be de-
fined (Figure 4.4 a)), which considers the capacitance Crp and resistance Rgp of the
rolling bearing, the internal resistance R, of the oscilloscope, the cable capacitance
Cc and resistance R, and a regulating resistance Rp [Bec20]. By combining the elec-
trical components, a substitutive circuit can be created (Figure 4.4 b)) for the sim-
plification of the evaluating calculations. This circuit involves the regulating re-
sistance Ry, the substitutive resistance Rg, and the substitutive capacitance Cs.

b) Rp
—ils o
C R
Ug lUO ::5 I ° lUB

Figure 4.4: a) Equivalent electrical circuit of the measurement setup; b) Simpli-
fied substitutive circuit of the measurement setup [Bec20]
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The resistance of the cable can be omitted, as its magnitude is negligible compared
to the regulating resistance. With this assumption the substitutive components are:

Rpg "R
o = RB 0 (44)
Rrg + Ro
CS = CC + CRB (4:5)

In accordance with the simplified substitutive circuit, the equation describing the
charging voltage can be written in the following form:

t
Uc(t) = UO * RI " (1 — e RR.R’ICS) (4:6)
where
R= s 4.7
" Rg + Ry (4.7)

For the evaluation of the measured charging curves, two different methods can be
used [Fur17]. In the first method (which is used in [WKT10] and [Wit17]), the sub-
stitutive resistance is calculated with the help of the supply voltage Uy, the regu-
lating resistance Ry, and the measured maximum voltage level of the charging pro-
cess Uppay as:

U
Rg = — M . p (4.8)
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Then, the rolling bearing resistance can be obtained by the rearrangement of
Eq. (4.4):
RS b RO

Ro—ks o

Rpp =
For the determination of the bearing capacitance, the time constant is necessary. It
can be approximated with the help of two time point of the charging period ty, t,,
and the two corresponding voltage values U;, U,, according to Figure 4.5 a). The

time constant can be expressed as [Witl7]:

t—t
T=—rFr
1n Y2/ Yo (4.10)
U1/Uq
a) Voltage supply b) Voltage supply
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Figure 4.5: a) Parameters for the calculation of the time constant; b) Charging

voltage of a measurement with disturbances compared to an ideal
charging curve (based on [Wit17])

After calculating the time constant, the substitutive- and rolling bearing capaci-

tances can be determined:

Rs + Ry
CS =T RS—RR (411)
CRB = CS - CC (4:12)

With the help of charging curve measurements on model circuits, where the rolling
bearing is replaced with capacitor and resistor components of known values, the
capacitance of the cable can be determined. For the measurements performed dur-
ing the work, the cable capacitance was 170 pF, the value of the regulating re-
sistance was 110 kOhm and the internal resistance of the oscilloscope was
1 MOhm. The amplitude of the square wave voltage supply was 2 V.
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The second method for the evaluation of the measurements is based on the Eq. (4.6)
describing the charging voltage as a function of time. By substituting Eq. (4.7), (4.4)
and (4.5), the only unknown parameters are the capacitance and the resistance of
the rolling bearing, which can be determined by curve fitting algorithms [Bec20].
The Levenberg-Marquardt algorithm (LMA) [Lev44], [Mar63], also known as the
damped least-squares method, can be applied for this purpose. Accordingly, the
searched values are determined by minimizing the residuals, i.e., the difference
between the measured values of the charging voltage and the fitted values pro-
vided by the presented equation of the charging voltage. It is important to note
that in both evaluation methods, partial or complete discharges during the charg-
ing period (e.g., by momentary asperity contacts) can significantly distort the re-
sults due to the extended charging time (Figure 4.5 b)). Therefore, measurements
with disturbances (especially if they are in the initial charging period) should be
omitted, or the evaluated range of the measured voltage signal should be limited.
For the evaluation of the charging curve measurements, the LMA curve fitting
method is applied in this work.

As shown in the circuit diagram in Figure 4.4 a), the rolling bearing is modelled as
a parallel connection of a capacitor and a resistor. To support the interpretation of
the measured charging curves, the independent influences of the bearing capaci-
tance and resistance are compared analytically in case of the presented measure-
ment setup. For this purpose, Figure 4.6 a) shows three calculated charging curves
with the same bearing capacitance and different bearing resistances, while Figure
4.6 b) shows three charging curves with the same bearing resistances and different
bearing capacitances.

a) Voltage supply b) Voltage supply
R- — C=1000 pF - R=200kQ C- C=500pF - R=2800KkQ
— — (€=1000 pF — R=400kQ — —— €=1000 pF — R =800kQ
R+V — C=1000 pF - R=800kQ C+V — €=2000pF - R=800kQ
2.5 2.5
2! 2| :
z AR Z |
= 15} > 15} :
% %
% 1} R- % Ir .
> 0.5} >~ 051
0 ‘ ‘ ‘ 0 ‘ ‘ ‘
-0.25 0 0.25 0.5 0.75 1 -0.25 0 0.25 0.5 0.75 1
Time t/msec Time t/msec

Figure 4.6: a) Influence of the bearing resistance on the charging voltage at con-
stant bearing capacitance; b) Influence of the bearing capacitance on
the charging voltage at constant bearing resistance
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It can be observed that the resistance of the bearing mainly affects the maximum
voltage level of the charging curve, and it has influence also on the charging time.
The capacitance of the bearing affects the time constant, i.e., how long it takes to
reach the maximum charging voltage. The curves show that for the determination
of the bearing capacitance, the initial part of the charging curve is particularly im-
portant.

The lubrication condition of the rolling bearing has a significant influence on the
quality of the measurement evaluation and thus on the resulted capacitance val-
ues. For the representation of this relationship, Figure 4.7 shows measured charg-
ing voltage curves of the investigated rolling bearing 51208 with test oil 2 in case
of full film lubrication (Figure 4.7 a)), mixed lubrication (Figure 4.7 b)), and bound-
ary lubrication condition (Figure 4.7 c)). Each diagram provides three measured
charging curves of a defined operation condition and the corresponding fitted
curves using the LMA evaluation method. In addition, the resulted rolling bearing
capacitances, resistances, and the coefficients of determination R?, which indicates
the quality of the curve fitting, are also presented. The lubrication condition, which
is quantified by the specific lubricant film thickness parameter 4, is influenced by
the operating conditions of the rolling bearing, namely by the axial load F,,, the oil
temperature T, and the rotational speed n.

In full film lubrication condition, the measurements show good reproducibility
and the coefficients of determination indicate a high degree of agreement between
the measured and fitted curves. The difference between the resulted capacitance
values is less than 5 %, and between the resistance values is less than 10 %. The
results suggest that the measurement method suitable for the investigation of the
tull film lubrication condition.

In contrast, significant differences can be observed for mixed lubrication condition.
The measured charging curves show disturbances that reduce the quality of the
curve fitting and thus lead to a larger deviation of the results. The disturbances
(partial or complete discharges) of the charging curves can be explained by mo-
mentary contacts between the asperities of the surfaces, or by the thin layer of oil
between single asperity peaks, where the measurement voltage exceeds the isola-
tion ability of the oil and a discharge occurs. Consequently, the magnitude of the
measurement voltage can affect the quality of the measurement results and the
range of applicability. The relative difference between the resulted resistance val-
ues is larger than the relative differences of the capacitances, which can be ex-
plained by the fact that there is less disturbance in the initial range of the presented
curves. Avoiding discharges during the charging period is a key requirement for
the accurate measurement of bearing capacitances. As a result, in addition to the
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full film lubrication condition, investigations can also be carried out in mixed lu-
brication condition, until the measured charging curves allow the determination
of stable, reproducible capacitance values. With decreasing specific lubricant film
thickness, more and more disturbances occur in the charging process, reducing the
accuracy and applicability of the measurement method.
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Figure 4.7: Charging curve measurement results with thrust ball bearing 51208
and test oil 2 for the representation of the relation between the lubri-
cation condition and the quality of the measurement evaluation:
a) Full film lubrication; b) Mixed lubrication; c) Boundary lubrication
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In case of boundary lubrication condition, the rolling bearing capacitance cannot
be determined by the presented measurement method. Between surfaces that are
permanently in contact, the electrical insulating oil film cannot develop, thus the
charging voltage curve cannot build up, and the LMA curve fitting method cannot
be applied.

4.2.2 Impedance measurement

Another experimental method for the determination of the rolling bearing capaci-
tances is based on the measurement of electrical impedance. The impedance Z rep-
resents the complex-valued electrical resistance of AC circuits. The real part of the
impedance is the effective resistance Re¢;, and the imaginary part is the reactance X:

Z = Reff + l - X (413)

Accordingly, the impedance can be represented in complex plane, as it is shown in
Figure 4.8.

AIm

X =Im(Z)
NI

Re

Figure 4.8: Representation of the impedance vector in complex plane

The effective resistance and the reactance can be expressed with the help of the
impedance magnitude |Z| and the phase angle ¢:

Regs = |Z] - cos ¢ (4.14)
X =|z| sing (4.15)
where
1z| = /Reffz + X2 (4.16)
X

eff
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The impedance of an ideal resistor has only real part, its reactance and phase angle
are zero and it is frequency independent. In contrast, the ideal capacitor has zero
resistance, a phase angle of -90° and it is inversely proportional to the voltage fre-
quency f. Their properties related to the complex impedance are summarised in
Table 4.2, where w is the angular frequency of the voltage signal, defined as:

w=2mf (4.18)

Table 4.2: Impedance and related properties of ideal resistor and capacitor

Component Z Rege X 7,
Resistor R R 0 0°
Capacitor -i/wC 0 -1/wC -90°

Since the rolling bearing is modelled by connecting an ideal resistor and a capacitor
in parallel, its impedance can be described using the impedance of the resistor Zp

and capacitor Z, from Table 4.2 as:

I U S L iwc 4.19
= = - == - = —= Lw .
Z Z, Z, R —i/oC R ( )

Thus, after rearrangement:

_ R w - C - R?

Z=R X = — - 4.20
eff 1 1+(-CR2Z "1+ (w-C-R)? (420)

Roe = R 4.21

T 1+ (w-C-R)?2 (4.21)

w - C - R?

X =— 4.22

1+ (w-C-R)2 (422)

|| = R i+ X2 = -
e 1 (4.23)
W'F(UZ'CZ

X
Regr

tang = =—-w-'C-R (4.24)
With the help of the presented equations, the frequency-dependent impedance can
be calculated for a parallel connected resistor and capacitor, i.e., for the rolling
bearing model. Figure 4.9 a) shows the typical characteristic of the frequency-de-
pendent impedance curves provided by this model in the complex plane.
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Figure 4.9: Different representations of the frequency-dependent impedance:
a) Impedance curves in complex plane; b) Equivalent impedance
magnitude and phase angle as the function of the frequency

The impedance curves form half circles in the fourth quadrant of the complex
plane, which approach the origin with increasing frequency. The resistance defines
the diameter of the half circle, while the capacitance defines the spacing of the fre-
quencies along the curves. For the investigation of rolling bearings, another repre-
sentation, the frequency-dependent magnitude and phase angle of the impedance
are examined typically, which are shown in Figure 4.9 b). In this case, the frequency
and the impedance magnitude are plotted on logarithmic scale. The marked values
in the complex plane can be equivalently represented in the impedance magnitude
and phase angle diagrams.

Similar to the introduction of the charging curve measurement method, it is bene-
ficial to analyse the effect of capacitance and resistance on the impedance magni-
tude and phase angle curves in case of the parallel capacitor-resistor model of the
rolling bearing. For this purpose, Figure 4.10 a) shows frequency-dependent im-
pedance magnitude and phase angle curves with the same capacitance and differ-
ent resistances, while curves with different capacitances and the same resistance

are shown in Figure 4.10 b).



53

a) R-A — C=100pF - R=10kQ b) c- C=10pF - R=100kQ
~ — C=100pF - R=100kQ -~ — C=100pF - R=100kQ
R+V — C=100pF - R=1000kQ c+V — €=1000pF - R=100kQ

108 , 108 : : :

i AR'+

Impedance
Magnitude |Z|/Q
Sus Sc\
Impedance
Magnitude |Z|/Q
S 5
> [=)}
/ i

10%} ]
F 3
10° 10° :
102 10° 10* 10° 10° 102 103 10* 10° 10°
Frequency f/Hz Frequency f/Hz
30 30

Impedance
Phase angle ¢ /°

Impedance
Phase angle ¢ /°

10° 10° 10* 10° 10° 10° 10° 10* 10° 10°
Frequency f/Hz Frequency f/Hz

Figure 4.10: Impedance curves of parallel capacitor-resistor circuits: a) Influence
of the resistance on the impedance magnitude and phase angle at
constant capacitance; b) Influence of the capacitance on the imped-
ance magnitude and phase angle at constant resistance

In general, the impedance magnitude curves can be divided into two regions. In
the first region, the magnitude decreases slowly on logarithmic scale compared to
the second region, and its starting value (at 0 Hz) is defined by the resistance. Sub-
sequently, the second region shows a significant decreasing course, determined by
the value of the capacitance. The transition between the two ranges is defined by
the ratio of the resistance and capacitance values. The boundary frequency can be
interpreted as the inflexion point of the phase angle curves. The increasing re-
sistance increases the impedance magnitude of the first region, and at the same
time the boundary frequency between the regions is shifted to lower frequencies.
The increasing capacitance value shifts the second region of the impedance mag-
nitude curve, and thus the boundary frequency, towards the lower frequencies.

For the interpretation of the impedance magnitude and phase angle in relation to
the lubrication condition, a schematic representation is provided in Figure 4.11
from [GCBS19]. In general, a high impedance magnitude and a corresponding
phase angle tending towards -90° indicate an insulating lubricant film in the rolling
contact, while a low impedance magnitude value combined with a phase angle
approaching 0° refers to boundary lubrication condition or dry contact.
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Figure 4.11: Schematic representation of the relationship between the lubrication
condition of the rolling bearing and the corresponding complex im-
pedance vector based on [GCBS19]

In case of a chosen frequency, the measured impedance values can be compared
according to this scheme, but for the accurate determination of the rolling bearing
capacitances, the measurement of frequency-dependent impedance magnitude
and phase angle curves is necessary. For this purpose, the "Omicron Lab - Bode 100"
vector network and frequency response analyser was used. The device allows the
direct measurement of the aforementioned frequency-dependent curves by apply-
ing a frequency sweep voltage signal to the measured object and analysing the
response. An advantage of the device is its internal calibration possibility, which
can be used to filter out undesired external influences (for example cable capaci-
tance and resistance).

In this work, the impedance measurements are evaluated by the LMA curve fitting
method (similar to the evaluation of the charging curve measurements). The
Eq. (4.23) of the impedance magnitude is used as the mathematical function of the
curve fitting, where the capacitance and resistance of the rolling bearing are the
searched parameters. The measurements are carried out in a frequency range of
102 - 10° Hz, and with a voltage amplitude of 0.5 V. The curve fitting is performed
in frequency domain. To examine the applicability of the method, the results of
measurements under different lubrication conditions were evaluated and com-
pared. For this purpose, the same operating conditions were chosen, which were
investigated in case of the charging curve measurement method in Figure 4.7. The
Figure 4.12 shows measured impedance magnitude and phase angle curves of the
investigated thrust ball bearing 51208 with test 0il 2 in case of full film lubrication
(Figure 4.12 a)), mixed lubrication (Figure 4.12 b)), and boundary lubrication
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condition (Figure 4.12 c)). Each diagram provides three measured curves of the
specified operating condition and the corresponding fitted curves using the LMA
method. The resulted rolling bearing capacitances, resistances, and the coefficients
of determination are summarised in the legend of the diagrams.

In full film lubrication condition (similar to the charging curve measurement
method), the results show a good reproducibility, and the regression curves follow
the measured curves with high accuracy. Accordingly, the resulted capacitance
and resistance values show only small deviations, with a maximum difference of
less than 5 %.

In mixed lubrication condition, the measured curves follow a nearly identical
course relative to each other with characteristic disturbances in the lower fre-
quency range. The disturbances lead to stochastic peaks in the measured curves
that point towards lower values in case of impedance magnitude and towards
higher values in case of the phase angle. These disturbances can be explained by
asperity contacts of the surfaces or by a momentary excess of the insulating ability
of the oil film due to the measurement voltage. The undisturbed parts of the meas-
ured curves outline a covering curve, which help the evaluation of the results. Alt-
hough the disturbances reduce the accuracy of the curve fitting, the undisturbed
parts can be approximated well, as it is shown in Figure 4.12 b). As a result, the
coefficients of determination for this method show higher values than for the
charging curve measurement method with the same operating conditions in mixed
lubrication condition. Furthermore, since the disturbances primarily affect the
lower frequency range, they have less influence on the evaluated rolling bearing
capacitance. With specific settings of the impedance analyser (such as the averag-
ing factor or the measurement bandwidth), the effect of the described disturbances
can be slightly reduced, but the further decrease of the specific lubricant film thick-
ness (i.e., more frequent metallic contact between the surfaces) leads to the reduc-
tion of the measurement accuracy.

In case of boundary lubrication condition, the disturbances of the impedance mag-
nitude and phase angle curves show a different characteristic. As the specific lub-
ricant film thickness decreases, the disturbance peaks also appear in the higher
frequency range, pointing towards both higher and lower values, thus preventing
the identification of a covering curve. Although relatively stable capacitance and
resistance values can be obtained by the LMA evaluation method, the measured
curves are highly dependent on the measurement voltage. This lubrication condi-
tion is dominated by the metallic contact and the corresponding resistances. Ac-
cordingly, in this lubrication condition, the determination of the rolling bearing
capacitance with the presented evaluation method is not recommended.
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Figure 4.12: Impedance measurement results with thrust ball bearing 51208 and
test oil 2 for the representation of the relation between the lubrication
condition and the quality of the measurement evaluation: a) Full film
lubrication; b) Mixed lubrication; c¢) Boundary lubrication
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Based on the investigations of the presented measurement methods, both methods
are suitable for the determination of rolling bearing capacitance in case of full film
lubrication, and up to a certain range of the mixed lubrication condition. The
charging curve measurement method is more sensitive to disturbances that appear
with decreasing lubricant film thickness, and therefore its applicability is more lim-
ited. The determination of rolling bearing capacitances in boundary lubrication
condition with the presented measurement methods shows uncertainties, which
can be explained by the tribomechanical background phenomena (i.e., metallic
contact), and therefore it is not recommended. Of the measurement methods, the
impedance measurement can be applied over a wider range in terms of the lubri-
cation conditions, requires fewer devices, and is more flexible to use. Because of
these advantages, this measurement method is considered as the primary method
of this work and certain investigations are carried out only with this method. Fur-
ther comparison of the measurement methods is discussed in Chapter 6.2.
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5 Simulation and modelling strategies

For the numerical investigations of rolling bearing capacitances, two computa-
tional methods were applied and combined. The first method is based on the nu-
merical EHL simulation of the rolling contact. With the help of the resulting lubri-
cant film-, phase- and pressure distributions, the calculation can be electrically ex-
tended to obtain a capacitance distribution over the investigated range of the con-
tact. As second approach, finite element method (FEM) was applied to determine
the capacitances between the conductive components of the rolling bearing as a
multi-conductor system. By combining the electrically extended EHL simulation
(for the contact domain) with the FEM simulation (for the surroundings of the con-
tact), a detailed and systematic electrical analysis of the rolling bearing capaci-
tances can be performed. In the following, the aforementioned simulation methods
and the modelling strategy are presented.

5.1 Electrically extended EHL simulation

The electrical modelling of the rolling contact is presented in two parts. First, the
numerical EHL simulation is described, and then the capacitance calculation is pre-
sented as the electrical extension of the EHL simulation.

5.1.1 Numerical EHL simulation

At the Institute of Machine Elements, Gears, and Transmissions (MEGT), numeri-
cal EHL simulations have been developed for the tribological investigation of roll-
ing bearings, radial shaft seals [TMS20], gears [SOS21] and chain joints [MTLB18],
among others. The developed simulation techniques form the basis of the calcula-
tions applied in the present work. Accordingly, the applied numerical EHL simu-
lation is described below based on the works of Kamga et al. [SOMS18], [SOS21]
for the investigation of elliptical point contact under isothermal lubrication condi-
tions using a mass-conserving cavitation algorithm. To determine the lubricant
film-, phase- (0il and air) and pressure distributions in the rolling contact, the so-
lution of the following coupled equations is required:
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Reynolds differential equation: The Reynolds differential equation is derived
from the Navier-Stokes equations and describes the flow of a viscous fluid film
between two surfaces, i.e., the dependence of the hydrodynamic pressure p on the
lubricating gap high h, the velocities u; and u, of the contacting surfaces and the
rheological properties of the lubricant (such as the density p and dynamic viscos-
ity n). Based on various simplifications of these relations, different versions of the
Reynolds equation have been proposed. The detailed derivation of the classical
Reynolds equation and its assumptions can be found, for example, in [Bar10]. The
Eq. (5.1) represents the stationary Reynolds equation used in this work, assuming
isothermal conditions (based on [Dam03]).

o (p-h® Op +0 p-h® ap\ u +u, 9((1—-6)-p-h)
dx\12-n 0x 12-n ay) _ 2 dx (5.1)

dy
Poiseuille flow Couette flow

The x indicates the direction of fluid flow and y is the direction perpendicular to
it. The Reynolds equation consists of two flow components, the Poiseuille or pipe
flow and the Couette or drag flow. The Poiseuille flow describes the flow of the
fluid due to the pressure change dp/dx and dp/dy, while the Couette flow repre-
sents the flow due to the velocities of the moving contact bodies u; and u,. These
flow components are illustrated in Figure 5.1 based on [HS]04].

a) u=0 b) Uy —>

| 1

u; =0 Poiseuille flow u; =0 Couette flow

Figure 5.1:  a) Velocity profile in the Poiseuille flow; b) Velocity profile in the
Couette flow (based on [HSJ04])

To consider the cavitation phenomenon due to the rapid change of the pressure at
the outlet region of the contact, the Jakobsson-Floberg-Olsson (JFO) mass-conserv-
ing cavitation model [JF57], [Ols65] is applied based on the work of [Elr81]. Accord-
ingly, the cavity fraction 6 is implemented as a solution variable of the cavitated
domain. The cavity fraction can be expressed by the density of the lubricant p and
the average density of the mix of oil and gas pgpe as € = 1 — pge/p. In the areas
where no cavitation occurs, the gap is filled with oil, thus the cavity fraction is zero
(6 = 0), and the pressure is greater than the cavitation pressure (p > p¢qy,). In the
cavitated areas, the pressure is assumed to be equal to the cavitation pressure (p =
Pcav) and the cavity fraction is positive (6 > 0). In addition, a complementary con-
straint is applied as (p — peay) - 0 = 0, with (p — peay) = 0 and 6 > 0.
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Rheological equations of the lubricant: For the solution of the Reynolds equation,
knowledge of the rheological properties of the lubricant is required. Therefore, the
density and dynamic viscosity values are provided in the calculations as the func-
tion of the temperature and the pressure using the Bode equations Eq. (2.34)-(2.36),
which were presented in Chapter 2.2.4. The necessary lubricant-specific constants
were determined by high-pressure measurements in an external laboratory. These
coefficients are summarised in Table 5.1 for the investigated test oils.

Table 5.1: Lubricant-specific constants for the application of the Bode equations

Test 0il 1 Test oil 2 Test oil 1 Test oil 2
a, 0.08970567 0.08610312 Ay 0.03380703 0.38457417
a, 6348.426753 6248.006741 A, 2.82632938 2.27517931
as -27.52010404 -25.25302907 As 785.285992 860.723564
a, 0.04547532 0.03691459 A, 0.00162619 0.00214144
as -0.00002769 -0.00001823 ky 0.00379557 0.01564958
as 0.0005911 0.0006186 k, 0.00258151 -0.00034601
Ps 1073.465942 1270.435058 ks 0.00130612 0.01316056

The results of the high-pressure measurements are shown in Figure 5.2 and Figure
5.3. In addition to the measured density and dynamic viscosity values, the corre-
sponding results of the Bode equations are also presented. By using the experimen-
tally determined lubricant-specific coefficients, the curves obtained by the Bode
equations show a good agreement with the measured density and dynamic viscos-
ity values for both test oils. Furthermore, the figures show that the density and
dynamic viscosity of the two oils differ considerably.

a) — Bode-equ. 20°C e Meas. 20 °C b) — Bode-equ. 20°C e Meas. 20 °C
— Bode-equ. 40°C = Meas. 40 °C — Bode-equ. 40°C = Meas. 40 °C
— Bode-equ. 80°C v Meas. 80 °C — Bode-equ. 80°C v Meas. 80 °C
1300 1300
TESTOIL 1 TEST OIL 2
g é 1200
2 2
= = 1100
QU Q
i 21000
[} [}
; ;
o) A 900

800

t t t t t t 800 t t t t t t
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000

Pressure p /bar Pressure p /bar

Figure 5.2:  Pressure- and temperature dependence of the lubricant density by
comparing the measured values with the results of Bode equations:
a) Test oil 1; b) Test oil 2
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a) Bode-equ. 20 °C © Meas. 20 °C b) Bode-equ. 20 °C © Meas. 20 °C
— Bode-equ. 40 °C = Meas. 40 °C — Bode-equ. 40 °C = Meas. 40 °C
— Bode-equ. 80 °C v Meas. 80 °C — Bode-equ. 80 °C v Meas. 80 °C
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Figure 5.3: Pressure- and temperature dependence of the lubricant viscosity by
comparing the measured values with the results of Bode equations:
a) Test o0il 1; b) Test oil 2

Lubrication gap equation: Due to the developed hydrodynamic pressure, the con-
tact surfaces are deformed in the presence of the lubricating film between them.
The resulting gap h can be calculated by the following equation:

- x? 2 2 x',y) dx'dy’
hxy) = o + AN ﬂ p(x',y") dx'dy
2Ry 2Ry moEo M J(x—x)2+(y—y)? (5.2)

elastic deformation

undeformed
geometry

The first term is the mutual distance of approach hy, which works as an iteration
constant of the numeric calculation. It must be determined iteratively to achieve
the equilibrium of forces in the lubrication gap. The second and third terms de-
scribe the reduced undeformed geometry of the contacting bodies, where R, and
R, are the reduced radii in x and y directions, respectively. The fourth term de-
scribes the combined elastic deformation of the bodies using the Boussinesq equa-
tion [Bou85] with the assumption, that the deformation can be described by the
theory of the elastic half-space [Joh85], [Bar10]. The (x’,y") indicate the acting loca-
tion of the pressure, and (x,y) indicate the evaluated location of the deformation
inside the calculation domain A. The reduced modulus of elasticity E, has been
presented in Chapter 2.2.2 by Eq. (2.9). The detailed derivation of the gap equation
can be found in [Joh85].
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Load balance equation: In the investigated tribological system, the external and
internal forces must be in balance. Thus, the applied normal load Fy must be car-
ried by the lubricant film. Consequently, the load resulting from the integration of
the developed hydrodynamic pressure p over the investigated area A must be
equal to the applied load Fy:

m=ﬂMWMMy (5.3)
A

Since the analytical solution of the presented equation system of the EHL contact
is not possible in the investigated cases, the application of numerical calculation
method is necessary. The numerical calculations are carried out after the nondi-
mensionalization of the equations, where the dimensional variables are replaced
by the product of a dimensionless variable and a dimensional reference variable.
In this way, the numerical errors (i.e., rounding errors due to the significant differ-
ence in the order of magnitude between the different variables) are damped, and
the conditioning of the equations is improved [Dam03]. For the calculations, the
following dimensionless variables were used:

x=2 5.4 y=2 5.5

=7 (5.4) =% (5.5)
p h

P= 5.6 =— 5.7
pmax ( ) H 6 ( )

| . _ P

=— 5.8 =— 5.9

7 No (58) p Po (5:9)

where P4y is the maximum hertzian pressure, a and b are the semi-axes of the
hertzian contact ellipse in rolling direction and perpendicular to it (their notations
may differ from those used in Chapter 2.2.2), and ¢ is the hertzian indentation
depth, i.e., contact deformation. The ny and p, represent the dynamic viscosity and
density of the lubricant at 40 °C and atmospheric pressure. The nondimensionali-
zation of the Reynolds equation, the gap equation and the load balance equation
can be found in [Dam03], among others. In the next step, the nondimensionalised
equations are discretised. For this purpose, the finite volume method is used,
where the calculation domain is divided into a finite number of control volumes,
i.e., cells. At the derivation of the Reynolds equation, it is assumed that no flows
occur in the direction of the lubrication gap height. With this assumption, the con-
trol volume is mathematically reduced into an area element. For the discretization
of the calculation domain, a rectangular grid is defined, where constant element
sizes AX and AY are used.
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Since the location of the cavitation area is unknown at the beginning of the simu-
lation, the simultaneous calculation of the pressure, gap height and the cavity frac-
tion, i.e., the solution of the equation system, is not possible by direct calculation
methods. Accordingly, an iterative solution method is applied. The main steps of
the applied iterative solution method are shown in the flow chart of Figure 5.4. The
calculations start with the initialization, where the input and initial parameters are
defined, such as the geometric data, lubricant coefficients and operating conditions
(load, velocity, temperature), and where an initial gap height is assumed. After the
initialization, the hydrodynamic pressure distribution is determined iteratively
taking into account the JFO cavitation model. For this purpose, the Fischer-Bur-
meister-Newton-Schur (FBNS) algorithm is used, which was proposed by Wolo-
szynski et al. [WPS15]. Once the hydrodynamic pressure converged, the load bal-
ance equation is evaluated, and the mutual approach f, is adjusted until the resi-
due of the load balance equation is less than the discretization error.

Input of initial parameters

'

Assume initial gap height

»
»

A

&
<
y

Update gap, viscosity and density of the lubricant

'

Compute the hydrodynamic pressure

Hydrodynamic
pressure converged?

Compute force equilibrium

Appliedload
reached?

Adjust Hy —

Figure 5.4: Flow chart of the iterative calculation method for the numerical solu-
tion of the EHL equation system (based on [SOS21])
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A representative result provided by the numerical EHL simulation is shown in
Figure 5.5. The conditions used in the simulation represent the contact conditions
of a thrust ball bearing 51208 with an axial load of 1500 N (i.e., 100 N load per
rolling element), a rotational speed of 1000 min, and an oil temperature of 40 °C.
In this example, the lubricant properties of test 0il 1 were applied. The figure shows
the results of the simulation that are used in the following section for the capaci-
tance calculation of the rolling contact, namely the pressure-, gap height- and
phase distributions. The pressure distribution in the central region shows a similar
course as the hertzian pressure distribution. In this area, the film thickness can be
well approximated by the calculation method of Hamrock and Dowson presented
in Chapter 2.2.5. In the outlet direction, it is followed by a horseshoe-shaped nar-
rowing of the gap height and the corresponding increase of the pressure values.
With the help of the calculated phase distribution, the area and location of the inlet
and outlet regions can be determined around the hertzian contact region. The mod-
elling of the contact regions and their characteristic features (e.g., minimum gap
height, cavitation) plays an important role in the present investigations, since their
effects on the rolling bearing capacitance are usually simplified and integrated into
the correction factors during the capacitance calculations.



65

—_

. . D
Dimensionless pressure P /- ~—~
o
o

Dimensionless
coordinate Y /-

@)
~

Dimensionless
gap height H /-
N o N

Dimensionless
coordinate Y /-

¢
~

Oil proportion / %

Dimensionless
coordinate Y /-

Figure 5.5:

-2

-2

-2

-2

-2

-2

Dimensionless
coordinate X /-

Dimensionless
coordinate X /-

Dimensionless
coordinate X /-

b)
—— Numerical EHL pressure
--- Hertzian contact pressure
1200
©
o
= 900t
B
o 600
z
§ 300 +
~
0 )
-0.2 0.2
d)
— Numerical EHL gap
--- hy - Hamrock & Dowson
£
=il
<
o
<]
<
o8
Eol
-0.2 -0.1 0 0.1 0.2
x / mm
Hertzian
f) contact region
15, .. 100
L 80 <
05} o =
£ : .gb 4 60 .S
' B =
oo 3
N T 40 &
05]i & o
i o
1l 20
1.5 [ommmgmnoo oo 0
-04 02 0
x / mm

Representative results of the numerical EHL simulation: a) Dimen-

sionless pressure distribution; b) Pressure distribution in the y =0
plane; c) Dimensionless gap height; d) Gap height in the y =0 plane;
e) Oil proportion in the dimensionless domain; f) Oil proportion with
the representation of the contact regions



66

5.1.2 Electrical extension of the EHL simulation

The capacitance calculation of the rolling contact is built on the previously pre-
sented results of the EHL simulation. During the electrical extension, each cell of
the EHL simulation is considered as an elementary parallel plate capacitor, where
the plate area is obtained by the area of the cells dA = dx - dy and the plate distance

is defined by the calculated gap height h;;, as shown in Figure 5.6. Accordingly,

jr
parallel electric field lines are assumed within the investigated domain. A similar
modelling approach was used in [SLBF19] for the development of a correction

function.

Elementary
capacitors

Figure 5.6: Modelling strategy for the electrical extension of the EHL simulation

With the help of this modelling technique, a capacitance value C;; can be assigned
to each cell, i.e., a capacitance distribution can be obtained over the investigated
range of the contact applying the following equation:

dx - dy
Cij = &0~ &rij(Pip Ty) " —— (5.10)
ij

The vacuum permittivity &, is a constant, and the relative permittivity &, ;; can be
described as a function of pressure p;; and temperature T;; using the correspond-
ing Bode equations (Eq. (2.34) - (2.36) in Chapter 2.2.4). Similar to the density and
dynamic viscosity, the relative permittivity of the test oils was also measured as a
function of temperature and pressure in an external laboratory. The gained lubri-
cant-specific constants, which are necessary for the application of the Bode equa-
tions, are summarised in Table 5.1 in Chapter 5.1.1. The results of the high-pressure
permittivity measurements are shown in Figure 5.7, where the results of the Bode
equations are also presented. The curves provided by the Bode equations show
good agreement with the measurements. The values obtained for the two test oils
differ significantly both in terms of magnitude and their dependence on pressure
and temperature. While the relative permittivity of test oil 1 varies less than 15 %
comparing the end values of the measured pressure range (0 - 10000 bar) at all
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three temperatures (20 - 40 - 80 °C), these differences are more than 35 % in case of
test oil 2. Since the pressure within the simulated contact domain can vary from
atmospheric value up to the order of GPa (Figure 5.5 b)), the pressure dependence
of the lubricant permittivity can be considered as a significant factor in case of cer-
tain lubricants.

a) — Bode-equ. 20 °C ® Meas. 20 °C b) — Bode-equ. 20 °C e Meas. 20 °C
— Bode-equ. 40 °C = Meas. 40 °C — Bode-equ. 40 °C = Meas. 40 °C
— Bode-equ. 80 °C v Meas. 80 °C — Bode-equ. 80 °C v Meas. 80 °C
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Figure 5.7:  Pressure- and temperature dependence of the relative permittivity in
case of the applied lubricants by comparing the measured values
with the results of the Bode equations: a) Test oil 1; b) Test oil 2

The EHL simulation used in the present work assumes an isothermal temperature
distribution in the rolling contact. It means that the temperature of the different
operating conditions is taken into account in the electrical modelling, but the tem-
perature distribution within the simulation domain is assumed to be constant. As
described in Chapter 5.1.1, a mass-conserving cavitation model is implemented in
the EHL simulation. Thus, with the help of the resulted cavity fraction 6, the cav-
itation domain of the rolling contact and the oil-air ratio of this area can be approx-
imated and used for the capacitance calculations. Since the cavitation is a complex
phenomenon, where under different conditions, different degrees and types of
gas-fluid mixtures can be distinguished (e.g., due to gas cavitation or vapor cavi-
tation) [Bar10], certain simplifications are used for its electrical modelling. The ca-
pacitance modelling of the cavitation domain used in the present work is illus-
trated in Figure 5.8. The method assumes that if the cavity fraction is greater than
zero, then the oil and air phases are completely separated in proportion to the
value of the cavity fraction. Accordingly, in this domain, each numerical cell can
be modelled by a parallel plate capacitor with three or, after mathematical simpli-
fication, two dielectric layers (oil and air) in series between its plates. The dimen-
sions of the cell define the area of the capacitor plates, the phases define the per-
mittivities of the dielectrics, and the gap height is distributed according to the
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cavity fraction. Similar modelling technique, where a complete separation of the
phases in the cavitation domain is assumed, was applied in [SLBF19] for the ana-
lytical capacitance calculation of the rolling contact.

Eroil

Jhj-(1-0)/2

Er air

h;; -0

ij*

Eroil

hij-(1—-6)/2

Figure 5.8: Modelling strategy for the calculation of the contact capacitances con-
sidering the cavitation domain

Using the presented modelling strategy, the equation for the calculation of the ca-
pacitance distribution in the investigated contact region can be written as:

1

VAR S VR
Y &0 &roi(Pij Tij) ~dx - dy € Erqir " dx - dy

By the summation of the local capacitance values, the total capacitance of the roll-
ing contact can be obtained. Representative capacitance distributions and their
evaluations are shown in Figure 5.9. In the presented examples the axial load of
the thrust ball bearing 51208 is 1500 N, the rotational speed is 1000 min™, the oil
temperature is 40 °C, and the investigated lubricants are test 0il 1 in Figure 5.9 a),
c), e) and test oil 2 in Figure 5.9 b), d), f). The capacitance distribution shows spe-
cific characteristics of both the EHL pressure- and gap height distributions. In the
central area of the hertzian contact region, a slight flattening of the capacitance
course can be observed. This flattening course depends on the flattening in the de-
formation, the pressure distribution, and the pressure dependence of the lubricant
permittivity. In addition, a horseshoe-shaped capacitance increase can be observed
approaching the outlet region, which can be explained by the horseshoe-shaped
narrowing of the gap height and a corresponding increase of the pressure values.
A further characteristic of the capacitance distribution is a discontinuity in the out-
let region, which is obtained by the first appearance of the air phase between the
plates of the elementary capacitors in the cavitation domain.
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Operating conditions

e Thrust ball bearing 51208

* Rotational speed: n = 1000 min!

¢ Axial load: F,, = 1500 N

e Temperature: T =40 °C
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e) Calculation with correction factor
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Total capacitance
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Figure 5.9:
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47.8 pF 439 pF
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91.7 pF

a) - b) Capacitance distribution over the simulation domain as the re-

sult of the electrically extended EHL simulation; c) - d) Capacitance
of the contact regions in case of the numeric simulation; e) - f) Capac-
itance of the contact regions in case of the correction factor calculation
method using the correction function from [Bec20]; (Test oil 1: a), c),

e); Test oil 2: b), d), f))
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Besides the possibility to consider the capacitance distribution in detail, further
advantages of the modelling method are that no correction factor is needed for the
determination of the contact capacitances, and that the capacitances of the different
regions (inlet-, hertzian contact-, outlet region) can be determined separately, as
shown in Figure 5.9 c), d). Although the operating conditions are the same in case
of the two lubricants, the results of the EHL simulations (e.g., pressure-, gap
height- and phase distributions) differ due to their different rheological properties.
Because of them, and the different pressure dependence of the lubricant permittiv-
ities, the resulted capacitance distributions, the capacitance percentage of the con-
tact regions, and the total contact capacitances differ significantly. The presented
examples are also calculated using the correction factor calculation method with
the correction function of Bechev [Bec20]. The resulted capacitances are shown in
Figure 5.9 e), f). Comparing the results of the electrically extended EHL simulation
and the correction factor calculation method, different degrees of agreement can
be observed for the investigated cases. While the calculation results for test oil 1
show a relatively good agreement (16 % difference in total capacitance), for test oil
2, there are larger differences both in terms of magnitude (42 % in total capacitance)
and capacitance percentage of the contact regions. It can be partly explained by the
fact that the correction factor calculation method cannot consider certain charac-
teristics of the rolling contact that can influence the capacitance distribution. As an
example, Figure 5.10 shows the difference between the two calculation methods
with respect to the capacitance distribution of the hertzian contact region.

Operating conditions e Thrust ball bearing 51208 * Axial load: F,, = 1500 N
¢ Rotational speed: n = 1000 min™! e Temperature: T =40 °C
a) TESTOIL1 b) TEST OIL 2
Capacitance distribution in the Capacitance distribution in the
hertzian contact region hertzian contact region
-3 -3
3 %10 11 x10
E 25 Correction factor method g Correction factor method
o o 9
£ £ 7
Q o
] [
a, Q.
] (]
o O 5]
0.5
0.25 !
y / mm 0 Electrically extended EHL simulation
x / mm x / mm

Figure 5.10: Capacitance distribution in the hertzian contact region with the com-
parison of the calculation methods: a) Test o0il 1; b) Test oil 2
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Since the hertzian contact area is defined for non-rotating, dry contact conditions,
the described characteristics of the lubricated rolling contact (e.g., Petrusevitz pres-
sure peak, horseshoe-shaped narrowing of the gap height) influence the capaci-
tance of the hertzian contact area differently for different operating conditions or
for the different oils. In contrast, in case of the capacitance calculations with cor-
rection factors, the hertzian contact region is assumed to have a constant gap
height, a constant lubricant permittivity, and thus a theoretically uniform capaci-
tance distribution. This theoretical capacitance distribution of the correction factor
method is illustrated and compared with the results of the electrically extended
EHL simulation in Figure 5.10. The capacitance distributions obtained by the two
calculation methods show a better agreement for test oil 1 (with 5 % difference in
the summed capacitances) than for test oil 2 (with 12 % difference in the summed
capacitances). The capacitance differences in this region can explain only a part of
the differences in total contact capacitances. Therefore, there are additional differ-
ences between the calculation methods, which are related to the different model-
ling techniques of the outside region of contact. The presented cases are representa-
tive examples to describe and compare the calculation methods and to show pos-
sible differences between their results. (The relatively larger difference between
the results of the calculation methods for test 0il 2 is not lubricant-specific. It can
also be observed at certain operating conditions for test 0il 1). Further results of the
calculation methods are discussed in Chapter 6.2.

For the general application of the electrically extended EHL simulation, it is neces-
sary to define the area of the simulation domain and its resolution. To define these
parameters, the following aspects must be taken into account. By increasing the
simulated area, the resulted total capacitance increases, because more and more
elementary capacitances are summed. However, moving away from the hertzian
contact region and from the deformed domain of the contact, these capacitance
increments decrease, since the distance between the corresponding surfaces in-
creases. In parallel, a larger simulation area requires more numerical elements to
ensure the same resolution of the mesh, which affects the computation time. Con-
sequently, the size of the simulation area should be dependent on the operating
conditions, should be large enough to take into account the deformed areas of the
contact (inside and outside the hertzian contact region), but should not be too large
to increase the element number, i.e., the computation time excessively. Consider-
ing the described aspects, the defined size of the simulation area used in the inves-
tigations is 8a x 6b, where a and b are the half-axes of the hertzian contact ellipse
in rolling direction and perpendicular to it. The centre of the contact (defined by
the centre of the rolling element) is located in the middle of the calculation area.
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The required number of numerical elements can be defined by mesh refinement
analysis, which is represented through an example in Figure 5.11.

Operating conditions e Thrust ball bearing 51208 e Axial load: F,, = 1500 N
e Test 0il 1 * Rotational speed: n =1000 min! e Temperature: T =40 °C
"5.20 - 200 =
8 19F ~ 2 4160 g
: £
= 18k {120
2 £
g* 17 180 ©
+ —e— Contact capacitance a
@] L 14
8 16 —0— Computation time 40 =
g 15 ¢ o | 7 1 1 1 1 0 8
S 2 4 6 8 10 12
Number of cells / - %10°
Number of cells / - Capacitance / pF Capacitance change / % Computation time
4225 16.64 - 1 min
16 641 17.85 7.3 2 min
66049 18.46 34 9 min
263169 18.75 1.6 1h 21 min
1050625 18.88 0.7 167 h 32 min

Figure 5.11: Mesh refinement analysis of the electrically extended EHL simula-
tion represented by an example

During the mesh refinement analysis, the calculated contact capacitance and the
related computation time were examined as a function of the cell number in case
of the previously defined simulation domain. (Since the computation time de-
pends also on the performance of the computer, the ratios of the indicated time
values are more relevant than their magnitude.) The number of elements were in-
creased by close to a factor of four between the calculated cases. As the diagram
shows, both the resulted capacitance and the computation time increase with in-
creasing number of elements. However, while the computation time increases with
increasing rate, the calculated capacitance tends to a certain value, and its change
becomes smaller with the increasing number of elements. Based on the presented
values, the case with approx. 66000 elements can be considered as an optimal res-
olution for the examined conditions. Further densification of the mesh does not
lead to a significant change in capacitance, but considerably increases the compu-
tation time. Additional investigations, carried out in accordance with the pre-
sented example, confirm the described observations. After specifying the compu-
tational domain and its resolution, the presented electrically extended EHL simu-
lation is suitable for the general investigation of the capacitance of the rolling con-
tact.
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5.2 Capacitance simulation with finite
element method

For the electrical investigation of rolling bearing areas outside the EHL simulation
domain, a finite element simulation model was developed in the Ansys simulation
software, which is introduced in this chapter. The aim is to provide a computa-
tional technique, which can take into account various influencing factors, that are
not considered by the state-of-the-art electrical rolling bearing models. Such factors
are, among others, the quantity of oil (i.e., the different oil levels in the GESA cell)
or the geometry and material (conductor or insulator) of the surrounding compo-
nents. Since several conductive components (rings, rolling elements) can be found
within the range under consideration, the task is to determine the capacitances of
a multi-conductor system. A general three-conductor example (the third is ground)
is represented in Figure 5.12.

Conductor 1 I I Conductor 2
Ciy
— E—
[ e - - - - —— — —— — - —— — — — 1
| — Conductor 3 pe— |
: - Ground - :

Figure 5.12: Capacitance network of a general multi-conductor system using
lumped capacitances (based on [Ans19])

The charges on the conductors can be expressed in terms of the voltage differences
between the conductors and the corresponding capacitances, using the Q = C - U
relation:

Q =Cly Uy +Ciy- (U — Uy) (5.12)
Q,=Cly- (U, —U)+ Csy- U, (5.13)

where C, l-lj represents the lumped capacitances (also known as partial capacitance),
which is generally used in circuit simulations, where a physical system is reduced
to a network of discrete elements. They are usually summarised in matrix form as
the lumped capacitance matrix:

ct, ¢!
cl = l 111 %Zl (5.14)
ClZ CZZ



74

The equations (5.12)-(5.13) can be rearranged to the voltages:
Q1= (Cli +Clz) Uy~ Ci, - Uy (5.15)
Q= _C1lz U + (C1lz + Czlz) Uy (5.16)

Thus, they can be written in the following matrix form:

FE A R 517)
Q ~C  Ctpllu, |16 Ghllu,
where C, lf‘]’. represents the ground capacitances, which form the ground capacitance

matrix (also known as Maxwell capacitance matrix). The ground capacitance ma-
trix describes the relationship between the charges on the conductors and the con-
ductor voltages with respect to the ground. The lumped and ground capacitance
matrices can be calculated from each other using the following relations:

I _ g
Ciy = Z Cij (5.18)
J

!

—Cj Vv i#] (5.19)

The presented capacitance matrices of the multi-conductor systems can be calcu-
lated by various simulation software (e.g., Ansys, Comsol Multiphysics). In the pre-
sent work, the Ansys simulation software was applied, where the capacitance cal-
culation is based on the energy principle [Ans19]. Since the focus of the investiga-
tions is on the reduced capacitance network of a physical system using discrete
elements, the lumped capacitance values will be examined and evaluated as the
result of FEM calculations in the following part of the work.

In case of the investigated thrust ball bearing 51208, the FEM simulations are per-
formed according to the following strategy, which is illustrated in Figure 5.13. For
the capacitance calculations, the dielectrics (lubricant, air, plastic cage) are mod-
elled, and the conductive components are represented as boundary conditions on
the corresponding boundary surfaces. To reduce the computational demand, a seg-
ment model is defined exploiting the geometrical periodicity of the rolling bearing.
The 360° range of the bearing is divided into 15 identical segments according to
the number of rolling elements, and a 24° segment is modelled with one rolling
element. The conductive parts of this segment form a three-conductor system sim-
ilar to the example in Figure 5.12. In case of the bearing segment, illustrated in
Figure 5.13 b), C{, represents the capacitance between driven parts (the rotating
ring with the connected shaft) and the stationary parts (stationary ring with the
ring mount), C{, is the capacitance between the driven parts and the rolling
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element, and C}, is the capacitance between the stationary parts and the rolling
element, where the stationary parts are grounded. Since the FEM simulation serves
as a direct spatial extension of the electrically extended EHL simulation, the die-
lectrics and the conductive surfaces are not modelled within the domain of the
EHL simulation. This approach avoids potential difficulties associated with the
FEM meshing of the lubrication gap in the rolling contact. Using this modelling
technique, the effect of the non-modelled region on the charge distribution of the
components is neglected.

a) Plastic cage
Rotating ring Lubricant
Shaft Contact area
L1 [

// \

7
/i
/1
/i
/0

ay

/

/

/g
|

|

/

I ]

Ring mount !
I
Rolling element : FEM simulation domain

l o
Standing ring 1 24° Segment model

Ring mount

b) EHL Simulation
Conductor 1 domain
T Sr,atr
QOil level
Conductor 3 | . T
- Ground - &r,0il(Po, T)

EHL Simulation
domain

Figure 5.13: FEM modelling strategy: a) Definition of the periodic segment model
of the rolling bearing; b) Representation of the lumped capacitances
in the segment model with additional modelling details
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The FEM modelling allows the definition of different dielectrics, which can be used
to fill the volume between the conductors. Within the segment model, the plastic
cage, the lubricating oil, and the air are modelled as dielectrics (Figure 5.13 b)). The
plastic cage is always defined with the same position and constant relative permit-
tivity (&,cqge = 3.5). The quantity and relative permittivity of the oil can be varied
according to the chosen operating conditions. If the cell is not completely flooded
with oil, the remaining volume is filled with an air phase of constant permittivity
(&rqir = 1.00059). The amount of oil is defined by a horizontal oil level, i.e., the dif-
ferent vortex-shaped oil distributions resulting from the different rotational speeds
of the rolling bearing are not considered. (If corresponding computational fluid
dynamics (CFD) simulations are available, the resulting oil-air distributions can be
implemented.) For the determination of the distance between the rolling bearing
rings, the deformations of the bodies, i.e., their indentations, are also taken into
account. Thus, after the EHL simulation is performed, the size of the simulation
domain and the resulting indentations, which depend on the investigated operat-
ing conditions, are used as input parameters of the FEM simulation. The developed
FEM segment model for a half flooded cell is shown in Figure 5.14 a), while the
half of the segment (12° section of it) can be observed in Figure 5.14 b). The figures
show the modelling technique, i.e., that the conductive components are only pre-
sent with their boundary surfaces, and the FEM meshing is performed in accord-
ance with the spatial distribution of the dielectrics. Figure 5.14 c) shows that the
gaps between the conductive surfaces in the direct vicinity of the EHL simulation
domains are significantly smaller than in the rest of the segment model. Accord-
ingly, to obtain a well-conditioned computational mesh and high accuracy of the
simulation results, mesh refinement is applied towards the EHL simulation do-
mains. Although the distances between the surfaces in this region are larger com-
pared to the lubricant film thickness resulted from the EHL simulation, the corre-
sponding surfaces are also large compared to the EHL simulation domain. There-
fore, these regions are of great importance for the modelling of rolling bearing ca-
pacitances. The presented FEM simulation model allows the determination of the
rolling bearing capacitances outside the region of the rolling contact, which is not
possible with the electrically extended EHL simulation. Thus, by combining the
two calculation techniques, a more accurate total bearing capacitance can be ob-
tained. The computational process of the combined calculation method is de-
scribed in the next chapter.
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5.3 Combined simulation method

By combining the simulation methods presented in the previous chapters, the total
rolling bearing capacitance can be determined taking into account various influ-
encing factors that are not considered by the state-of-the-art electrical rolling bear-
ing models. The calculation process and the connections between the simulation
methods are represented in Figure 5.15 and described in the following. The geo-
metric data, material- and lubricant properties, and the operating conditions are
input parameters for both the EHL- and FEM simulations. After the contact condi-
tions are defined (e.g., hydrodynamic velocity, contact load, hertzian contact pa-
rameters), the EHL simulation is performed. The resulting pressure distribution,
gap height distribution and phase distribution are used in the electrical extension
of the contact calculation, while the size of the EHL simulation domain and the
indentation of the contacting bodies are added to the input parameters of the FEM
simulation. The electrically extended EHL simulation results in a capacitance dis-
tribution, which is summed over the simulation domain to obtain the contact ca-
pacitance. Assuming identical contact conditions for the rolling contacts of the ax-
ial thrust ball bearing, the resulted contact capacitance can be used for both the
inner ring (rotating ring) contact Cf fon: i and the outer ring (stationary ring) con-
tact CRf ¢ont.or (Where the EEHL index refers to the electrically extended EHL sim-
ulation method). In parallel, the additional non-contact capacitances between the
conductive components are determined by the FEM simulation. These are the ca-
pacitance between the rolling element and its environment on the inner ring side
ChE pmvir and on the outer ring side CEEY,, o, and the capacitance between the
rings and further environmental components (e.g., shaft, ring mount) of the 24°

CsogEny- The capacitances, which are obtained by the electrically extended

segment
EHL simulation and the FEM simulation, are combined according to the circuit
diagram of the rolling bearing segment presented in Figure 5.15. In this way, the

total segment capacitance Cg.4 can be calculated as:

FEM EEHL ) (CFEM EEHL )
C FEM RE Env, Lr RE Cont,ir RE,Env, or RE Cont,or (5 20)
Seg = Lseg, Env T CFEM + CEEHL + CFEM + CEEHL :
RE,Env,ir RE,Cont, lT‘ RE,Env, or RE,Cont,or

The segments are considered to be connected in parallel. Therefore, the total bear-
ing capacitance can be calculated by the sum of the segment capacitances. Since
the capacitance of the segments are identical for the investigated bearing, the total
rolling bearing capacitance Crp can be obtained as:

Crp = Z * Csegq (5.21)

where Z is the number of rolling elements, i.e., the number of the segments.
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The results provided by the combined simulation method are represented by an
example in Figure 5.16. The simulation results are also compared with the result of
the correction factor calculation method and with measured rolling bearing capac-
itances. In the investigated example, the rotational speed of the thrust ball bearing
51208 is 1000 min’, the axial load is 750 N, the operating temperature is 40 °C and
the GESA cell is half flooded with the test oil 1.

Operating conditions « Thrust ball bearing 51208 * Testoil 1
» Rotational speed: n = 1000 min! e Temperature: T =40 °C
e Axial load: F,, =750 N » Half flooded GESA cell
Impedance mesaurement Charging curve measurement
Correction of the contact capacitance Electrical FEM simulation
E Hertzian contact capacitance El Electrically extended EHL simulation
Correction factor calculation method E Combined simulation method
200 -
o
Q. -
£150 — I
\S)
g
c 100+
3
ks
IS
& 50
o
0
Impedance Charging curve Correction factor Combined
measurement measurement calculation method  simulation method
Determination method

Figure 5.16: Example for the rolling bearing capacitances obtained by different
determination methods

The impedance- and charging curve measurement methods are represented with
the average result of five measurements and the corresponding standard devia-
tion. In case of the correction factor calculation method, the correction function
ke iotar Of Bechev (Figure 2.20) was applied. The total rolling bearing capacitance
was determined based on the equivalent circuit diagram of the rolling bearing with
insulating cage (Eq. (2.59)). The results were calculated both with and without the
correction of the hertzian contact capacitance. The hertzian contact capacitance
was determined analytically, using the central lubricant film thickness and the area
of the hertzian contact ellipse based on the formulae of Hamrock and Dowson, and
Hertz. To demonstrate the importance of the non-contact areas of the rolling bear-
ing, the combined simulation method is represented both with and without the
FEM simulation results. When the results of the FEM simulation are not
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considered, the FEM-indexed terms of the Eq. (5.20) are omitted, and the total roll-
ing bearing capacitance is calculated only from the results of the electrically ex-
tended EHL simulation. (The capacitances of the FEM calculations are not added
as a constant term to the total bearing capacitance calculated from the result of the
electrically extended EHL simulation, but according to the circuit diagram of the
segment.) While the result of the combined simulation method shows a good
agreement with the results of the measurements, in case of the correction factor
calculation method a larger difference can be observed. This difference can be ex-
plained by the capacitances of the non-contact areas of the rolling bearing, which
cannot be considered by the correction factor calculation method. By definition,
the purpose of the correction factor is to describe the ratio between the total capac-
itance of the contact and the capacitance of the hertzian contact region. Accord-
ingly, the capacitance calculations using the correction factor method (without tak-
ing additional capacitances into account) are not intended to accurately calculate
the total bearing capacitance, although they are frequently used as an approxima-
tion of it. In addition, the results of the correction factor calculation method should
theoretically agree with the results of the electrically extended EHL simulation,
since both methods describe the capacitance of the same area, i.e., the capacitances
of the inlet-, hertzian contact- and outlet regions of the contact. Based on the results
of the combined simulation method, the capacitance increase obtained by the in-
clusion of the capacitances of the non-contact areas (i.e., the capacitances deter-
mined by the FEM simulation) is approx. 30 % of the total bearing capacitance in
the investigated example. This value can be influenced, for example, by changing
the oil level in the GESA cell, or changing the geometry of the parts connected to
the rolling bearing. Among others, these aspects can be also investigated by the
developed combined simulation method. To determine the capacitance sources of
the rolling bearings, and to validate the results of the combined simulation
method, additional investigations were carried out, which are presented in Chap-
ter 6.
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6 Systematic investigation of rolling
bearing capacitances

In this chapter, the systematic investigations of the rolling bearing capacitances are
presented, which have been carried out using the experimental and simulation
methods described in the previous chapters. First, the possible capacitance sources
of rolling bearings are examined with the aim of identifying and categorising the
factors affecting the total rolling bearing capacitance. Subsequently, the developed
combined simulation method is validated, where the simulation results are com-
pared with both the results of the two presented measurement methods, and the
results of the correction factor calculation method. During these investigations, in
addition to the variation of specific operating parameters, the influence of the oil
quantity, i.e., the oil level is also considered. After the examinations on the thrust
ball bearing 51208, the axially loaded angular contact ball bearing 7206 is also in-
vestigated using the presented experimental methods and the developed com-
bined simulation method.

6.1 Capacitance sources in rolling bearings

As already shown in the description of the combined simulation method, the ap-
proximation of the total rolling bearing capacitance by considering only the contact
capacitances can lead to significant deviations from the measured values. Accord-
ingly, it is necessary to investigate the non-contact areas of the rolling bearing and
their role in the total bearing capacitance. Therefore, different investigations were
carried out in order to identify and categorise possible capacitance sources of roll-
ing bearings. These experimental investigations were performed with the trust ball
bearing 51208 and are presented in the following.
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6.1.1 Rolling element dependent and independent capacitances

In the first experiment, the relationship between the number of rolling elements
and the measured rolling bearing capacitance was investigated. For this purpose,
impedance measurements were carried out under constant operating conditions
with 3, 6, 9, 12 and 15 rolling elements. The rotational speed of the rolling bearing
was 1000 min, the operating temperature was adjusted to 40 °C and the GESA cell
was fully flooded with the test oil. In order to perform the measurements under
the same contact conditions, the axial load of the rolling bearing was increased
according to the number of rolling elements. Thus, it can be assumed that the lub-
ricant film thickness in the rolling contacts was identical during the measurements.
The investigations were carried out with 100 N and 200 N axial load per rolling
element, both with test oil 1 and 2. The results are shown in Figure 6.1.

Operating conditions « Thrust ball bearing 51208 « Fully flooded GESA cell
* Rotational speed: n = 1000 min™! e Temperature: T =40 °C
® Meas.: Fy, =100 N / rolling element —— Trendline: Fz, =100 N / rolling element
B Meas.: Fy, =200 N/ rolling element —— Trendline: Fy, =200 N / rolling element
- - - Trendline shifted to the origin: F;,, =100 N /1. e.
a) TESTOIL1 b) TESTOIL2
250
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Figure 6.1:  Investigation of the relationship between the number of rolling ele-
ments and the rolling bearing capacitance: a) Test oil 1; b) Test oil 2

The presented measurement results are obtained from the average of five imped-
ance measurements under the investigated operating conditions. In addition, fitted
linear trendlines and their equations are shown, which describe the course of the
rolling bearing capacitance as a function of the rolling element number. Since the
linear trendlines show a good agreement with the course of the measured values,
the dependence of the rolling bearing capacitance on the rolling element number
can be described in the following form:

y=A+B-x 6.1)
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where y indicates the rolling bearing capacitance and x is the number of rolling
elements. Based on this equation, the capacitances can be divided into two groups.
There are rolling bearing capacitances, which are independent (denoted by "A")
and dependent (denoted by "B") on the rolling elements. Thus, the value "B" can
be interpreted as the capacitance increase per rolling element. The fitted trendlines
are steeper for higher load, i.e., the capacitance increase per rolling element is also
larger. It can be explained by the thickness of the lubricating film in the rolling
contacts, which is smaller at higher loads, leading to higher contact capacitances.
It is important to note that the trendlines (for a given lubricant) take nearly identi-
cal, non-zero values at their starting points, i.e., when the number of rolling ele-
ments is zero. It indicates that components besides the rolling elements are also
involved in the generation of the rolling bearing capacitances. The presented
trendline equations show that the rolling element independent capacitance "A" has
a similar magnitude as the capacitance increase per rolling element "B". Therefore,
considering only the contact capacitances in the calculations (especially for rolling
bearings with lower number of rolling elements) can lead to significant deviations
from the measured values. For the measurements with 100 N load per rolling ele-
ment, the trendlines are also plotted starting from the origin, i.e., without the ca-
pacitance "A". In this way, the rolling element independent capacitance can be il-
lustrated relative to the total rolling bearing capacitance for different numbers of
rolling elements. This ratio decreases with increasing number of rolling elements.
In contrast, as the lubricant film thickness increases (e.g., due to decreasing axial
load), the importance of this constant capacitance term increases. In general, the
rolling element independent capacitances become significant when the rolling el-
ement related capacitances are low (either by a high lubricant film thickness in the
rolling contact or by the low number of rolling elements). The capacitance sources,
identified by the presented investigations, are illustrated in Figure 6.2.

Investigated rolling bearing

Rolling element related capacitances Rolling element independent capacitances

Figure 6.2:  Categorisation of the rolling bearing capacitances: Rolling element
related capacitances, and rolling element independent capacitances
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6.1.2 Environmental influences

To investigate the rolling element independent capacitances of the rolling bearing,
targeted experiments were carried out. Assuming that these capacitances can be
influenced by the environmental parts, i.e., by the components mounted directly
to the rolling bearing, different design variants of the GESA cell were constructed,
which are shown in Figure 6.3 and presented below:

Variant 1:  The rolling bearing is mounted to insulating PVC parts. It can be con-
sidered as the case, where the environmental parts have minimal in-
fluence on the rolling bearing capacitance.

Variant 2:  The rolling bearing is mounted to steel parts. It is the reference variant
of this work. This variant is also used in other investigations and for
the validation of the combined calculation method.

Variant 3: The rolling bearing is mounted to modified steel parts. The shaft has
been modified in order to provide additional electrical capacitance by
its reduced distance from the stationary steel parts.

Variant 1: Rolling bearing with Variant 2: Rolling bearing with Variant 3: Rolling bearing with
PVC connecting parts steel connecting parts modified steel connecting parts

Figure 6.3: Design variants of the GESA cell for the investigation of the rolling
element independent capacitances



86

The relationship between the number of rolling elements and the measured rolling
bearing capacitance was investigated for each variant of the GESA cell. During the
measurements, the rotational speed of the rolling bearing was 1000 min!, the op-
erating temperature was adjusted to 40 °C and the GESA cell was fully flooded
with the test oil. The investigations were carried out with 100 N and 200 N axial
load per rolling element, and with test 0il 1 and 2. The average results of the im-
pedance measurements, the fitted trendlines, and the trendline equations are sum-
marised in Figure 6.4 and in Table 6.1.

Operating conditions * Thrust ball bearing 51208 « Fully flooded GESA cell
« Rotational speed: n = 1000 min! » Temperature: T =40 °C
® Meas.: Fy,, =100 N / rolling element —— Trendline: F;, =100 N / rolling element
@ Meas.: Fj;, =200 N/ rolling element —— Trendline: F,, =200 N / rolling element
CELL VARIANTS TESTOIL 1 TEST OIL 2
a) 250 900
- y=19.53+49.28 x
La 200 y=8.62+13.34 x La‘ 750
© © 600
o 150 w
£ £ 450
£ 100 £
g g 300
o oW
. . g 50 & 150
Variant 1: Rolling y=1155+10.35x y=2341+38.11x
bearing with PVC 0 0
. 0 3 6 9 12 15 18 0 3 6 9 12 15 18
connecting parts
Number of rolling elements Z /- Number of rolling elements Z / -
b) 250 900
= y =32.93+50.17 x
= 200l Y 15.03 +13.56 x . 750
© © 600
) 150 ]
g g 450
£ 100 £
g g 300
Q. [o%
. , § 50 & 150
Variant 2: Rolling y=1676+10.77 x y=384.77+37.74 x
bearing with steel 0 T —— 0 N
connecting parts 0 3 6 9 12 15 18 0 3 6 9 12 15 18
Number of rolling elements Z /- Number of rolling elements Z / -
Q) 250 900
- y =43.78 + 53.96 x
= 20017 1742 +14.15x & 750
© © 600
o 150 Y
£ £ 450
= 100 =
g g 300
o, o,
Variant 3: Rolli g G 150
ariant 3: Rolling y=17.65+11.49 x v =48.62 +37.32 x
bearing with modified 0 —_— 0 —_—
steel connecting parts 0 3 6 9 12 15 18 0 3 6 9 12 15 18
Number of rolling elements Z /- Number of rolling elements Z / -

Figure 6.4: Rolling bearing capacitance as the function of the rolling element
number for different design variants of the GESA cell: a) Variant 1;
b) Variant 2; c) Variant 3
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Table 6.1: Trend line equations for the description of the rolling bearing capaci-
tances as the function of the rolling element number in case of different design
variants of the GESA cell

CELL TESTOIL 1 TEST OIL 2
VARIANT 100N / rolling element 200 N / rolling element 100 N / rolling element 200 N / rolling element

Variant 1 y= 1155 + 10.35 x y= 862 + 13.34 x y= 2341 + 38.11 x y=19.53 + 49.28 x
Variant 2 y=16.76 + 10.77 x y=15.03 + 13.56 x y= 3477 + 37.74 x y= 3293 + 50.17 x

Variant 3 y=17.65 + 11.49 x y= 1742 + 14.15 x y=48.62 + 37.32 x y= 4378 + 53.96 x

Rolling element independent capacitance Capacitance increase per rolling element

The results show that for a given test oil and cell variant, the trendlines start from
nearly the same capacitance value regardless of the applied axial load. This initial
capacitance value, i.e., the predicted capacitance of the rolling bearing without roll-
ing elements, can be influenced by the different design variants of the GESA cell.
It is shown by the rolling element independent terms of the trendline equations for
the different cell variants. In Variant 1, the rings were mounted to insulating PVC
parts. Since the rolling bearing without rolling elements works as a capacitor,
where the capacitor plates are defined by the rings and the connected conductive
components, the effective area of the capacitor plates was the smallest for Vari-
ant 1. Accordingly, the rolling element independent capacitance was the lowest in
this case. In Variant 2, the rings were mounted to steel parts, which led to larger
conductive surfaces and thus to a significant increase of the rolling element inde-
pendent capacitance. For Variant 3, not only the area of the conductive surfaces
was increased by the steel parts, but also the distance between them was reduced
due to the modified shaft. In this way, a further increase of the rolling element
independent capacitance was obtained. In addition, the results show that, despite
the variation of the cell design, the rolling element related capacitances remained
nearly the same for a given oil and load, i.e., the different design variants did not
considerably influence the capacitance increase per rolling element.

Since the measurements, presented above, cannot be performed with less than
three rolling elements, the rolling bearing capacitances for zero rolling element
were obtained by the extrapolation of the fitted trendlines. For the targeted inves-
tigation of these values, further determination methods were elaborated. First, the
developed FEM simulation model was adjusted for this purpose. The investigated
cell variants were modelled without rolling elements, and according to the geom-
etry and material of the components. In addition, a supporting frame was con-
structed for the GESA cell, which can hold the rolling bearing rings and the con-
nected components at a distance corresponding to the size of the rolling elements.
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Thus, the rolling elements could be removed for the measurements. During this
experiment, the impedance measurements were carried out with stationary rings,
the oil temperature was adjusted to 40 °C, and the cell was fully flooded with the
test oil. As a result, for the investigation of the rolling element independent capac-
itance of the rolling bearing, the following methods were applied: the modified
FEM simulation method (without modelling the rolling elements); the impedance
measurements with stationary rings and without rolling elements; and the trend-
line equation based on the impedance measurements with the variation of the roll-
ing element number for 100 N and 200 N axial load per rolling element. The results
obtained by these methods are presented in Figure 6.5 for the different cell vari-
ants, and with both investigated lubricants.

Test conditions « Fully flooded GESA cell » Temperature: T =40 °C

Measurement with variation of the

FEM Simulation without rolling element | rolling element number (100 N /. .)
. . Measurement with variation of the
B Measurement without rolling element [ | rolling element number (200 N /. e.)
Variant 1 Variant 2 Variant 3
a) TESTOIL1 TEST OIL 2
30 60
"85 "8.50 |
© 20t © 40+
8 8
g 15} e 30+
8 &
© 10} C 20+
g g
0 0
Variant1 Variant2 Variant3 Variant1 Variant2 Variant3
Assembly variant Assembly variant

Figure 6.5: Investigation of rolling element independent capacitance of the roll-
ing bearing in case of different cell variants: a) Test oil 1; b) Test oil 2

In case of Variant 1, where the rolling bearing rings were mounted to insulating
parts, the lowest capacitance values were obtained. For Variant 2, due to the use of
conductive components, higher capacitance values were achieved. By the modified
shaft, i.e., by reducing the distance between the conductive elements, an additional
increase of the capacitance can be observed in case of Variant 3. Comparing Vari-
ant 1 with Variant 3, the rolling element independent capacitances nearly doubled
for both test oils based on the average results of the different investigation
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methods. In addition, the results provided by the different investigation methods
show a good agreement.

Based on the results of the investigations presented in this chapter, the following
observations can be made. The rolling element independent capacitances can be
influenced by the components connected to the rolling bearing. Accordingly, the
rolling element independent capacitances can be divided into two groups, the ca-
pacitance of the rings and the capacitance of the connected components, i.e., the
capacitance of the environmental parts (Figure 6.6). For the correct modelling of
the rolling bearing, the capacitances of the environmental parts must be identified
and separated from the capacitances of the rolling bearing. In this interpretation,
the investigations performed with Variant 1 of the GESA cell were used to estimate
the capacitance of the rings, while the capacitance increase caused by the Variant
2 and 3 can be considered as the capacitances that were generated by the environ-
mental parts.

Rolling element independent capacitances

Rolling bearing rings Environmental parts

Figure 6.6:  Categorisation of the rolling element independent capacitances of the
rolling bearing

The results have also shown that the impedance measurements with stationary
components can be a suitable method for the investigation of the rolling bearing
capacitances in specific cases. Furthermore, based on the results of the FEM simu-
lations (considering the modelling process with and without rolling elements), the
definition of the rolling element independent capacitances needs to be specified.
The presence of the rolling elements reduces the volume of the dielectric between
the rings and the connected conductive parts, and thus influences their capaci-
tance. Consequently, the term "rolling element independent capacitances” is lim-
ited to the capacitance values determined for zero rolling element.
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6.1.3 Rolling element related capacitances

For the investigation of rolling element related capacitances, two different experi-
ments were performed. In the first experiment, the capacitance of the rolling bear-
ing was examined as the function of the rolling element number in case of three
different oil quantities, i.e., three different oil levels in the GESA cell. The imped-
ance measurements were carried out using the test oil 1 at 1000 min rotational
speed, at an operating temperature of 40 °C and with axial loads of 100 N and 200
N per rolling element. The investigated oil quantities were minimum oil quantity
(which is necessary for the stable operation of the rolling bearing), half flooded cell
(i.e., the cell was filled up until the half of the rolling elements with the test oil) and
fully flooded cell. In Figure 6.7, the average results of the impedance measure-
ments, the fitted trendlines describing the relationship between the number of roll-
ing elements and the rolling bearing capacitance, and the trendline equations are
presented.

Operating conditions e Thrust ball bearing 51208 e Test oil 1
+ Rotational speed: n = 1000 min! » Temperature: T =40 °C

Minimum oil quantity Half flooded GESA cell Fully flooded GESA cell
B Measurement ¢ Measurement ® Measurement

—— Linear trendline —— Linear trendline —— Linear trendline

a) . b) .
Fax =100 N / Rolling element Fa=200 N / Rolling element
250 250 ¢
y=16.76 +10.77 x y=15.03+13.56 x
D 150} y-11.19+9.17x 19% ; 150 Y= 2IlH1199x
g g
= 100+ = 100+
& &
& &
o S0 23% o 50¢ 18%
0 : : : : : ; 0 : : : : : ;
0 3 6 9 12 15 18 0 3 6 9 12 15 18
Number of rolling elements Z / - Number of rolling elements Z / -

Figure 6.7: Investigation of the rolling bearing capacitance as the function of the
rolling element number in case of different oil quantities
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The trendlines and their equations show that the increase of the oil quantity leads
to an increase in both the rolling element independent and dependent capacitances
of the rolling bearing. The change in the rolling element independent capacitances
can be explained by the change in the composition of the dielectric between the
conductive components. As the relative permittivity of the lubricant is greater than
the relative permittivity of the air, replacing the air with lubricant in the cell leads
to an increase in the rolling element independent term of the trend line equations.
In parallel, the rolling element dependent capacitance also increases with the in-
creasing oil quantity. Since the calculated lubricant film thickness is the same for
the different oil quantities (assuming that there is sufficient amount of oil in the
rolling contact for all cases), the different steepness of the trendlines can only be
obtained by additional capacitance sources related to the rolling element. These
additional capacitances can be explained by the gaps in the surrounding of the
rolling contacts, which are influenced by the oil quantity in the cell. Accordingly,
the rolling element dependent capacitances can be divided into two groups, the
contact capacitances, and the capacitances of the surrounding of the contact. The
diagrams also show that the rolling bearing capacitances obtained by the measure-
ments with fully flooded cell are significantly higher (up to 23 %) than the meas-
urement results with a minimum amount of oil. This difference is meaningful, be-
cause it results from such capacitance sources of the rolling bearing that are not
taken into account by the state-of-the-art calculation methods (such as the capaci-
tance calculation with correction factor). To model the rolling bearing capacitances
in case of different oil quantities, the combined simulation method, presented in
Chapter 5, can be applied. The comparison of the simulation results with the meas-
urement results for different oil quantities is described in Chapter 6.2.4.

To examine the rolling element related capacitances, a further experiment was also
carried out. The rolling bearing capacitance was measured as the function of the
rolling element number in case of stationary components, where the surfaces of the
rolling bearing rings were covered with insulating foils. The impedance measure-
ments were carried out at a temperature of 40 °C, with an axial load of 10 N per
rolling element, and in case of air, test 0il 1 and test oil 2 as dielectric between the
conductive components. The results of the impedance measurements, the fitted
trendlines and the trendline equations are presented in Figure 6.8. (Since the de-
scribed experiment was performed in the presence of an insulating foil in the con-
tact, the presented values are not comparable with the results of other investiga-
tions described in this work. They serve to demonstrate the existence and im-
portance of different capacitance sources of the rolling bearing.)
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Measurement conditions ¢ Thrust ball bearing 51208 » Temperature: T =40 °C
« Rotational speed: n =0 min! » Axial force: F,,, =10 N /1. e.

« Insulating foil on the ring surfaces

Dielectric: Air Dielectric: Test oil 1 Dielectric: Test 0il 2
( Er,air = 1.0006 ) ( Eroill = 2.2 ) ( Eroil2 = 6.4 )
®  Measurement ¢  Measurement ® Measurement
—— Linear trendline —— Linear trendline —— Linear trendline
150
2 1 2
=39.52+5.36
o 1251 4 i
a, —1-
< 100} } Contact capacitance
[} ; "j:\_:i :::: N "Identical"
2 75 7N
-S !
S 50} | ;
8 =\ —2-
S 251 e Capacitance of the
y=12.61+1.85x surrounding gap
0 ‘ ‘ ‘ ‘ ‘ ; "Dielectric dependent”
0 3 6 9 12 15 18
. 2 1 2
Number of rolling elements Z /-

Figure 6.8: Investigation of the rolling bearing capacitance as the function of the
rolling element number with different dielectrics between the sta-
tionary components covered with insulating foil

Since the stationary rolling elements are in direct contact with the insulating foil,
and the axial load is adjusted in accordance with the number of the rolling ele-
ments, the same contact conditions (i.e., contact area, deformation, foil thickness)
and therefore identical contact capacitances can be assumed for all impedance
measurements regardless of the applied dielectric. Consequently, the differences
in the slope of the fitted trendlines, i.e., the differences in the rolling element de-
pendent capacitances, result solely from the surrounding of the contacts, which
were filled with different dielectrics. The experiment thus confirmed that the roll-
ing element related capacitances can be divided into two groups, the contact ca-
pacitances, and the capacitances of the surrounding of the contact, which are illus-
trated in Figure 6.9.
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Rolling element related capacitances

Surroundings of the contact

N\
&

Figure 6.9: Categorisation of the rolling element related capacitances of the roll-
ing bearing

6.1.4 Capacitance structure of rolling bearings

As the result of the investigations, presented in the previous chapters, the different
capacitance sources of the rolling bearings have been identified. By considering the
capacitance sources systematically, the capacitance structure of the rolling bear-
ings is outlined, as presented in Figure 6.10. First, it is necessary to distinguish the
capacitance of the rolling bearing and the capacitance of the connected environ-
mental parts, whose design is independent of the rolling bearing. Although the
capacitance of the environmental components is always present in the measured
values, this capacitance source is often not considered in the modelling. The capac-
itance of the rolling bearing can be divided into the rolling element related capac-
itances and the capacitance of the rolling bearing rings. The capacitance of the rings
is usually negligibly small, but for the completeness of the capacitance structure, it
can be defined as a separate source. The rolling element related capacitances can
be further divided into the contact capacitances and the capacitances of the sur-
rounding of the contact. Although it is difficult to clearly distinguish these two
regions, it is beneficial to consider them separately because of their different calcu-
lation methods. Figure 6.10 also shows the simulation methods used in this work
for the modelling of the different capacitance sources. Accordingly, the capaci-
tances of the environmental parts, the rolling bearing rings, and the surrounding
of the contact are calculated by the electrical FEM simulation model, while the ca-
pacitance of the rolling contact is determined by the electrically extended EHL sim-
ulation. With the help of the electrically extended EHL simulation, the contact ca-
pacitances can be further divided into the capacitance of the inlet region, the hertz-
ian contact region, and the outlet region. As a result, the capacitance structure of
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the investigated rolling bearing is complete. The significance of the presented ca-
pacitance sources compared to the total rolling bearing capacitance is investigated
after the validation of the combined simulation method in Chapter 6.2.5.

Rolling bearing with
environmental parts

Rolling bearing I

Rolling element I

Rolling Surroundings Rolling bearing Environmental
contact of the contact rings parts

0

Electrically extended EHL simulation

Inlet region | Hertzian contact | Outlet region |

Capacitance / pF

y/mm

Figure 6.10: Capacitance sources of the investigated rolling bearing with their
modelling possibilities
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6.2 Validation of the combined simulation method

The validation of the combined simulation method and the evaluation of the ex-
perimental and simulation results are discussed in this chapter. For the investiga-
tions, the thrust ball bearing 51208 was used with plastic cage and with both test
oils. The rolling bearing capacitances were determined by the presented measure-
ment methods (impedance measurement and charging curve measurement), the
correction factor calculation method, and the combined simulation method for
every examined operating condition. Consequently, both the different measure-
ment methods and the different calculation methods can be compared and evalu-
ated. In case of the correction factor calculation method, the total rolling bearing
capacitances were determined based on the equivalent circuit diagram of the roll-
ing bearing with insulating cage (Eq. (2.59)) and applying the correction factor of
Bechev [Bec20]:

K¢ Bec20)(ho) = 3-10° - hg + 1.3 (6.2)

The hertzian contact capacitance was determined analytically, using the central
lubricant film thickness and the area of the hertzian contact ellipse based on the
formulae of Hamrock and Dowson, and Hertz. To show the importance of the non-
contact regions of the rolling bearing, the results of the combined simulation
method are represented in the following both with and without the capacitances
obtained by the FEM simulations. The impedance- and charging curve measure-
ment methods are represented with the average result of five measurements and
the corresponding standard deviations. During the investigations, the influence of
individual operating parameters was first examined, i.e., one selected operating
parameter was varied while the other operating parameters were kept constant.
With this strategy the influence of the axial load, the rotational speed, the temper-
ature and the oil quantity on the rolling bearing capacitance was examined. Sub-
sequently, further data were collected from the investigation of a full-factorial
combination of the operating parameters to provide the basis for a general analysis
of the calculation methods and their applicability. Finally, the capacitance sources
of the rolling bearing were analysed based on the collected data, i.e., their signifi-
cance compared to the total rolling bearing capacitance.
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6.2.1 Influence of the axial load

In this chapter, the influence of the axial load on the rolling bearing capacitance,
and the description of this influence by the different calculation methods are in-
vestigated. For this purpose, capacitance measurements were carried out with con-
stant rotational speed, temperature, and oil quantity, while the axial load was var-
ied between 250 and 4000 N. The measurement results and the corresponding re-
sults of the calculation methods are shown in Figure 6.11.

Operating conditions e Thrust ball bearing 51208 « Fully flooded GESA cell
» Rotational speed: n = 1000 min! e Temperature: T =40 °C
@ Impedance measurement Charging curve measurement
Correction of the contact capacitance 1 Electrical FEM simulation
EI Hertzian contact capacitance El Electrically extended EHL simulation
= Correction factor calculation method E Combined simulation method
a) TEST OIL 1
350 -
300+
g
— 250
O
g 200
=
£ 150
%
o, 100
S
50
0
250 500 750 1000 1500 2000 3000 4000
Axialload F,, /N
b) TEST OIL 2
1500 -

1250

1000

Capacitance C / pF
N
Q1
o

250 500 750 1000 1500 2000 3000 4000
Axialload F,, /N

Figure 6.11: Comparison of the measurement and calculation results under the
variation of the axial load: a) Test oil 1; b) Test oil 2

In general, the results of the impedance measurements and the charging curve
measurements show a good agreement, although their standard deviations differ
significantly. The charging curve measurements lead to larger standard deviations,
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which increase with decreasing lubricant film thickness, i.e., with increasing axial
load. By the decreasing lubricating film thickness, the asperity peaks of the sur-
faces are more frequently in contact, or the insulating ability of the oil film is more
frequently exceeded by the measurement voltage. It leads to disturbances during
the measurements and thus to a higher standard deviation of the evaluated results.
The charging curve measurement is more sensitive to the mentioned disturbances.
Between the results of the calculation methods, significant differences can be ob-
served. While the combined simulation method leads to a good approximation of
the measurement results in both magnitude and course, the applicability range of
the correction factor calculation method is limited. The measurement results are
underestimated at low loads and overestimated at high loads by the correction
factor calculation method within the range of the considered operating conditions.
The results of the combined simulation method show that a significant part of the
rolling bearing capacitances is provided by the non-contact regions of the rolling
bearing, which are modelled by the FEM simulation. This part increases in both
magnitude and percentage as the thickness of the lubricant film increases, i.e., as
the axial load decreases. In addition, with decreasing lubricant film thickness the
accuracy of the combined simulation method slightly decreases. The large differ-
ence between the capacitance values provided by the different test oils can be ex-
plained by their different rheological and electrical properties.

6.2.2 Influence of the rotational speed

To investigate the influence of the rotational speed on the rolling bearing capaci-
tance, the calculations and the measurements were carried out with constant axial
load, temperature, and oil quantity, while the rotational speed was varied between
500 and 3000 min. The measurement results and the results of the calculation
methods are presented in Figure 6.12. Both calculation methods provide a good
approximation of the measured values over the considered range of the operating
parameters, although they show slight differences in their trends. As in the previ-
ous section, the results of the measurement methods show a good agreement, and
their standard deviations differ significantly. Especially in case of the charging
curve measurements, the standard deviations are larger and more sensitive to
changes in the lubricant film thickness. Based on the results of the combined sim-
ulation method, the non-contact regions still provide a considerable part of the to-
tal rolling bearing capacitance.



98

Operating conditions « Thrust ball bearing 51208 « Fully flooded GESA cell
» Axial Load: F;, = 1500 N » Temperature: T =40 °C
B Impedance measurement Charging curve measurement
Correction of the contact capacitance [ Electrical FEM simulation
EI Hertzian contact capacitance El Electrically extended EHL simulation
= Correction factor calculation method E Combined simulation method
a) TEST OIL 1
300 -
m 250
a
S 200
]
£ 150
8
& 100
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Rotational speed n / min’!
b) TEST OIL 2
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: I
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: B
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Rotational speed n / min™

Figure 6.12: Comparison of the measurement and calculation results under the
variation of the rotational speed: a) Test oil 1; b) Test oil 2

6.2.3 Influence of the temperature

The effect of temperature on the rolling bearing capacitance was examined by var-
ying its value between 20 and 60 °C, while the other operating conditions were
kept constant. The corresponding measurements and the calculations were carried
out in case of two different axial loads (750 N and 1500 N) for both test oils. The
results of the investigations are summarised in Figure 6.13.
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Operating conditions e Thrust ball bearing 51208 » Fully flooded GESA cell
» Rotational speed: n = 1000 min!
B Impedance measurement Charging curve measurement
Correction of the contact capacitance [0 Electrical FEM simulation

E B Hertzian contact capacitance El Electrically extended EHL simulation

= Correction factor calculation method & Combined simulation method
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Figure 6.13: Comparison of the measurement and calculation results under the
variation of the temperature: a) Test oil 1; b) Test oil 2

The results of the combined simulation method can describe and follow the course
of the measured rolling bearing capacitances for the investigated cases. As ob-
served earlier, with decreasing lubricant film thickness (in this case by increasing
temperature), the results of the combined simulation method show a slightly in-
creasing difference compared to the measured values. In parallel, the standard de-
viations of the measured results increase due to the increasing frequency of the
asperity contacts. In contrast with the combined simulations method, the calcula-
tions with correction factor cannot approximate the measured values sufficiently
in all investigated cases, and their results follow different trends. This suggests that
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the range of applicability of the applied correction factor calculation method is
more limited compared to the combined simulation method.

6.2.4 Influence of the oil quantity

To investigate the influence of oil quantity on the rolling bearing capacitance,
measurements and calculations were performed with three different oil quantities,
while the other operating parameters were kept constant. The investigations were
carried out with minimum oil quantity (which is necessary for the stable operation
of the rolling bearing), with half flooded GESA cell (where the cell is filled up to
the middle of the rolling element with the test oil) and with fully flooded GESA
cell. The results of the investigations are summarised in Figure 6.14.

Since the purpose of the correction factor is to describe the ratio between the total
capacitance of the contact and the capacitance of the hertzian contact region, this
calculation method (without taking additional capacitances into account) cannot
consider the influence of the oil quantity, i.e., it provides the same capacitance val-
ues independent of the oil level in the GESA cell. In contrast, the combined simu-
lation method can take these influences into account. While the electrically ex-
tended EHL simulations estimate sufficient amount of oil in the rolling contact for
the development of the lubricant film regardless of its environment, the FEM sim-
ulation can model the quantity and distribution of the oil in the GESA cell. It can
be observed that for large rolling bearing capacitances, the influence of the oil
quantity is smaller, and the capacitances of the non-contact regions are less signif-
icant. However, for higher lubricant film thicknesses (resulting from lower axial
loads), the capacitance of the non-contact regions and thus the results of the FEM
simulation become more important. Filling the GESA cell completely with the test
oil leads to a capacitance increase of more than 25 % compared to the values meas-
ured with minimum oil quantity in case of the lowest axial load. The capacitances
provided by the FEM simulation vary over a wide range, from a minimum of 7 %
up to a maximum of 39 % of the total rolling bearing capacitance for the investi-
gated cases. It shows that the non-contact capacitances of the rolling bearings can
reach significant values that cannot be taken into account by the state-of-the-art
correction factor calculation methods. Furthermore, the results of the applied cor-
rection factor calculation method can significantly under- or overestimate the total
rolling bearing capacitances in certain cases, regardless of the oil level in the cell.
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6.2.5 Validation and evaluation of the results

After examining the influence of the operating parameters, the measured and cal-
culated rolling bearing capacitances are investigated in general. For this purpose,
measurements and calculations were carried out at all operating points defined by
the full-factorial combinations of the operating parameters summarised in Table
6.2. These investigations were performed with fully flooded GESA cell in case of
both test oils. The increased number of the examined operating points helps in the
generalised evaluation of the calculation methods, and in the analysis of the capac-
itance sources of the rolling bearing.

Table 6.2: Values of the operating parameters for their full-factorial investigation

Rotational speed / min- Temperature / °C Axial load /N
1000 30 500
2000 40 1000
50 1500
2000
3000

The results of the full-factorial investigations are shown in Figure 6.15 for test oil 1
and in Figure 6.16 for test oil 2. Based on the diagrams, the observations made in
the previous sections are still valid. The results of the combined simulation method
show a good agreement with the measured results. The degree of this agreement
slightly decreases with the decreasing lubricant film thickness. In contrast, the cor-
rection factor calculation method provides good agreement with the measured val-
ues only in a limited range of the operating conditions. Especially at low axial
loads, the results of the correction factor calculation method underestimate the
measurement results. The two calculation methods show significant differences in
their trends. Similar to the results of the previous sections, the significance of the
FEM simulation results, and hence the significance of the non-contact capacitances
increases as the total rolling bearing capacitance decreases. The two measurement
methods show good agreement. In general, the charging curve measurement
method has a larger standard deviation and is more sensitive to the decrease in the
lubricant film thickness. Accordingly, the impedance measurement is considered
as the preferred measurement method for the evaluation of the rolling bearing ca-

pacitances.
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As a final step of the validation studies, all operating points examined in Chapter
6.2 (a total of 49 operating points per lubricant) are summarised and evaluated in
the form of scatter plots in Figure 6.17. On the diagrams, the markers represent the
examined operating points, where their value on the horizontal axis indicates the
corresponding result of the impedance measurement, and their value on the verti-
cal axis indicates the corresponding result of the calculation method. Conse-
quently, the smaller the difference between the measured and calculated values
for the considered operating point, the closer the marker is to the diagonal line of
the diagram, which represents the perfect agreement of the results. The limits of
the range, in which the maximum difference between the results is less than 20 %,
are also illustrated. In addition, the markers are coloured in accordance with the
corresponding value of the specific lubricant film thickness to support the analysis.
The results of the correction factor calculation method (Figure 6.17 a)) and the com-
bined simulation method (Figure 6.17 b)) are evaluated for both test oils.

The results obtained by the combined simulation method and the impedance
measurements show a high degree of agreement for both test oils. In case of the
examined operating points, the maximum difference between the measured and
simulated results is 19 % and the average difference is 10 %, which indicates a high
modelling accuracy. The distribution of the markers is similar for the different test
oils. It shows that, despite the significantly different composition (mineral oil and
synthetic oil) and relative permittivity of the test oils, the simulation method can
model the influence of the operating parameters on their rheological and electrical
properties. A better agreement can be observed for full film lubrication, and then
the differences between the measured and simulated results slightly increase as
the specific lubrication film thickness decreases. The results show that the com-
bined simulation method can be applied also to a certain range of the mixed lubri-
cation regime. In contrast, the applicability of the correction factor calculation
method is limited to a smaller range of the operating conditions. Based on the ex-
amined operating points, the maximum difference between the calculations and
the measurements is 67 % and the average difference is 25 %. Furthermore, no cor-
relation can be observed between the degree of agreement of the results and the
specific lubricant film thickness values. As mentioned before, the correction factor
is intended to describe the ratio between the total capacitance of the contact and
the capacitance of the hertzian contact region. Thus, this calculation method takes
into account only the capacitances of the contact regions, which can lead to the
described deviations from the measured values. In case of other correction func-
tions, the degree of agreement with the measurement results may change, but con-
siderable differences are still expected, since the non-contact capacitances are ne-
glected by this calculation method.
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As a result, the presented combined simulation technique serves as a validated
calculation method for the determination of rolling bearing capacitances. The
method has a wide range of applicability and can take numerous influencing fac-

tors into account.
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method; b) Combined simulation method
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In the following, the evaluation of the results focuses on the analysis of the capac-
itance sources of the rolling bearing, which were presented in Chapter 6.1.4. First,
the significance of the FEM simulation results, i.e., the significance of the non-con-
tact capacitances can be examined with the help of Figure 6.18. The figure repre-
sents the equivalent electrical circuit of the rolling bearing segment and the agree-
ment between the simulated and measured values in the cases where the FEM sim-
ulation results are neglected (Figure 6.18 a)) and where the FEM simulation results
are taken into account (Figure 6.18 b)). The results of the combined simulation
method without considering the FEM simulation part significantly underestimate
the measured values for high specific lubricant film thickness values. In this case,
the average difference between the simulated and measured results is increased to
24 %. Therefore, the consideration of the non-contact capacitances of rolling bear-
ings is particularly important in conditions where the lubricant film thickness is
high.
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The different capacitance sources with their percentage value compared to the total
rolling bearing capacitance are shown in Figure 6.19. They are represented by their
minimum, maximum, and average values shown during the investigations.

Rolling bearing with
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Figure 6.19: The significance of different capacitance sources of the rolling bear-
ing based on the results of the combined simulation method summa-
rised in Figure 6.17: a) Test oil 1; b) Test oil 2
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While the magnitude of the results obtained by the two test oils differ significantly,
they provide similar percentage values regarding the different capacitance
sources. The results of the electrically extended EHL simulation, i.e., the capaci-
tances of the rolling contacts, provide on average approx. 70 % of the total rolling
bearing capacitance. In extreme cases, it reaches a minimum of 43 % and a maxi-
mum of 93 %. The remaining part of the total bearing capacitance is obtained by
the FEM simulation results, i.e., by the capacitances of the non-contact regions. The
FEM results are divided into two further parts during this analysis. The capaci-
tance of the rolling bearing rings and the environmental components is on average
only 3 % of the total rolling bearing capacitance and in some cases negligible. In
contrast, the surroundings of the rolling contact (i.e., the interaction between the
rolling element and the surrounding components, excluding the region of the EHL
simulation) is responsible for a significant part of the total capacitance, which is on
average approx. 30 %. In certain cases, it reaches a maximum of 54 % and a mini-
mum of 6 % of the total rolling bearing capacitance.

The capacitance values of the single rolling contact are similarly evaluated based
on the collected data of the performed electrically extended EHL simulations. The
results are illustrated in Figure 6.20, where the capacitances provided by the inlet
region, outlet region and the hertzian contact region are compared. The distribu-
tion of capacitances between these regions shows significant differences in case of
the investigated oils. While for test oil 1 an average of 44 % of the total contact
capacitance is provided by the hertzian contact region, this value is 57 % for test
oil 2. The capacitance of the inlet region is responsible for an average of ap-
prox. 35 % of the total contact capacitance in case of both test oils. For test oil 2, the
outlet region is less significant, with an average value of 11 %, compared to test
oil 1, where this value is 20 %. The difference in the resulted capacitance distribu-
tions of the two oils can be explained by their different rheological properties and
the different pressure dependence of their relative permittivities. In addition, the
definition of the hertzian contact area must be mentioned at this point, since it is
intended to describe dry contact between stationary bodies, i.e., it considers only
the geometry, material properties and loads of the contacting bodies. Further pa-
rameters (e.g., rotational speed, lubricant properties) that influence the capacitance
distribution of this region are not considered in the definition of this area.

Based on the evaluation of the results shown in Figure 6.19 and Figure 6.20, it can
be observed that the combined simulation method allows a detailed analysis of the
bearing capacitances taking into account a wide range of influencing factors. Be-
sides providing results with high accuracy, this calculation method can help to
evaluate or extend existing correction functions and allows the development of
new capacitance models for different rolling bearings.
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Figure 6.20: The capacitance percentage of the input-, output- and hertzian con-
tact regions with respect to the total contact capacitance based on the
results of the electrically extended EHL simulations: a) Test oil 1;

b) Test oil 2
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6.3 Investigations with axially loaded angular con-
tact ball bearing

In the previous sections, it has been shown that the combined simulation method
provides appropriate, validated results for the modelling of the thrust ball bearing
51208. Since in e-mobility applications, radial rolling bearings (e.g., deep groove
ball bearings, angular contact ball bearings) are of greater practical importance, it
is necessary to investigate the applicability of the simulation model for these bear-
ings. Accordingly, with the help of the presented measurement and calculation
methods and the gained experiences regarding the possible capacitance sources of
the bearings, the angular contact ball bearing 7206 was investigated. The bearing
was chosen because of its suitable dimensions for the installation into the GESA
cell and its practical relevance in electric drive units. The data and properties of the
rolling bearing are summarised in Appendix A.l. Since the bearings in the GESA
cell cannot be loaded radially, the tests are performed under pure axial load, which
is equally distributed on the rolling elements. Therefore, in the calculations with
the combined simulation method, it was assumed that the rolling bearing seg-
ments are identical, similar to the modelling of the thrust ball bearing. However,
in contrast to the previous calculations, the two rolling contacts of the segments
have different geometries (radii in x- and y-direction), and thus two electrically
extended EHL simulations are required to model them. The bearing was tested in
vertical arrangement as it is illustrated in Figure 6.21. To determine the input pa-
rameters for both the electrically extended EHL simulation and the FEM simula-
tion, the assumption of static equilibrium was applied and the effect of centrifugal
forces was neglected. An exception is the contact angle considered in the FEM sim-
ulations, which was assumed to be its nominal value.

Rolling contact 1
Inner ring

Plastic cage

Rolling contact 2

Outer ring

Figure 6.21: Illustration of the test conditions for the axially loaded angular con-
tact ball bearing 7206 with plastic cage
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For the calculations with the correction factor calculation method, the correction
function of Furtmann was applied, which was developed for axially loaded rolling
bearings [Furl7]:

kC [Fur17](h0) = 311 ) 106 ) hO + 116 (63)

The investigations were performed with fully flooded GESA cell and with the full-
factorial combinations of the operating conditions listed in Table 6.3. The measure-
ment methods are represented by the average result of five measurements and the
corresponding standard deviations. For the investigations, test oil 1 was used. The

measurement and calculation results are summarised in Figure 6.22.

Table 6.3: Values of the operating parameters for their full-factorial investigation

Rotational speed / min-! Temperature / °C Axial load /N
1000 30 300
2000 40 600
900
1200

The results obtained by the angular contact ball bearing show similar trends to the
results obtained by the thrust ball bearing. The combined simulation method can
still describe the course of the measured rolling bearing capacitances with high
accuracy. The applied correction factor calculation method has a limited range of
validity, and it underestimates the rolling bearing capacitances in case of low axial
loads, i.e., in case of high lubricant film thickness. For the examined operating
points, the maximum difference between the results of the impedance measure-
ment and the results of the combined simulation method is 14 % and the average
difference is 8 %. For the correction factor calculation method, the maximum dif-
ference is 49 % and the average difference is 20 %. Based on the results of the com-
bined simulation method, the ratio of the capacitances provided by the electrically
extended EHL simulation and the electrical FEM simulation is comparable to the
previously investigated cases with thrust ball bearing. For operating conditions
that lead to higher lubricant film thickness in the rolling contact, the FEM simula-
tions provide a higher percentage of the total capacitance. The FEM simulation re-
sults, i.e., the capacitances of the non-contact regions, are responsible on average
for 36 % of the total rolling bearing capacitance in case of the investigated fully
flooded angular contact ball bearing. The presented results show that the com-
bined simulation method was properly extended for the capacitance calculation of
axially loaded angular contact ball bearings and suggest that it can be extended
analogously to other axially loaded ball bearings.



113

e Testoil 1

Operating conditions « Angular contact ball bearing 7206 e Fully flooded GESA cell

B Impedance measurement

Correction of the contact capacitance
El Hertzian contact capacitance

= Correction factor calculation method

Charging curve measurement
[ Electrical FEM simulation
B Electrically extended EHL simulation

& Combined simulation method

- in-l =30°
300 n =1000 min T =30°C

250 ¢

N
o
o

150

Capacitance C / pF
—_
o
]

a1
o

o

300 600 900 1200
Axial load F,, /N

= in —40°
300 n =1000 min T =40°C

250+
200+
150
100}

Capacitance C /pF

a1
(@]

o

300 600 900 1200
Axial load F,, /N

Capacitance C /pF

n=2000min? T =30°C

300 600 900 1200
Axial load F,, /N

n=2000 min! T =40 °C

300 600 900 1200
Axial load F,, /N

Figure 6.22: Comparison of the measurement and calculation results for the an-
gular contact ball bearing 7206 with test oil 1
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7 Summary and outlook

With the increasing number of frequency inverter-controlled electric motors and
generators, the number of bearing failures caused by frequency inverter-induced
parasitic currents has also increased in the recent years. The type and magnitude
of the parasitic currents, and thus the caused damages depend on the operating
condition-related electrical properties of the rolling bearings and further mechan-
ical components. In order to predict the harmful electrical conditions, and to elab-
orate preventive measures against the parasitic current-induced damages, the elec-
trical modelling of the rolling bearing is necessary. This modelling is based on the
electrical insulating ability of the lubricant film, which develops in the rolling con-
tacts. Since the accurate mechanical and fluid dynamical modelling of this area is
already a complex task, simpler calculation methods in combination with various
correction factors are usually used for the determination of the related electrical
values. The state-of-the-art correction factors vary widely, and their validity range
also differ significantly, which leads to uncertainty in their general application and
to the demand for further investigations of this field. Accordingly, the aim of the
present work was to develop a validated computational method for determining
the capacitance of axially loaded rolling bearings without the application of cor-
rection factors, focusing on the full film lubrication condition.

For the experimental investigation of the rolling bearing capacitances, two meas-
urement methods were applied, namely the charging curve measurement method
and the impedance measurement method. Based on the performed investigations,
the results of the impedance measurements show better reproducibility, lower sen-
sitivity to disturbances associated with unfavourable lubrication conditions and
thus a wider range of applicability in terms of the investigation of rolling bearing
capacitances. Although the two methods can lead to comparable results in cases,
where the conditions are favourable for the development of a separating lubricant
film in the rolling contact, the impedance measurement is considered the preferred
measurement method for determining the rolling bearing capacitance, based on its
mentioned advantages.
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For the determination of the rolling bearing capacitances, a combined simulation
method was developed. In the first step of the calculations, a numerical EHL sim-
ulation is performed, which is responsible for the tribological modelling of the roll-
ing contact. The resulting pressure distribution, gap height distribution and phase
distribution (obtained by the applied cavitation algorithm) are used in the electri-
cal extension of the contact simulation. During the electrical extension, each cell of
the EHL simulation is considered as an elementary parallel plate capacitor with
the corresponding plate area, distance, and dielectric (oil and air) between the
plates. Thus, a capacitance distribution can be obtained over the simulation do-
main, which can be used for the determination of the capacitance of the rolling
contact, and the capacitance of the contact regions (inlet-, outlet- and hertzian con-
tact region). In parallel, an electrical FEM simulation is carried out, which was de-
veloped to model additional capacitance sources of the rolling bearing. The FEM
simulation serves as a direct spatial extension of the electrically extended EHL sim-
ulation. To reduce the computational demand, the FEM model is defined as a seg-
ment of the rolling bearing exploiting its geometrical periodicity. In the segment,
the different dielectrics (lubricant, air, plastic cage) are modelled, and the conduc-
tive components are represented as boundary conditions on the corresponding
boundary surfaces. With this modelling technique, different oil quantities can be
considered in the simulation domain. The provided capacitances of the electrically
extended EHL simulation and the FEM simulation are combined based on the elec-
trical equivalent circuit of the rolling bearing segment. By summing the segment
capacitances, the total rolling bearing capacitance can be obtained without the ap-
plication of corrector factors.

In order to identify the different capacitance sources of the rolling bearings, tar-
geted experimental investigations were carried out. Based on the measurements of
the rolling bearing capacitance as the function of the rolling element number, the
rolling bearing capacitances can be divided into two groups. There are capaci-
tances that can be considered as rolling element independent capacitances, and
there are capacitances that show a linear trend as the function of the rolling element
number. Further investigations showed that the rolling element independent ca-
pacitances can be influenced by the different design variants of the environment.
Thus, the rolling element independent capacitance can be further divided into the
capacitance of the rolling bearing rings and the capacitance of the environmental
components. Subsequently, measurements were carried out with different oil lev-
els in the measurement cell and with the same operating conditions, i.e., with the-
oretically identical lubricant film thicknesses. The results showed that the capaci-
tance increase per rolling element was significantly influenced by the oil quantity.
Consequently, the rolling element-related capacitances can be divided into the
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contact capacitances (related to the lubricant film in the contact), and the capaci-
tances of the surrounding gap of the rolling contact. Finally, due to the electrically
extended EHL simulation, the capacitances of the contact regions (inlet-, outlet-
and hertzian contact region) can be considered separately. As a result, the detailed
capacitance structure of the investigated rolling bearing was determined.

The developed combined simulation method was validated using the presented
measurement methods in case of a thrust ball bearing 51208 with two different test
oils. In parallel, the results were also compared with the results of the correction
factor calculation method. In general, the results of the combined simulation
method show a good agreement with the measurement results in both magnitude
and course. With decreasing lubricant film thickness, the results of the combined
simulation method show a slightly increasing difference compared to the meas-
ured values. Although the investigations partly covered also the mixed lubrication
condition, the maximum difference between the measured and simulated results
was 19 % and the average difference was 10 %, which indicates a high modelling
accuracy. In contrast, the applied correction factor calculation method had a lim-
ited validity range. It generally underestimated the measurement results at low
capacitance values and overestimated at high capacitance values within the range
of the considered operating conditions. In addition, while the combined calcula-
tion method can describe the influence of the o0il quantity on the rolling bearing
capacitance, the correction factor calculation method cannot model this influence.
Since the purpose of the correction factor is to describe the ratio between the total
capacitance of the contact and the capacitance of the hertzian contact region, this
calculation method cannot consider the influence of the oil quantity and further
influences related to the non-contact areas of the rolling bearing. Thus, the correc-
tion factor calculation methods (without taking additional capacitances into ac-
count) can only be applied for the calculation of the total rolling bearing capaci-
tance if the non-contact capacitances are negligibly small.

Based on the results of the combined simulation method, the different capacitance
sources of the investigated rolling bearing were analysed. The results showed that
the contact capacitances (i.e., the total capacitance of the inlet-, outlet-, and hertzian
contact regions) are responsible on average for approx. 70 % of the total rolling
bearing capacitances in case of a fully flooded measurement cell, while the remain-
ing approx. 30 % is obtained by the non-contact regions. In addition, the capaci-
tance of the non-contact regions is mainly determined by the surrounding gap
around the rolling contacts, while the environmental influences are responsible for
only approx. 5 % of the total bearing capacitance.
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After the investigations with the thrust ball bearing 51208, the combined simula-
tion method was successfully adjusted for the capacitance calculation of the axially
loaded angular contact ball bearing 7206. The results of the combined simulation
method still showed good agreement with the measured values. It suggests that
the simulation method can be extended analogously to other axially loaded ball
bearings. Furthermore, the presented modelling strategy can be potentially ex-
tended to ball and roller bearings with combined loads. In the case of combined
loads, by knowing the load distribution within the rolling bearing, the segment
capacitances can be calculated separately and subsequently summed. While the
electrically extended EHL simulation can calculate the contact capacitance of the
loaded rolling contacts, the FEM simulation can be used for the capacitance calcu-
lation of the surroundings of the rolling contacts and the unloaded rolling ele-
ments. Furthermore, the combined simulation method can be potentially applied
to the capacitance calculation of gear contacts, where the capacitances can be sim-
ilarly divided into the contact capacitances and the capacitance of the non-contact
regions.

The accurate calculation of the rolling bearing capacitances is of great practical im-
portance since it is essential for the correct estimation and prediction of the para-
sitic currents in the electric motors and in the driven unit. The rolling bearing ca-
pacitances are used for the determination of the bearing voltage ratio (BVR), which
describes the ratio of the voltage acting on the rolling bearing to the common-mode
voltage of the electric motor. Thereby, knowing the stary capacitances of the motor,
the effective bearing voltage can be calculated. In addition, if the parasitic currents
also appear in the driven unit, further bearings and gear contacts can be subjected
to electrical loads. In such complex systems, the accurate electrical modelling of
the individual components is necessary. In this way, the electrical interactions be-
tween components can be taken into account and parasitic currents can be pre-
dicted. As a result, the developed simulation method of the rolling bearing can
support the system-level electrical calculations of the frequency inverter-con-
trolled motors and generators, thus improving the prediction of harmful parasitic
currents on the mechanical components and the development of preventive
measures against them.
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A

Appendix

A.1 Rolling bearing data

Table A1.1: Data of the thrust ball bearing 51208

Parameter Symbol Unit Value
Outer diameter D, mm 68
Bore diameter D; mm 40
Width w mm 19
Pitch diameter dy mm 54
Rolling element diameter dre mm 10.3
Raceway radius outer ring Trw,or mm 5.6
Raceway radius inner ring Trw,ir mm 5.6
Number of rolling elements A — 15
Nominal contact angle Qg © 90
Poisson’s ration v — 0.3
Modulus of elasticity E GPa 210
Cage material - - Plastic
Sealing - - No

Table A1.2: Data of the angular contact ball bearing 7206

Parameter Symbol Unit Value
Outer diameter D, mm 62
Bore diameter D; mm 30
Width w mm 16
Pitch diameter d, mm 46
Rolling element diameter dre mm 9.53
Raceway radius outer ring Trw,or mm 4.95
Raceway radius inner ring Trw,ir mm 4.95
Number of rolling elements Z - 13
Nominal contact angle Qg ° 25
Poisson’s ration v - 0.3
Modulus of elasticity E GPa 210
Cage material - - Plastic
Sealing - - No
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