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A Universal Grey-Box High-Frequency Model for
Calculating Bearing Voltage under WBG Inverter
Drives Considering Frequency-Dependent Effects
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Abstract—The integration of wide-bandgap (WBG) semicon-
ductors in modern drive systems has significantly increased
electrical stress on motor bearings due to ultra-high voltage slew
rates (dv/dt). While conventional capacitive-divider models fail to
capture the resulting high-frequency transients, this paper pro-
poses a Universal High-Frequency Grey-Box Model that explicitly
accounts for the frequency-dependent behavior of the winding,
shaft, and bearing. Unlike existing methods, the proposed model
incorporates a physically-grounded lubricant-film substructure
that captures the transition from metallic contact at standstill to
full-film lubrication under rotation, including the effects of oil
bleeding and layer separation. Validation on a 40-kW PMSM test
bench driven by a Silicon Carbide (SiC) inverter demonstrates
that the model maintains an average relative peak-voltage error
of 8.81% across 0 to 500 rpm. With a spectral correlation
coefficient of 0.93, the framework provides a robust foundation
for predicting localized electrical stress and lubricant degradation
in high-speed, high-frequency power electronic drives.

Index Terms—Bearing Voltage, Grey-Box Model, High-
frequency modeling, Permanent Magnet Synchronous Machine,
Transient overvoltage, Test bench

I. INTRODUCTION

N modern industrial drive systems, bearing faults represent

a major challenge for the reliable operation and mainte-
nance of electrical machines. Statistical analyses indicate that
more than 50% of machine failures are directly associated with
bearing-related issues [1]. Further investigations have shown
that, in inverter-fed drives in particular, Electric Discharge
Machining (EDM) is one of the most critical mechanisms
leading to premature bearing degradation [2]-[4]. EDM is
initiated when the instantaneous bearing voltage becomes
sufficiently high to exceed the dielectric breakdown threshold
of the lubricant film that insulates the rolling elements from
the raceways, causing the film to be punctured and a sharp dis-
charge to occur [5], [6]. This discharge causes severe bearing
damage, including bearing fluting and deteriorated lubricant,
thereby shortening the equipment lifetime and compromising
operational safety [7]-[9].

The bearing voltage, defined as the potential difference
between the shaft end and the machine housing [10], can be
classically estimated using the analytical expression of the so-
called Bearing Voltage Ratio (BVR), as given by [11]:
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where U}, and Uy denote the bearing voltage and Common-
Mode (CM) voltage, Cy, and Cy¢ are the winding—rotor and
rotor—frame capacitances, and C}, is the bearing capacitance,
assuming identical Drive-End (DE) and Nonedrive-End (NDE)
values with C, pg = Chnpe = Cp. On this basis, the
conventional bearing-voltage model in [11] considers only
the effect of the nonzero common-mode voltage and repre-
sents the bearing voltage by a simplified capacitive divider.
[12], [13] further develop the voltage-divider concept by
formulating purely capacitive impedance networks aligned
with the powertrain’s mechanical geometry. In particular, [12]
derives the network from the transmission assembly, whereas
[13] builds a purely capacitive equivalent circuit reflecting
the bearing construction. However, both approaches neglect
frequency-dependent winding-related coupling on the bearing
voltage. While such simplifications may be acceptable for ba-
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Fig. 1. Classical equivalent circuit for the determination of the BVR [11].

sic analysis, these approaches become insufficient for studying
bearing voltage in modern electrical drive systems, especially
those intensified by the use of power modules based on
wide-bandgap (WBG) semiconductors such as SiC and GaN
MOSFETs, which operate with significantly higher switching
frequencies and voltage slew rates [14]. The characteristics
of WBG devices render the frequency-dependent Electro-
magnetic Interference (EMI) during machine operation non-
negligible, intensifying terminal-voltage oscillations as well
as the CM voltage, thereby potentially accelerating bearing
degradation [15], [16]. As pointed out in [17], [18] indicate
that adopting WBG devices can aggravate terminal-voltage
overshoot and ringing, thereby increasing insulation stress and
bearing-current stress. Moreover, [19] reported that, compared
with Si-based inverters, SiC-based inverters increase the peak
bearing discharge voltage by an average of 8.2% over the
temperature range of 35-60 °C. When the temperature exceeds
55°C, the voltage increase surpasses 10%—15%, leading to
higher discharge energy. Weibull analysis of experimental
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EDM events shows that above 55°C, the SiC-based inverter
exhibits an average 12% reduction in the Weibull shape
parameter relative to the Si-based inverter, indicating a more
dispersed voltage distribution and an increased probability
of EDM over a wider bearing-voltage range. Further studies
indicate that the elevated discharge energy associated with
WBG inverters can locally raise the bearing temperature
beyond the solidus temperature of bearing steel (approximately
1350 °C), thereby causing bearing damage [19]. In addition to
localized thermal effects, variations in the electric field within
the lubricant film can alter its chemical composition, leading
to reduced viscosity and accelerated bearing degradation [20].
[21] shows the lubricant aging is approximately proportional
to the oscillation frequency of the bearing voltage and cur-
rent. Therefore, the frequency-dependent characteristics of the
bearing, winding, and insulation system must be considered
in bearing-voltage modeling to accurately capture voltage
waveforms and peak values, which is critical for predictive
maintenance and improved electrical machine design.

The so-called high-frequency modeling technique employs
an equivalent circuit to characterize the frequency-dependent
behavior of components under PWM electrical excitation.
The reliability of this approach has been demonstrated in
predicting terminal voltages and winding voltage distributions
in electrical machines under WBG device [22], [23]. In recent
years, several studies have applied high-frequency model-
ing approaches to describe and analyze the bearing voltage
phenomena in electrical machines. In [24], a voltage-divider
model is developed by incorporating the bearing structure into
the winding model. However, the bearing representation in
this work is overly simplified, as it includes only lumped
parasitic capacitance and resistance, and the proposed model
is not validated on a test bench under realistic operating
conditions. Subsequent studies in [25], [26] further incorporate
the inductive behavior of the bearing and shaft, while [27]
proposes an improved bearing model that additionally captures
high-frequency bearing behavior, circulating bearing currents,
and current paths associated with EDM. Nevertheless, in all
of these studies, the influence of the stator winding and its
frequency-dependent impedance on the bearing voltage is still
neglected.

To address these limitations, several high-frequency bear-
ing models have been proposed that aim to better capture
winding-induced frequency-dependent effects on bearing volt-
age. In [28], a high-frequency bearing model coupled with
the machine winding is implemented to account for inductive
effects; however, the model focuses mainly on the shaft and
transmission, and the capacitive voltage across the bearing is
neglected. Another bearing-voltage model in [29] is validated
by impedance measurements, yet it does not explicitly capture
the speed-dependent variation of the lubricant-film parasitic
capacitance. Moreover, both studies lack time-domain vali-
dation on a test bench. In a related approach, [30] presents
a simplified model based on frequency-band responses to
predict the frequency-dependent bearing voltage; however, it
has not been validated on an inverter-fed experimental setup
under realistic operating conditions, and its bearing-voltage
prediction accuracy therefore remains limited.

In view of the above limitations, the novelty of this work
lies in establishing a physically structured grey-box framework
that links impedance-based identification with time-domain
bearing-voltage prediction in inverter-fed machines. The main
contributions of this work are summarized as follows:

¢ A universal high-frequency grey-box model for bearing-
voltage prediction is proposed. It is integrated with a
validated high-frequency winding model to guarantee
accurate terminal-voltage representation, which serves as
the foundation of the overall modeling framework.

e Based on time-domain measurements of the terminal
voltage and current, the transfer relationship between the
terminal and bearing voltages is inversely identified and
used for parameter optimization, yielding an accurate
bearing submodel.

e The proposed model accounts for the frequency-
dependent properties of the shaft, frame, and bearing, as
well as parasitic phenomena within the bearing and the
insulation system.

o With the ability to capture the frequency-dependent
bearing-voltage behavior up to 10 MHz, the model is
extended from O to 500 rpm at 80°C, since bearing-
voltage variations beyond this range are marginal for
machines of comparable power levels [31].

o Over the entire experimental speed range, the predicted
peak bearing voltage exhibits an absolute error below
0.31 V. At standstill (Orpm), the absolute and relative
errors are 0.08 V and 13.58%, respectively, while for
rotating conditions between 100 and 500 rpm the average
absolute and relative errors are 0.24V and 8.81%.

o The model faithfully reproduces the bearing-voltage pro-
file, as evidenced by an average Pearson correlation
coefficient of 0.93 between the modeled and measured
bearing-voltage spectra.

While validated here on a 40-kW PMSM, the proposed
universal framework builds on a high-frequency stator-winding
model previously validated for different machine topologies
[23], [32] and on a capacitive coupling structure common
to both induction machines and PMSMs [6]. The remainder
of this paper is organized as follows: SectionII presents the
impedance and time-domain bearing-voltage measurements on
the PMSM test bench. SectionIIl introduces the proposed
high-frequency model and the parameter-identification pro-
cedure. SectionIV gives the validation results and compares
the proposed model with the conventional BVR-based model.
Finally, SectionV concludes the paper and outlines future
work.

II. MEASUREMENTS IN THE FREQUENCY AND TIME
DOMAINS

The machine used in this study is a 40-kW PMSM, which
features a single-tooth winding with eight pole pairs and
twenty-four slots. Each of the U, V, and W phases consists
of four parallel branches, where each branch comprises two
coils connected in series, resulting in four neutral points
in total. The following section presents the details of the
impedance measurements in the frequency domain and the
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voltage measurements on the test bench in the time domain,
which together form the foundation of the proposed grey-box
model.

A. Impulse Excitation Test for Assessing Rotational-Speed
Influence on Bearing Voltage

According to the high-frequency modeling framework, the
influence of rotational speed on the bearing-voltage response
must be clarified before the main measurement campaign. In
particular, it is necessary to determine the speed range over
which the transient response remains sufficiently consistent.
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Fig. 2. Measurement setup for assessing rotational-speed influence.

To address this question, an impulse excitation test was
conducted prior to the main measurements. Fig. 2 shows the
experimental setup. In this experiment, the PMSM under test
was mechanically driven by the load machine while being
electrically separated from the cable and inverter, thereby
minimizing electromagnetic interference. To ensure thermal
conditions comparable to those of the subsequent measure-
ments under inverter operation, the housing temperature was
maintained at approximately 80 °C by water cooling. A high-
frequency voltage pulse was applied between terminal U and
the machine frame using an impulse generator. The pulse
amplitude was 100 V and the slew rate was approximately
30 kV/us, i.e., about twice the dv/dt of the inverter used on
the test bench. The resulting bearing-voltage transient was
measured at different rotational speeds.
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Fig. 3. Measured bearing-voltage waveforms under impulse excitation at
different rotational speeds.

Fig. 3 shows the measured bearing-voltage transients for
several representative rotational speeds. Only minor varia-
tions can be observed once the speed exceeds approximately
400 rpm, indicating that the transient response becomes largely
stable in this range. This trend is further summarized in
Fig. 4. The peak bearing voltage increases rapidly at low
speeds and then gradually approaches a nearly constant value.
Meanwhile, the Pearson correlation coefficient between suc-
cessive transient waveforms exceeds 0.85 above approximately
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Fig. 4. Influence of rotational speed on the impulse-excited bearing-voltage
response, characterized by the peak voltage and the Pearson correlation of
successive transients.

500 rpm, indicating a high waveform similarity. These results
suggest that the dominant bearing-voltage dynamics are only
weakly affected by further speed increase beyond this range.
Therefore, limiting the validation range of the proposed model
to 500 rpm is justified.

B. Impedance Measurement in the Frequency Domain

Previous studies have shown that the bearing voltage is
highly correlated with the CM voltage [10], [11]. Therefore,
even with the inclusion of the bearing model, the overall
machine model must still accurately capture the dynamics
of the three-phase terminal voltages. As noted in [22], [33],
the modeling approach based on CM and Differential-Mode
(DM) impedances is an effective way to satisfy this fundamen-
tal premise. The impedance measurements were performed
following the topologies summarized in TableI, by using a
Keysight E4990A impedance analyzer over a frequency range
of 100 Hz to 10 MHz. To avoid environmental interference,
the measurements were carried out on the test bench with the
machine. As reported in [34], [35], the rotor position has a
negligible impact on terminal-voltage modeling. Therefore, all
measurements were performed with the machine at standstill.
Fig.5 shows the measured CM and DM impedances. The
ability to reproduce these impedance characteristics is essential
for ensuring the accuracy of the overall model.

TABLE I
TOPOLOGIES FOR MEASURING THE IMPEDANCE SPECTRA OF THE PMSM.

Impedance Between

Category Example a Phase Terminal and
Common-Mode U-Frame Frame
Differential-Mode U-v Another Phase Terminal

C. Time-Domain Measurement Setup and Signal Characteri-
zation

The classical impedance-based modeling approaches can
not be applied for high-frequency modeling of machine bear-
ing due to following reasons:

1) Impedance measurements can only be performed using
two fixed contact points. When the shaft rotates, the con-
tact points used to measure the bearing voltage change,
making the impedance measurement results unreliable.
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Fig. 5. Measured impedance magnitude and phase as functions of frequency
for different connection topologies on on the test bench from 1kHz to
10 MHz: (a) CM-Impedance, (b) DM-Impedance.
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Fig. 6. Experimental setup for bearing voltage measurement on an operating
PMSM: (a) test bench layout, (b) bearing voltage acquisition.

2) A rotating machine generates non-negligible bearing volt-
ages. Conducting impedance measurements under rota-
tion may damage the measuring instrument.

Therefore, modeling the bearing voltage under real operat-
ing conditions requires time-domain voltage measurements
directly on the test bench.

1) Test Bench Configuration: Fig. 6a shows the test-bench
setup. The PMSM is supplied by a SiC power-module-
integrated inverter through a three-phase cable set. The ma-
chine housing and cable shield are bonded to ground. The
voltages of the three machine terminals U, V, and W with

respect to the frame are measured using active differential
probes with bandwidth 25 MHz and are used directly as
model inputs, i.e., without any filtering in the preprocessing
stage. In practical implementations, these terminal voltages
do not necessarily have to be measured directly. Instead, the
machine-side terminal transients may be reconstructed using a
suitable high-frequency model of the inverter—cable-machine
system. In this context, the DC-link voltage together with the
inverter switching states or PWM commands can provide an
inverter-side excitation description, while the corresponding
switching transients and voltage slew rates can be reproduced
using inverter models that represent the switching behavior of
the power devices, as commonly adopted in high-frequency
transient simulations [33], [36]. However, such information is
not sufficient by itself for bearing-voltage analysis and must
be combined with an appropriate high-frequency representa-
tion of the cable and stator winding to obtain the terminal
voltages relevant to the present study. As shown in Fig. 6b, the
bearing voltage between the NDE and the machine frame was
measured using a carbon brush, in accordance with the mea-
surement method reported in [37]. To maintain relatively stable
lubrication properties, the machine temperature was controlled
at approximately 80°C using a water-cooled housing, which
this is close to the commonly referenced upper bound of the
typical operating temperature for rolling bearings by Standard
ISO 5593 [38]. And as reported in [31], at this temperature,
the measured bearing voltage exhibits only marginal variation
for rotational speeds above 500 rpm for machines operating
at a comparable power level. Additionally, prolonged friction
and machine losses (e.g., iron/copper) can rapidly increase
bearing temperature via heat transfer [39]. For instance, 15°C
rise within 1s at 1000rpm was reported [39]. This changes
lubricant viscosity and bleeding rate [40], affecting the its
electrical characteristics [31]. Hence, the machine was stopped
between speed tests to limit lubricant heating and keep thermal
conditions consistent.

2) Excitation Bandwidth of the Measured Terminal Volt-
ages: Fig.7 shows the measured terminal-to-frame voltages
at the machine terminals U, V, and W during inverter oper-
ation. As seen from the detailed waveform in Fig.7b, each
switching event excites a damped high-frequency transient at
the machine terminals. To determine the relevant excitation
bandwidth for the subsequent analysis, the spectral energy
distribution of the measured terminal voltages is evaluated, as
shown in Fig. 8. It can be observed that the dominant spectral
components are concentrated below 10 MHz. On average, the
spectral energy above 10 MHz accounts for only about 0.3% of
the total signal energy. Hence, frequency components beyond
10 MHz are considered to have only a minor influence on the
dominant transient behavior addressed in this work.

This observation is consistent with the theoretical bandwidth
of the inverter switching transient. For the same SiC inverter
platform, rise and fall times of ¢, = 51 ns and ¢y = 26 ns have
been reported in [36]. Based on the commonly used estimate

1

Jeo = - min(t,, tr)’

@

a cutoff frequency of approximately 12.24 MHz is obtained.
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Fig. 7. Measured voltages of the three machine terminals U, V, and W with
respect to the frame: (a) overview of the measured waveform; (b) detailed
view of a representative switching transient.
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Fig. 8. Spectral energy distribution of the measured terminal voltages. More
than 99.7% of the total spectral energy is located below 10 MHz.

Although this cutoff frequency does not represent a strict
spectral boundary, it indicates that the relevant excitation
bandwidth lies in the order of several megahertz to about
10 MHz. Together with the measured energy distribution, this
indicates that a model bandwidth of 10 MHz is sufficient
to capture the dominant transient behavior considered in the
present study.

3) Measured Bearing Voltage Waveforms: Fig.9 and
Fig. 10 show examples of the bearing-voltage waveforms at
Orpm and 500rpm, respectively. Since the measurements
contain ultra—high-frequency noise above 10 MHz due to EMI,
the terminal and bearing voltages are processed using a Fast
Fourier Transform (FFT)-based filtering method. Frequency
components exceeding 10 MHz are set to zero, and the inverse
FFT is applied to reconstruct the signals, thereby preserving
all spectral content below 10 MHz.

The conclusions regarding lubrication regimes reported in
[41] help explain the differences observed between the two
profiles. At Orpm, the bearing operates in boundary lubrica-
tion, and direct metal contact between the raceways and balls
effectively shorts the lubricant-film capacitance. Thus, the
circumferential voltage settles near zero after the switching-
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Fig. 9. Original and filtered bearing-voltage measurement at O rpm: (a) overall
measurement, (b) detailed signal profile during the transient.
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Fig. 10. Original and filtered bearing-voltage measurement at 500 rpm: (a)
overall measurement, (b) detailed signal profile during the transient.

induced transient. Moreover, two adjacent transients within
the same oscillation period (time spacing 0.0625 ms at 8 kHz)
produce different bearing-voltage profiles due to asymmetric
three-phase terminal overvoltage oscillations, indicating that
the winding frequency dependence must be integrated into
the bearing model. As the rotational speed increases, a full
lubricant film develops, eliminating metallic contact. The com-
bined influence of the non-zero CM voltage and the parasitic
capacitance of the lubricant film produces a bearing voltage
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profile that resembles a superposition of transient oscillations
and a square wave. The detailed bearing-voltage waveforms
are presented in Fig. 9b and Fig. 10b. The measurement results
show that, when the electric drive system employs a WBG
power module with a high slew rate, the resulting transient
behavior produces significant oscillations in the bearing volt-
age that cannot be overlooked.

D. Frequency-Dependent Bearing Voltage Ratio

The definition of the BVR is given in (1) as the ratio of
bearing voltage to CM voltage, based on a capacitive voltage
divider model illustrated in Fig. 1. In classical high-frequency
modeling, the system is typically assumed to be a Linear Time-
Invariant (LTI) system. The frequency-dependent impedance
is then recognized as Frequency Response Functions (FRFs),
which describe the dynamic response behavior of system
components. A similar approach is adopted in this study to
analyze bearing behavior. Based on Eq.(1), the BVR is defined
as the FRF from the CM voltage to the bearing voltage,
expressed as:

where the time-domain signal is transformed into the fre-
quency domain using the Fourier transform:

X(j ):/OO z(t)e Iwtdt 4)

— 00

3)

BVR(jw) can be transformed into a frequency-based repre-
sentation BVR(jw) as follows:

BVR(f) = BVR(jw)|,,_,., )

This representation allows the bearing voltage ratio to be
presented in the form of a frequency spectrum. Fig. 11 shows
the calculated BVR(f) spectrum at 500 rpm. Above 100 kHz,
the transfer characteristic from the CM voltage to the bearing
voltage exhibits a clear frequency dependence. This property
should not be overlooked when modeling the dynamic behav-
ior of bearing voltage, particularly in capturing voltage profiles
associated with transient oscillations induced by high voltage
slew rates. The frequency-dependent BVR shown in Fig. 11
therefore serves as a direct motivation for the development
of the bearing model presented in the next section. The basic
model, illustrated in Fig. 1 as a simple voltage divider, lacks
the capability to capture frequency-dependent dynamics and to
provide a detailed description of the lubricant film and bearing
components. These limitations will be addressed in the next
section.

III. GREY-BOX MODELING APPROACH OF BEARING
VOLTAGE

A. Model Overview

Fig. 12 illustrates the proposed grey-box model, which ex-
tends the model in [22]. To capture the frequency-dependent
behavior of the stator winding under high-frequency volt-
age excitation, the winding is conceptually divided into two
branches, accounting for parasitic capacitances as well as skin
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Fig. 11. Calculated BVR magnitude and phase as functions of frequency at
500 rpm.

and proximity effects. In [22], all remaining machine parts
except the stator winding were simplified as a zero-potential
node, and the insulation path was represented by a series
RC circuit. For bearing-voltage analysis, however, this part
must be modeled in more detail. Therefore, two structurally
identical subsystems, connected to different winding nodes,
are introduced to represent the insulation paths between the
winding and the stator frame, and between the winding and the
shaft. The corresponding equivalent circuit is shown in Fig. 13:
a large resistor models the insulation resistance, a capacitor
the parasitic capacitance, and an additional RC branch the
frequency-dependent dielectric losses. As indicated in Fig. 12,

Phase " —
Wlndlng Phase W Phase W
branch 1 branch 2
Frame Shaft  Frame Shaft

»

»
Bearing voltage
Shaft

RL-shaft-2

Air gap

Fig. 12. Overview of a the grey-box winding model integrated with the
bearing structure.

| — |
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|| Parasitic
capacitance

e

Dielectric losses

Fig. 13. Model structure of the insulation layer and air gap.

the individual paths between the winding and the frame or
shaft, formed by the parasitic circuits, are abstracted as point-
to-point circuits. However, by modeling the bearing voltage,
the skin effect of the stator frame and the shaft themselves
should not be neglected. Considering the shaft and frame as
metallic conductors, the skin effect dominates their frequency-
dependent behavior. As frequency f increases, the alternating
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current concentrates near the conductor surface, characterized
by the skin depth 6 [42]:

1
"=\ o fue ©)

where o is the conductor conductivity, p is the magnetic
permeability. The reduced skin depth decreases the effective
conduction area, thereby increasing the effective resistance
and decreasing the internal inductance. As shown in [42], for
a solid cylindrical copper conductor, the resistance increases
monotonically with frequency, while the internal inductance
asymptotically approaches zero. This behavior is modeled by
the classical RL ladder network in Fig. 14, which stacks RL
series elements with increasing resistance in successive layers
[43]. As shown in Fig. 12, the stator frame is represented by
this structure labeled with ‘RL-frame’, with one end fixed at
zero potential to represent grounding to the machine housing.
For the shaft, the parasitic paths between the frame and the
shaft, as well as those between the winding and the shaft,
cannot be simplified as converging at a single point. Therefore,
two segmented RL ladder networks ‘RL-shaft-1> and ‘RL-
shaft-2’ are used to represent different sections of the shaft.
In addition, the air gap between the frame and the shaft is
treated as a dielectric and is modeled using the same structure
shown in Fig. 13. The bearing model substructure is connected
between the ungrounded end of the ‘RL-frame’ subsystem and
‘RL-shaft-1".

RL-Ladder
network I’

F-----22y

Fig. 14. Example of an RL ladder network for modeling the skin effect.

B. Structure of the Ball-Bearing Model

by boundary area

lubrication

.

i Lubricant
~~_ | layer
~..

~

Bearing outer race Bearing inner race

Fig. 15. Model structure of a rolling bearing considering the frequency-
dependent characteristics of the bearing balls and lubricant film with the
boundary-lubrication switch.

Based on the grey-box modeling concept, the DE and
NDE bearings are represented by identical subsystems and
combined to form the overall bearing model. Fig. 15 illustrates

N
Lubricant in
Hertzian area

i
Majority of the
lubricant layer I

Fig. 16. Detail of the bearing contact model: equivalent circuit of the Hertzian
contact, illustrating the impact of oil bleeding on the lubricant-film impedance.

the structure of the bearing model. In the central branch of
this equivalent circuit, an RL-ladder network is introduced
to represent the skin effect of the bearing balls acting as
metallic conductors, analogous to the shaft modeling approach
described in Section III-A. A small-valued capacitor is con-
nected in parallel to account for the parasitic capacitance in
the air surrounding the bearing balls.

In previous studies, when analyzing a single bearing ball,
the Hertzian contact area with elastic deformation is typically
taken as the only corresponding electrode area for the bearing
current conduction path [11]. However, in the high-frequency
range, the effective conductive area in this region decreases
due to the skin effect. In addition, when metallic contact
occurs under boundary lubrication near the Hertzian contact
region, the distance between the bearing balls and races
becomes extremely small, resulting in relatively high parasitic
capacitance. Currents may therefore flow through this parasitic
path, which can be regarded as equivalently present even under
full-film lubrication. a new structure is introduced, as shown
in Fig16. The overall conductive behavior of the bearing
balls is represented by an RL-ladder network, which captures
the frequency-dependent reduction of the effective conductive
cross-section. In series with this network, a low-magnitude
resistor and a high-magnitude capacitor are included to rep-
resent the electrical properties of the ultra-thin lubricant layer
in the Hertzian area. A switch bypasses this RC series branch
when purely metallic contact occurs between the balls and
the races. In addition, an extra capacitor is connected in
parallel with the entire structure to account for the parasitic
capacitance in the lubricant or air gap at the edge of the
Hertzian contact region. Based on the assumption that the
lubricant layer properties vary with rotational speed, these
resistance and capacitance values in this branch are treated as
speed-dependent. The lubricant layer is modeled, analogous

Bearing ring

Oil infiltration
()

Qil film Bearirl19 ball Thickener-rich layer

Fig. 17. Schematic of oil bleeding and layer separation in lubricant film [40].

to the insulation system described in Section III-A, using a
three-branch parallel RC network. These branches respectively
capture the lubricant’s conductive resistance, parasitic capaci-
tance, and dielectric losses. As illustrated in Fig. 17, a typical
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Fig. 18. Three-input/single-output system with noise on the output for Hy
estimator.

grease is a two-phase system composed of a base oil and a
thickener in stationary status. The thickener forms a sponge-
like network that retains the base oil and enables its gradual
migration toward the rolling contact region. When the rolling
element passes through this region, the local contact pressure
expels the infiltrated oil from the thickener matrix, forming
so-called bleeding oil, which provides effective lubrication
to the contact interface [40]. Due to the distinct frequency-
dependent electrical properties of the base-oil film and the
thickener-rich layer, the lubricant layer is represented by a two-
layer series structure in the proposed model. Furthermore, a
switch connected in parallel to the lubricant layer is introduced
to model the standstill condition of the bearing, in which
a metallic contact forms between the bearing balls and the
raceways. It should be emphasized that, due to the intrinsic
dependence of the lubricant layer properties and on bearing
clearance on rotational speed, the rotation-speed dependency
of the model is captured through the variation of the lubricant-
related parameters.

C. Parameter Identification

The parameter identification process is formulated as a dual-
condition optimization problem, with objectives defined under
Condition 1 and Condition 2:

« Condition 1 Reproduction of CM/DM impedance spectra
for insulation accuracy.

o Condition 2 Accurate transfer relationship from the three
terminal voltages to the bearing voltage.

Based on Condition 1, the FRF spectrum generated by
the model must match the impedance spectra measured in
Sec. II-B, following the methodology described in [22].

To satisfy Condition 2, the time-domain measurements in
Fig. 6a are separated into the three inputs uy (¢), uv (¢), uw(t),
and the output up(t), from which the input-output transfer
relationship is must be identified. Due to the high DC-link
voltage at the inverter, the input voltages exceed 130V and
exhibit significant overvoltage oscillations, while the resulting
bearing voltage remains below 4 V. Under these measurement
conditions, the Signal-to-Noise Ratio (SNR) of the terminal
voltages as inputs is much lower than that of the bearing
voltage as output, especially at O rpm, where the average SNR
of the input signals is 35.1dB, whereas the output signal
exhibits an SNR of only 1.28 dB. Therefore, assuming the
system is LTI, the H; estimator is employed to compute the
FRFs from the terminal voltages to the bearing voltage [44].

Fig. 18 illustrates the system structure suitable for the H; es-
timator in a 3-input/1-output configuration, with x1(t), z2(t),
and z3(t) as inputs and y(t) as the output. The additional

contaminating noise n(¢) is assumed to arise only from
the output measurement. After all time-domain signals are
transformed and projected onto the corresponding frequencies
via the Discrete Fourier Transform (DFT), in frequency f the
output signal Y € C can be expressed in matrix form as:

Y=HX+N with N eC.
X =[X; Xy X3 € C3*', H=[H, Hy H3) € C"*3
(N
where X denotes the input vector, H represents the frequency
response vector, and N is the measurement noise. In the
system identification problem, H is considered unknown and
is estimated via complex least squares as

I:I:argngn |Y — HX]|3, (8)

with residual Y — HX ~ N. The least squares solution is
obtained by left-multiplying the system equation by the Her-
mitian transpose of the input and then taking the expectation
of each term:

X7y = XHHX + X7 N. 9)

The measurement record is first segmented using a fixed-
length moving window, whose length is chosen sufficiently
large so that the time-domain signals within each window can
be regarded as approximately wide-sense stationary. Under this
assumption, by evaluating the signals at each frequency f, (9)
can be reformulated in terms of ensemble expectations as:

E[XAY] = EXPHX] + E[X? N]. (10)

The system noise is assumed to originate entirely from the
output measurement and uncorrelated with the input signals:

E[X#N] = 0. (11)
Substituting this result into (10) yields
EXAY] = EX?HX]. (12)

Taking the Hermitian transpose of both sides of (12) and using
(E[Z])H = E[ZH] gives

E[Y*X] = E[XX? | H". (13)

Then taking the Hermitian transpose of (13) and exploiting
the Hermitian property of the auto-correlation matrix yields

E[YXH] = HE[XX"]. (14)

According to the standard definition of correlation matrices,
E[YXH] and E[XX] in (14) can be written as the cross-
correlation and auto-correlation matrices, denoted by Gyx and
Gxx, respectively [45]:

3 —
i,5=1

E[YX"] = [E[Y X{] E[Y X] E[Y X5]] = Gyx

EXX"] = [E[X;X]]] Gxx (15)
(16)

EyX"] = [EYX{] EYX;] E[YXj]]=Gyx (7
Substituting (15) and (17) into (14) yields

GYX = HGXX~ (18)
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Finally, the frequency-response vector H at frequency f is
given by

H = Gyx Gxx. (19)

In the parameter identification procedure, the terminal volt-
ages uy(t), uv(t), and uw(t), along with the bearing voltage
UB,meas(t), are assigned to the system variables as x1(t),
x2(t), x3(t), and y1(¢), respectively. The frequency response
vector, calculated according to (19), is then assembled across
the entire frequency range, thereby yielding the FRF from the
terminal voltages to the bearing voltage:

Hoeas (jw) = [HU(J‘U) Hy (jw) HW(jw)]T7

where w = [27r fo, 2 27 fo, ] and fy denotes the funda-
mental DFT frequency resolution.

Since the input excitation does not cover the full frequency
range, directly comparing the analytical FRF extracted from
the model with the measured H,e.5(jw) would introduce bias.
Therefore, the same input signals are applied to the model
to obtain the modeled output up model(t), and Hyyodel (jw) is
computed from up mode1 (t) using the same procedure. Finally,
the optimization objective becomes

(20)

K
min J(8) = D [Huneas (jwr) — Hunoael (jwi; O)l3. 21)
k=1
where 0 denotes the vector of model parameters.

The initial parameter identification is based on the
impedance measurements and the time-domain measurements
acquired at zero rotational speed, both of which correspond
to the same operating status. Satisfying both Condition 1 and
Condition 2 under these circumstances ensures that the model
can simultaneously predict the terminal voltages accurately
and identify the bearing-related parameters in the standstill
state. Subsequently, while keeping all other parameters fixed,
the optimization problem defined in (21) is solved by treating
the lubricant-related parameters as design variables, thereby
obtaining the model parameters that reflect the rotational-
speed-dependent variations of the lubricant layer properties.

IV. RESULTS
A. Model validation based on test bench measurements

The model’s ability to accurately reproduce the terminal
voltage is verified by the model’s consistency with themea-
sured impedance spectrum. Fig. 19 presents the example of
measured and modeled CM and DM impedance spectra, show-
ing agreement from 1 kHz to 10 MHz. Table Il summarizes the
statistical evaluation results. In addition to the Mean Absolute
Percentage Error (MAPE), the Coherence Coefficient intro-
duced in [22] is employed to assess the modeling accuracy.
This metric quantifies the consistency between two system
responses subjected to identical excitation across frequencies,
ranging from O to 1, with 1 indicating perfect correlation.
As shown in TableII, the model achieves an average relative
error of 6.43% across all impedance spectra and an average
Coherence Coefficient of 0.99682. These results confirm that
the model accurately reproduces the impedance characteristics,
thereby ensuring reliable prediction of the terminal voltage
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Fig. 19. The modeled and measured impedance on the test bench from 1 kHz
to 10 MHz: (a) U-Frame (CM), (b) U-V(DM).

TABLE II
STATISTICAL VALIDATION RESULTS USING THE MEASURED IMPEDANCE
SPECTRUM FROM 1 kHz 10O 10 MHz.

Measurement topology MAPE (%) Coherence Coefficient
U-Frame 6.4429 0.9995
V-Frame 4.5457 0.9989
‘W-Frame 7.0750 0.9994

U-v 7.9125 0.9951
V-W 5.9611 0.9932
W-U 6.5435 0.9948

while also providing a basis for extending the model toward
the analysis of motor ground leakage current.

Fig. 20 presents the overview and detailed validation results
based on the test-bench measurements of bearing voltage at
0 rpm, where a purely metallic contact exists between the bear-
ing balls and races, and the parasitic capacitance is effectively
short-circuited through this conductive path. During the sta-
tionary interval between two transient events, the bearing and
shaft are essentially grounded to the machine frame, resulting
in a bearing voltage of zero. However, the transient behavior
induces noticeable oscillations in the bearing voltage, with a
peak magnitude of approximately 0.6 V. The proposed model
accurately reproduces this behavior, yielding an absolute peak-
voltage prediction error of only 0.08V, and the simulated
oscillation waveform closely matches the measured profile.

As described in SectionIl, increasing the speed from 0 to
500 rpm enhances lubrication and eliminates metallic contact,
thereby altering the electrical properties of the lubricant film.
Under this condition, the switches in Fig.15 and Fig. 16
remain open, such that the resistance and parasitic capacitance
of the lubricant film dominate the high-frequency behavior. As
the speed increases, although the electrical properties of the
thickener-rich film are not yet understood, the entire lubricant
film becomes thicker and exhibits layer separation due to oil
bleeding. Consequently, the parasitic capacitance of the entire
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Fig. 20. Time-domain validation using test bench bearing-voltage measure-
ment at 0 rpm: (a) overall, (b) detailed signal profile during the transient.
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Fig. 21. Time-domain validation using test bench bearing-voltage measure-
ment at 100 rpm: (a) overall, (b) detailed signal profiles during the transient.

0.199

lubricant layer decreases, whereas the resistance associated
with its insulating behavior increases. These overall trends
are consistently reflected in the equivalent lubricant-related
parameters extracted from the model at different speeds, as
shown in Fig.21. Fig.22 and Fig.23 present the validation
results obtained from test bench bearing-voltage measurements
at 100rpm and 500 rpm, respectively. The model accurately
predicts the peak bearing-voltage values and effectively cap-
tures the oscillatory behavior induced by the transient excita-
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Fig. 22. Time-domain validation using test bench bearing-voltage measure-
ment at 500 rpm: (a) overall, (b) detailed signal profile during the transient.
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Fig. 23. Variation of lubricant-film equivalent model parameters as a function
of rotational speed (a) equivalent resistance, (b) equivalent capacitance.

tion.

To quantitatively assess the accuracy of the model, the
absolute and relative errors of the predicted peak bearing
voltage are calculated and summarized in TableIIl. From
0 rpm to 500 rpm, the model consistently maintains an absolute
prediction error below 0.31 V. At Orpm, where lubricant-film
effects can be neglected and purely metallic contact occurs
between the bearing balls and races, the absolute error is
only 0.08V. The corresponding relative error (13.58%) is
higher mainly because the standstill peak voltage is small,
which amplifies percentage errors. Notably, the absolute error
is minimal at Orpm, indicating high physical fidelity under
the simplest contact condition. Under all other operating
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TABLE III
VALIDATION RESULTS BEARING VOLTAGE MODELING AT DIFFERENT
ROTATIONAL SPEEDS.

Speed  Absolute Relative Coherence Coefficient
(rpm)  Error (V) Error (%) of Spectrum Distribution
0 0.08 13.56 0.9080
100 0.30 11.58 0.9658
200 0.29 9.70 0.9022
300 0.12 3.81 0.9597
400 0.22 6.71 0.9422
500 0.30 12.30 0.9281
TABLE IV
STATISTICS OF PARAMETERS IN THE CONVENTIONAL BEARING VOLTAGE
MODEL.
Clwr [0 Speed  Average BVR  Calculated C},
®F)  (pF)  (rpm) (%) (nF)
0 0.007 - (upper limit)
637 1287 g 1.620 18.1

conditions, the model achieves an average absolute error of
0.24V and an average relative error of 8.81%.

In addition to time-domain validation using the bearing-
voltage signal, frequency-domain analysis is performed by
computing the spectra of the measured and simulated bearing-
voltage signals at each rotational speed. Following the method
in [22], spectral correlation coefficients are calculated for all
operating speeds and summarized in Table III. The coefficients
range from 0.9022 to 0.9658, with values close to unity
indicating strong spectral agreement, demonstrating that the
proposed model accurately captures the dominant frequency-
domain characteristics of the measured bearing-voltage signals
under various operating conditions.

B. Comparison between the proposed model and conventional
bearing voltage model

To highlight the importance of frequency-dependent effects
and component behavior in bearing-voltage analysis, this
section compares the proposed model with the conventional
model in [11]. Fig. 1 shows the structure of the conventional
model. The common-mode voltage Ugom,, used as the model
input, is calculated as follows:

_ Uu(@®) +Uv(t) + Uw()
3

The parasitic capacitances Cy, and C\¢, representing the
winding-to-frame and winding-to-rotor capacitances, are es-
timated from the simulated impedances of the corresponding
parts in the proposed grey-box model. The parasitic capac-
itance inside the bearing is assumed as in [11]: Cp npE =
Cv,pE = Cyp. This indicates that both bearings at either
end of the shaft exhibit identical parasitic capacitance. Fi-
nally, the value of ()}, is determined using the procedure
described in Section III-C, yielding the values at Orpm and
100 rpm, respectively. Table IV summarizes the parameters of
the conventional bearing voltage model. Fig.24 presents the
comparison at Orpm. The traditional model considers only
the parasitic capacitance between the winding and the bearing
and does not account for the possibility of metallic contact in
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Fig. 24. Comparison of bearing-voltage prediction between the traditional
model and the proposed model at Orpm during the transient.
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Fig. 25. Comparison of bearing-voltage prediction between the traditional
model and the proposed model at 100 rpm during the transient.

the boundary-lubricant regime. This deficiency, together with
the nearly zero average BVR listed in TableIV, drives the
optimization to an unrealistically large value of C}, in the
traditional model, which in turn indicates a conductive path
in the equivalent circuit. As a result, it fails to reproduce the
oscillatory bearing-voltage transients generated during switch-
ing events. Under boundary-lubrication conditions—typically
occurring at low rotational speeds or under insufficient lubri-
cation—these oscillations dominate the dynamic behavior of
the bearing voltage and therefore must not be neglected, as
they directly determine the peak voltage applied across the
bearing and influence the likelihood of electrical discharge.
The proposed model incorporates this effect and successfully
captures the characteristic transient oscillations, achieving a
markedly improved agreement with the measurement.

Fig. 25 presents the comparison at 100 rpm. Although the
traditional model reproduces the overall trend, it cannot cap-
ture the switching-induced oscillations because the capacitive-
divider structure neglects the frequency-dependent behavior
of the winding and the bearing. As shown in Fig.25, the
measured peak bearing voltage at 100 rpm is about 3.04 V.
The proposed model predicts 2.77V, corresponding to a
relative error of 8.9%, whereas the traditional model predicts
only about 2.15V, resulting in a relative error of 29.3%.
This comparison highlights the importance of incorporating
frequency-dependent effects in bearing-voltage prediction.

Moreover, the significance of reproducing the transient
oscillations goes beyond peak-value prediction. The electrical
stress across the bearing is not determined by the peak voltage
alone; the oscillation frequency, damping behavior, and local
waveform shape also affect the likelihood of lubricant-film
breakdown, electrical discharge, and the resulting bearing
degradation [7], [19], [21]. In particular, the transient oscilla-
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tions govern how the voltage is distributed across the lubricant
film over time, thereby influencing the local electric-field
stress and repeated high-frequency excitation. Such oscillatory
voltages can also cause localized temperature rises within the
lubricating film, which may accelerate grease decomposition
and degradation [20]. Therefore, even when a conventional
model happens to match the peak voltage in a specific case,
its inability to represent the oscillatory dynamics still limits its
physical interpretability and predictive capability under high-
frequency inverter operation.

Beyond the comparison with the classical capacitive-divider
model, several recent bearing-voltage models have also in-
troduced important extensions. The model in [24] relies on
static capacitance-based bearing parameters, whereas [25],
[26] include inductive shaft-bearing effects but still use
static-capacitance-based winding representations. Hence, the
frequency-dependent bearing dynamics under fast switching
transients are not fully captured. The models in [28]-[30]
further improve specific aspects, but they still rely on simpli-
fied or static-FEM-derived representations and therefore do not
provide a unified description of speed-dependent lubricant-film
behavior and frequency-dependent bearing dynamics under
inverter-fed operation. In contrast, the proposed model com-
bines a physically structured lubricant-film submodel with an
independently validated high-frequency stator-winding model,
enabling the coupled frequency-dependent behavior of the
winding, shaft, frame, and bearing to be captured within one
grey-box framework. In addition, the grey-box formulation
avoids repeated FEM-based derivations, uses accessible pa-
rameters, and keeps the computational effort moderate through
a linear frequency-domain network representation.

V. CONCLUSION

This work introduces a universal grey-box high-frequency
model designed for the accurate prediction of bearing voltages
in inverter-fed electrical machines. By integrating a high-
frequency winding model with a detailed bearing substruc-
ture, the proposed approach captures the complex transient
dynamics induced by modern power electronics. The model
explicitly accounts for the frequency-dependent characteristics
of the shaft, frame, and bearing components, alongside the
parasitic effects inherent to the insulation system.

A key contribution of this research is the incorporation of
rotational speed effects—specifically lubricating film thickness
and grease bleeding—into the model structure. This enables a
robust reproduction of speed-dependent impedance variations
and ensures a physically consistent representation of the
bearing’s electrical response over a wide operating range. The
parameter identification process, grounded in CM and DM
impedance spectra from 1 kHz to 10 MHz and refined via time-
domain measurements using an H; estimator, ensures both
spectral and temporal fidelity. Validation on an SiC-inverter-
fed PMSM test bench (0 to 500 rpm) demonstrates high
predictive accuracy. The model successfully captures transient
oscillations and peak voltage values, maintaining an absolute
error below 0.31 V and an average relative error of 8.81%
under rotating conditions. A Pearson correlation coefficient of

0.93 further confirms the model’s ability to replicate dominant
frequency-domain dynamics.

Compared to conventional BVR-based capacitive-divider
models, this grey-box approach offers superior performance
under the high voltage slew rates characteristic of WBG
devices. It provides a quantitatively reliable and physically
interpretable foundation for assessing bearing electrical stress.
Future work will extend this framework into a multi-physics
model by integrating temperature and vibration signals, val-
idating it on additional machine and bearing types, and in-
vestigating the influence of dv/dt, ultimately supporting EDM
prediction and predictive maintenance.
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