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ABSTRACT The converter switching in variable-frequency drives can generate high frequency common
mode voltage between the machine winding and the converter ground, leading to high frequency parasitic
currents which can flow through the machine bearings unless precautions are taken in design and installation.
These parasitic and unintended currents in the bearings cause deterioration of the lubrication film and
surface damage to the rolling elements of the bearings. These problems will be exacerbated as wide-bandgap
semiconductors with faster switching rise times start becoming more widespread in variable-frequency
drives. This paper reviews the modelling and mitigation techniques of high frequency bearing currents in
inverter fed AC drives. It aims to provide a solid base for the research community to further understanding
the bearing currents phenomenon and helping to find novel improved technique for their mitigation and
measurement.

INDEX TERMS AC machines, bearing current, common mode current, common mode voltage, variable

frequency drives.

I. INTRODUCTION

In 1920s, bearing current were observed with coking of the
oil, pitting of the bearing and scoring of the shaft [1]. At that
time, which predated the emergence of modern power elec-
tronics, most AC machine were fed directly from sinusoidal
line voltage. It is recognized that the magnetic field asym-
metries, aligned with the machine shaft, induce voltage in it
during operation, generating the ‘““shaft voltage”. The asym-
metries are inherently caused by the manufacturing displace-
ment of the machine even within the tolerances. Additional
causes of these asymmetries are the anisotropy of magnet’s
remanence and permeability of iron core materials. Shaft
voltage and bearing current fed by sine wave are somehow
with the orders of the fundamental frequency. Low frequency
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bearing currents are not the focus of this paper, hence they
will not be discussed in detail.

From the 1970s onwards, variable frequency drives (VFDs)
have been deployed increasingly across many industry sec-
tors. due to their advantages of flexibility, efficiency and
high performance in torque and speed control. A growing
proportion of AC machines, mainly induction machines (IMs)
and permeant magnet synchronous machines (PMSMs), are
now inverter-fed across a wide range of power levels. The typ-
ical switching frequency values of power electronic devices
(IGBT, MOSFET, etc.) controlled using pulse width modula-
tion (PWM) techniques, are several kHz up to tens of kHz.
The high switching frequency generates a high frequency
common mode voltage (CMV), which subsequently results in
shaft voltage which can in turn give rise to a bearing current
through the capacitive and inductive coupled paths in the AC
machine.
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Once the bearing current density exceeds a particular
threshold, the metallic structure and lubricants of the bearings
could be progressively damaged, hence significantly curtail-
ing bearing life. According to the surveys in [1], around
30 percent of all motor failures are resulted from electrical
bearing damage. A questionnaires-based survey of the bear-
ing failures with 3934 samples of sinusoidal drive and 286
samples of variable speed drive showed that the drives fed by
converters are 12 times more likely to exhibit bearing failures
than the drives fed by line voltage [2]. Hence, additional
attention should be paid to the bearing currents in machines
fed by PWM inverters.

Nowadays, the emerging device technologies of SiC and
GaN has allowed significant increases in switching frequency
and given rise to dramatic increases in dv / dt. Whereas the
high switching frequencies and lower switching loss capa-
bility of SiC and GaN provide a route to more compact and
power dense inverters, the increases in dv / dt exacerbates the
stress on the bearings.

Many studies have been carried out to understand the
underlying mechanisms involved in bearing currents and cor-
responding mitigation methods. Four types of current damage
on bearings are reviewed in [3], viz. frosting, spark tracks,
pitting and welding. Actual field cases and solutions are
reviewed in [4] but without detailed theoretical and quanti-
tative analysis. A top-level introduction to bearing currents is
presented in [5] and mainly focuses on presenting commer-
cial, and straightforward techniques for mitigation of bearing
current in classic PWM inverter drives, e.g. inverter out-
put filters and insulated bearings. Methods requiring special
hardware or motor modifications are not discussed. An eval-
uation of mitigation techniques for bearing currents, electro-
magnetic interference (EMI) and over-voltages in adjustable
speed drive applications is carried out in [6]. It serves as a use-
ful reference tool for to perform the necessary measurements
and then determine if there is a potential VFD-related prob-
lem. If a problem is detected, one of the suggested mitiga-
tion techniques can be applied. These mitigation techniques
include, inter-alia, shaft grounding system, insulated bearings
and journals, ceramic bearings, conducting grease, a Faraday
shield, and a new dual-bridge inverter designed to eliminate
the common mode voltage. An overview of various modelling
techniques for an AC machine and inverter system, specif-
ically for the mid- and high-frequency ranges, is described
in [7]. However, these models are mainly developed for EMI
analysis and hance have limited read-across the bearing cur-
rents because the frequency of EMI phenomenon is in the
range of several to tens of MHz, which are higher than the
frequency of bearing currents. The mechanism and mitigation
techniques of shaft voltages and bearing currents in electric
vehicle and hybrid electric vehicle motors are reviewed in
[8]. An overview of the techniques for monitoring the state
of bearings as well as low frequency conventional and high
frequency inverter generated shaft voltages is presented in [9].
However, neither [8] no [9] report on any thorough modelling
or computation.
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FIGURE 1. Example of PWM Inverter Output Phase Voltages and Common
Mode Voltage.

In existing literature, there is arguably a lack of a system-
atic in-depth review on bearing currents in inverter driven
machines which encompasses the underlying physical mech-
anisms, modelling, prediction and mitigation strategies and
associated technologies. This paper aims to review these
inter-linked aspects of research on bearing currents with a
view to providing a comprehensive review of beating current
phenomena.

Il. PHYSICS OF BEARING CURRENTS

A. COMMON MODE VOLTAGE

In this section, the classic configuration of a 3-phase full
bridge PWM inverter is used as an example to demonstrate
the mechanism by which common mode voltages are pro-
duced. The output voltage of each phase is switched between
+V4e /2 and -V /2. In a star-connected machine, the neutral
to ground voltage is the zero-sequence voltage, expressed
in (1).

V= YAt Vet Ve M
3

The frequency of the common mode voltage is 3 times the
switching frequency and the switching action produces very
high dv / dt, typically up to 10kV /us, as shown in Fig. 1.
The works [10], [11] have demonstrated that the common
mode voltages generated by a PWM technique, in an inverter-
motor system, couple through parasitic capacitances from
stator windings to the rotor body and then return through the
motor bearings to the grounded stator case as a closed loop
circuit. This common mode voltage has been considered as
the source of the bearing currents in inverter-motor systems.
The experimental study reported in [12] demonstrates that
the RMS value of common mode voltage increases with an
increase of switching frequency and a decrease of motor
speed. However, the peak magnitude is affected by switching

frequency only.
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FIGURE 2. Parasitic capacitances in an AC machine.

Medium-voltage inverters (i.e. operating from DC links of
1kV and upwards) usually employ different power converter
topologies and switching strategies compared low-voltage
converter, but they still generate common-mode voltages and
currents which can cause a very high dv / dt [13]. The com-
mon mode voltage of the following 5 different PWM methods
are compared in [14] in terms of the frequency, magnitude,
modulations index, control index, voltage distortion factor,
etc.: the fully controlled operation (FCO), the classical space
vector modulation (SVM), the three active vector modulation
(3AVM), the two additional space vectors (AZVC-2) and the
one additional inverse voltage vector (AZVC-1). Since the
common mode voltage is the fundamental source of bearing
currents, considerable research efforts have been directed
towards the reduction of the common mode voltage from
the source. Proposed solutions are mainly focused on new
topologies and new modulation technologies such as multi-
level inverters and dual-bridge inverters.

B. FOUR TYPES OF BEARING CURRENT MECHANISMS
Traditional AC machine models tend to neglect high fre-
quency phenomena. However, in the high frequency domain,
which in the context of electrical machines corresponds to
frequencies of tens of kHz or higher, the stray capacitances
or parasitic capacitances in the machine provide a path for
the bearing current between two conducting region which
are separated by an insulating layer of material conduc-
tors naturally form a capacitor. In the conventional 3-node
lumped parameter model, the main parasitic capacitances in
the machine have been identified as winding-stator frame
capacitor Cy,r, winding-rotor capacitor Cy,, and stator-rotor
capacitor C,r, as shown schematically in one stator slot in
Fig. 2. An example of the equivalent circuit model was built
based on the machine structure as shown in Fig. 3.

Muetze, Binder et al. have published numerous papers
[15], [32] on systematic research into bearing currents in IMs.
They noted that bearing currents can be classified into four
types based on their different mechanisms [15].

1) CAPACITIVE BEARING CURRENTS

The common mode voltage has a divider V}, across the bear-
ings when the lubricant film formed in operation and the
bearings act as capacitors, Cp1 and Cpy.

VOLUME 10, 2022
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FIGURE 3. The common mode capacitive coupling circuit.

The bearing voltage ratio (BVR), which is a key indicator
of the bearing voltage, is defined in (2).

Vi Cor

BVR= =
Veom Cyr+ Crf +2Cp

(assume Cp1 = Cpp = Cp)
(2)

The resulting capacitive bearing current can be calculated
by (3).
. c dvyp 3)
ip =Cp—
b b dt
If the speed is low (< 100rpm), the bearing ball may
contact the races and hence the bearing is equivalent to a
resistor. The amplitude of this bearing current is typically
< 200mA.

2) ELECTRIC DISCHARGE MACHINING (EDM)
CURRENTS-igpp

If the v}, is high enough to cause electrical breakdown of the
lubricant film, the energy stored in the rotor-frame capac-
itance discharges and generates an impulse current. The
dielectric lubricant can flow into the channel and form a
new insulation film, and thus the bearing capacitance charges
again. This breakdown-recovery-breakdown process repeat-
edly continues. The so called EDM current damages the bear-
ing with each impulse as the discharged energy damages the
metal surface. This process progressively increases the pres-
ence of metallic particles in the lubricant, which exacerbates
on-going electrical breakdown. The vicious circle accelerates
bearing failure.

3) CIRCULATING BEARING CURRENTS-icg

The circulating bearing currents were first described by S.
Chen et al. in [33] and [34]. The common mode voltage
generates a high frequency common mode current which
flows in the winding— stator— ground path. This high fre-
quency current induces a common mode flux which further
generates a high frequency voltage along the shaft. The shaft
voltage causes the circulating bearing currents in the loop:
shaft — driving end bearing— stator frame— non driving end
bearing— shaft.
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FIGURE 4. Bearing current loops.

4) ROTOR GROUND CURRENTS-igg

The rotor can be grounded via load in some cases. If the
impedance of rotor to ground is much lower than the stator
to ground impedance, a proportion of the ground current will
flow from the rotor through the bearing, since the current
flows predominantly in the path with the lowest impedance.
This type of current is noted as rotor ground current.

Since the capacitive bearing currents are usually too small
to be harmful to the bearings, in some literature only the
last 3 types of bearing currents are recognized [35], [36].
Fig. 4 shows schematic current flow loops of the common
mode current i.,,;, and the other 3 types of bearing currents.

The rotor ground current should be investigated on a case-
by-case basis as it is only present if the rotor is grounded,
meaning it depends on the configuration of the load. The
different load configurations are generally regarded out of
scope of the ‘‘inverter-cable-machine” system modelling.
Hence, the main interest in published studies has been on
the modelling and prediction of the EDM and circulating
currents.

In order to fully analyze bearing currents, a closed sys-
tem modelling is needed, which includes inverter, cables,
and an appropriate fidelity model of the machine. In some
applications, the cables which connect the inverter to the
machine could be tens of meters long. The impedance of these
cables, including the grounding impedance, directly affects
the common mode current i, and eventually influence the
nature and magnitude of the bearing currents. Second order
RLC-circuits, ladder-circuits and/or transmission-line repre-
sentations are used to model the cables with due account
the wave propagation phenomena. Some research on the
EMI of electrical machines have put considerable effort into
modelling the cables in the HF domain [37], [39]. These
various studies also contribute to the understanding of bearing
currents, in which only with the cable model is an important
element in determining the overall system level behavior.

Ill. CAPACITIVE EDM CURRENT

The generic theoretical bearing current mechanisms fed by
PWM inverters have been described in the previous sec-
tions. However, the lumped parameter circuit models require
significant in-depth analysis to establish representative val-
ues of the circuit parameters which reflect the complex
geometry and material composition of a typical electrical
machine.

125282

FIGURE 5. lllustration diagram of rotor-to-frame capacitance C,;.

A. MODELING BASED ON THE MEASUREMENTS

For the purpose of extracting the circuit parameters, mag-
nitude and phase of the impedance between the windings,
the stator frame and the rotor were extracted from the mea-
surements with signal generator excitations, often using an
impedance analyzer. The measured output waveforms are
used as a reference for calibrating the response of LCR
circuit models [40], [41]. Indeed, in contrast to analytical
methods based on representations of the physics of the actual
geometry, measurement based methods treats the parasitic
parameters as something of a black-box, and the equivalent
circuit model and component values are formulated to match
the measured responses.

A universal high-frequency lumped-parameter model
which can represent the delta-connected IMs was proposed
in [42]. The parameters were calculated by an iterative
method to match the measured common and differential-
mode impedance curve. Based on this model, the EDM cur-
rent and common mode current can be predicted. Similar
approaches were employed by [43], [44], [45], and [46],
despite different complexity and data fitting algorithms, e.g.
the trial-and-error method [43], the least-squares data fitting
[44], the vector fitting technique [45] and the genetic algo-
rithm [46].

B. ANALYTICAL MODELING
The use of measurement to characterize a particular machine
is not the only method that can be used identify the capac-
itance parameters. They can be analytically and straightfor-
wardly calculated by simplifying the machine geometry and
drawing on well-established formulae for the capacitive of
different electrode configuration. The plain plate and the
cylinder model of capacitors are commonly used to calcu-
late the rotor-to-frame capacitance C,y, the winding-to-frame
capacitance C,y, and the winding-to-rotor capacitance Cy,.
The rotor-to-frame capacitance C,r (Fig. 5) is considered
as a cylinder capacitor with a Carter coefficient k. used to cor-
rect the opening slot effects. It has been shown that neglecting
the cage rings can result in a 15%-30% underestimate of C,¢
in squirrel cage IMs [22].

VOLUME 10, 2022
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FIGURE 6. lllustration diagram of winding-to-frame capacitance C, .

The winding-to-frame capacitance C,y (Fig. 6) can be cal-
culated by adopting an approximation to a plain parallel plate
capacitor. The area of the electrodes is the circumference of
stator slot multiplied by the axial length of stator lamination
stack.

The winding-to-rotor capacitance C,,, (Fig. 7) is modelled
as Qg plate capacitors in parallel, where Q; is the number
of slots. Again, each parallel plate capacitor is modelled as
several capacitors in series, such as the capacitance of the air
gap, the slot, the slot wedge, and the upper slot insulation.
In Fig. 7, dyg is the air gap length, wy, is the slot opening
width, dy; is the height of the teeth tip, d,, is the height of the
wedge, and dj; is the height of the insulation layer.

Due to its simplicity and direct physical link to known
dimensions, such simplified analytical methods are widely
used to calculate the parasitic capacitances for both IMs and
PMSMs [15], [23], [47], [59].

However, the aforementioned analytical methods treat the
complex stranded windings as a single node. Hence, it cannot
capture the unequal sharing of voltage between various turns
in one winding coil, resulting in errors in the predictions of
common mode current, shaft voltage and bearing current.
Furthermore, the end-winding effect is usually neglected in
such simplified analytical methods, which can underestimate
the winding-rotor capacitance C,, by ~90% as reported
in [60].

C. 2D FINITE ELEMENT MODELING

To account for the stranded coil effect, researchers have
employed electrostatic finite element methods (FEM) to per-
form detailed electrical field calculations and so extract val-
ues of machine capacitances. The mutual capacitances of
multi-conductor system can be considered by the capacitance
matrix method. Considering the stator-frame, the windings,
the rotor as 3 nodes in the machine, the relationship between
the voltage of windings V,,, the voltage of rotor V,, the
voltage of stator Vi, the electric charge of windings Q,,, the
electric charge of rotor Q,, the electric charge of stator Qs can

VOLUME 10, 2022

FIGURE 7. lllustration diagram of winding-to-rotor capacitance Cy.

be expressed as:

Ow wa +Cuwr+ Crf —Cyr —Cwf
Qr = —Cyr wa +Cyr+ Crf - Crf
Qs - wa - Crf wa +Cyr+ Crf
Vi
x| V, “)
Vs

In [61], 2D FEM was used to calculate the capacitance,
comparing the results with the analytical method. The com-
parison showed that there is a large difference between the
methods in the calculation of the winding to magnet capac-
itance in a PMSM. This can be explained as the simplified
model neglects the edge effects in which flat or cylindrical
based capacitances cannot take such phenomena into consid-
eration. A 2D FEM, which considers a double-layer winding
wound from rectangular wires insulated with Kapton CR tape
insulation, was investigated in [62] for a traction induction
machine. The capacitance results were shown to be in accor-
dance with measured values. Additional 2D FEM approaches
to capacitance calculations can be found in [62] and [66].

The overall stray capacitance C,y is considered to be
composed from a number of distributed ( turn-to-turn C; and
turn-to-core Cy.) capacitances connected in series-parallel
combination [62]. The turn-to-turn detailed coil model is
illustrated in Fig. 8 (a) whereas the random wound coil is
illustrated in Fig. 8 (b).

D. 3D FINITE ELEMENT MODELING

One straightforward method to account the end-winding
effects is to use 3D model. A 3D FEM model of an induc-
tion machine with end-windings (shown in Fig. 9) was con-
structed in [67], for the purposes of comparing the 2D and
3D models without end windings. In [60], 3D FEM models
were built with end-windings to investigate the electrostatic
shielding effects and compare the winding-rotor capaci-
tances of models with and without end-windings. The results
showed that the end-windings have significant effects on
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FIGURE 8. 2D slot model of uniform wound coil (a) and random wound
coil (b).

FIGURE 9. 3D model with the end windings [67].

the winding-to-rotor capacitance, and neglecting their con-
tribution can underestimate the winding-rotor capacitance by
40%-90%.

3D FEM analysis has also applied to salient pole syn-
chronous machine in [68], taking into consideration the end-
winding effect The parameters of capacitances, extracted
from the 3D FEM model, were fed into the equivalent
circuit model. The calculated common mode impedance
curve matches the measured values over a wide frequency
range [69].

Additionally, it is also possible to include the influence of
the rotor end-plate into the 3D model. Hence, the rotor-to-
plate capacitance can be analyzed. A comparison of merits
and drawbacks of different parameter identification methods
for parasitic capacitances in electrical machines is summa-
rized in TABLE 1.

The calculated or measured capacitances can be incorpo-
rated into the common mode circuit (Fig. 3). When used in
combination with a bearing circuit model, the EDM current
can be predicted.

IV. INDUCTIVE CIRCULATING BEARING CURRENT

The circulating bearing current icp whose path was shown
schematically in Fig. 4 is generated by the induced shaft
voltage which results from the common mode current icyy,-
The circulating bearing current and the common mode cur-
rent are coupled via the common mode flux. The mechanism
can be considered as a transformer with the primary side
having common mode current and the secondary side with

125284
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FIGURE 10. The path of the common-mode current and the distribution
of the circumferential high-frequency common-mode magnetic flux
encircling the shaft. The magnitude of the flux is illustrated by the size of
the circles [36].

Shaft impedance M,
lcp
Bearing 1 Bearing 2
Frame impedance
(a)
Shaft impedance EMF
Bearing 1 Bearing 2

Frame impedance
()
FIGURE 11. Equivalent circuit of circulating bearing current (a) with
mutual inductance; (b) with EMF source.

circulating bearing current. Fig. 10 shows the path of common
mode current and the distribution of circumferential flux [36].

A. CIRCUIT MODEL OF CIRCULATING BEARING CURRENT
Due to skin effect, the high frequency circulating current
follows a zigzag path in the stator laminated core. One
equivalent circuit model which can be used to represent this
behavior is a frequency dependent mutual inductance M,
or a current controlled voltage source [56], which are key
elements for modelling the circulating bearing current and the
shaft voltage, as shown in Fig. 11.

The common mode voltage generates the common mode
current which flows via the winding-to-stator capacitor into
the stator laminations. The impedance of the stator core is
strongly frequency-dependent due to the skin effect. The skin
and proximity effects are taken into account by modeling the
resistances and inductances by ladder circuits such as those
shown in Fig. 12 [70]. Typically, 3-4 orders of ladder circuits
are used to represent the measured impedance curve with a
wide frequency band.

B. ANALYTICAL CALCULATION OF icg

In a similar manner to the parasitic capacitance, analytical
methods can be applied to calculate the impedance of the cir-
culating current loop based on a few simplified assumptions.
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TABLE 1. Comparison of Various Parameter Identification for Machine Capacitances.

Methods

Merits

Drawbacks

Impedance measurement & fitting
algorithm

-Reliable and can be used to validate
other methods

-No assumption and naturally take all the
factors into account

-Limited inspection points and difficult
to decouple specific capacitances from
adjacent capacitances (such as the
decoupling difficult in turn-turn
capacitances)

-Cannot be performed in the design
phase

Analytical methods based on
simplified geometrical

-Computationally efficient
-Convenient for the initial capacitance
estimation

-Very reliant on generic approximations
-Difficult to accurately quantify the end-
winding effects and turn-to-turn

representations .
capacitances

-Turn-to-turn capacitances can be -Neglects turn-to-turn capacitance in
considered in 2D plane model axisymmetric models

2D FEM -Simplified representation of end- -Neglects end-winding effect in 2D plane
winding effects can be considered in models
axisymmetric models
-High accuracy if all the essential -Onerous computation load
components are modelled with accurate ~ -Detailed geometry and material

3D FEM properties and positions information required

-Capable of accounting for the 3D end-
winding effect and turn-to-turn
capacitances simultaneously

FIGURE 12. Ladder circuits for modelling the skin effects.

An approach to common mode circumferential flux calcu-
lation is presented in [71] and [72]. Based on the common
mode circumferential flux, an analytical calculation of the
mutual inductance and the resulting circulating current path
impedance was reported in [22]. This study noted that the
calculated maximum bearing current ratio (BCR), which the
ratio of the circulating bearing to common mode current,
is approximately 0.35.

In this study reported in [22], the analytical calculation of
circumferential flux and induced voltage can be performed
using:

NFreicom dye /2 8
= In — 5
L R ®)
Vimax = 27f o = :bLO//Lr]vFe,l:comf11'1(M)i 6)
dsi/2 + hy ﬁ

VOLUME 10, 2022

where N, is the number of sheets of stator core, ds. is the
outer diameters of stator lamination, dj; is the inner diameters
of stator lamination, A, is the height of stator slot, &y is the skin
depth and f is the frequency of common mode current. These
analytical formulas are derived based on the assumption that
the common mode current flows into each stator lamination
sheet equally, denote as igeer, and flows into the neighboring
sheet through a zig-zag path in the surface of laminations, due
to skin effects, until the very last sheet as shown in Fig. 13.
The analytical method and the measured data fitting were
combined to develop a 3 phase IM model to analyze the
capacitive and inductive shaft voltage simultaneously in [73].

C. FINITE ELEMENT CALCULATION OF icg

The investigation reported in [63] analyzed the resistances
and inductances based on a FEM eddy current model which
proposed a high frequency lumped model for PMSM. The
parameters were extracted by using a 2D FEM model. The
resistance and inductance of each individual winding turn
were calculated by time harmonic finite element analysis.
The self-capacitance of each turn and the mutual capacitances
between turns were evaluated by electrostatic FEM calcula-
tions. The distributed parameter winding circuit was reduced
to a m model branch by Kron reduction technique.

In a study reported in [74] the common mode flux was
calculated by 2D axisymmetric FEM and combined with
an analytical method. It was demonstrated that the rotor
impedance cannot be neglected at high frequency as it is often
comparable to the stator impedance. Moreover, it was shown
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FIGURE 13. Common mode current path of the lamination sheets.

that the circulating bearing currents can be mitigated if the
rotor impedance is significantly increased.

An elaborate 3D model of the induction motor in [75]
takes into account the nonlinear B-H characteristics of fer-
romagnetic cores, skin effect in cage bars, magnetic field
space harmonics, rotational motion of the rotor as well as the
anisotropy of the laminations.

A full-3D FEM field analysis including inductive and
capacitive couplings would be too demanding in terms of
computational resources. It also presents stability problems as
the frequency range of interest varies from a few Hz to MHz.
To avoid these difficulties, a 10° section of the PMSM was
modeled in 3D FEM in [76]. The mutual inductance M,,, and
the circulating bearing-current loop inductance were obtained
by solving the 3D magnetic stationary current distribution
boundary value problem.

Once the induced flux and impedance of the lamina-
tions are calculated, the circulating bearing currents can be
predicted.

V. COMBINED EDM AND CIRCULATING CURRENT
MODELING

Distinguishing between different mechanisms and contribu-
tions to the overall bearing currents helps to understand their
individual cause-and-effect chains, which in turn provides
insight into effective mitigation methods. However, such a
superposition approach with separate modelling of EDM cur-
rent or circulating currents may lead to an underestimation of
total bearing currents due to the fact that the bearings could
be in a deeper breakdown condition with a smaller resistance
under the two types of bearing currents than only one type
of bearing currents modelled. A combined model which can
predict the EDM and circulating currents simultaneously is
necessary to evaluate the risk of bearing damage.

Relatively few published studies have quantified the two
bearing current components simultaneously.

A comprehensive high frequency model of an induction
machine was proposed in [69], employing parasitic capac-
itances derived from 3D FEM. The stator core impedance
is derived from a 3D FEM model of the eddy current
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FIGURE 14. FEM predicted current density distribution of the common
mode current flow from the rightmost sheet to the left end of the
frame [69].
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FIGURE 15. Complete model for capacitive and inductive bearing
current [69].

distribution in a representative model based on three lami-
nations. A measured impedance curve fitting approach was
used to identify the remaining parameters. The current path
of 3D FEM model, which is shown in Fig. 14, matches with
the assumption made in the analytical method (Fig. 13). Then
the ladder circuit is used to represent the frequency-dependent
impedance, shown as the “surface impedance” in Fig. 15,
to complete the circuit model of EDM and circulating current.

Fig. 16 shows a lumped parameter circuit model proposed
in [76] in which the paths of i..,, iEpy and icp are clearly
identified, and the parameters are derived by FEM.

The basic idea of the combined EDM and circulating bear-
ing currents modelling is to connect the two different current
paths into one complete circuit model. The capacitance of
the circuit would be mainly geometry dependent, and the
resistance and inductance depend on frequency (due to skin
effects) and permeability (due to saturation of soft magnetic
materials).

VI. MODELING OF A ROLLING ELEMENT BEARING

The bearing itself exhibits a complex nonlinear electrical
impedance. The load, speed of revolution, temperature and
lubricant conditions all affect the impendence of a rolling
element bearing [77]. To predict the magnitude of the bearing
currents, a detailed electrical bearing model is essential.
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A. BREAKDOWN OF BEARINGS AND EQUIVALENT
CIRCUIT MODEL

When stationary or rotating at low speed, the balls or rollers
make metallic contact with the races and the impedance is
predominantly resistive. With the shaft speed increasing, the
bearing lubricant creates a dielectric oil film between balls
and raceways. The thickness of the lubricant film, which is
highly dependent on the viscosity, can be estimated by hydro-
dynamic theory. In this condition, the bearing acts essentially
as a capacitor.

If the bearing voltage exceeds a certain threshold value, the
electrical field strength is sufficient to generate a discharge
path in the lubricating oil film between the metallic balls and
the inner/outer races. This process results in electrical break-
down of bearings. During the process of breakdown, the bear-
ing impedance changes its behavior from a predominantly
capacitive state to being predominantly resistive. The typical
threshold electric field strength is approximately 15 V/u m
[49]. Considering that in most beating the lubricant film
thickness ranges from 0.1 — 24 m, the reference breakdown
voltage is therefore typically in the range 1.5 — 30V.

It is well known that the breakdown voltage varies with the
machine speed. Increasing the shaft speed tends to increase
the oil film thickness and hence on the one hand it become
more difficult to initiate breakdown for a particular bearing
voltage. However, at the same time, residual metallic particles
in the lubricants pass the breakdown channel more frequently,
allowing the discharge to happen more readily at a particular
voltage. These two counteracting effects result in a more
nuanced, and application specific, variation in breakdown
voltage with speed variation.

Several different bearing equivalent circuit models have
been proposed in literature, albeit they share many of the
same principles and approaches. Bearings are commonly
represented as a capacitor and resistors in a parallel/series
arrangement with a switch to represent the breakdown or non-
breakdown state. Fig. 17 illustrates four examples of bearing
equivalent circuit presented in literature.

B. ANALYTICAL MODELING OF BEARINGS
Busse et al. [49] proposed an analytical method for a-priori
parameters estimation for a given bearing design. The model
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FIGURE 17. Impendence models for a rolling element bearing
(a[11];b[77], [78];c[79];d[80]).

employed for ball bearings assumes several pairs of concen-
tric spheres. Each capacitor pair includes an inner sphere
(representing the balls) within an outer sphere (modeling the
raceways). Furthermore, a theory of Hertzian contact area
from [48] was drawn on in order to model the capacitance
of bearings. The Hertzian contact area Ay is taken as the
corresponding electrode area [23]. This method is now widely
accepted as an effective and convenient, is rather simplified,
model for bearing capacitance.

Gemeinder et al. [79] developed an electrical bearing
model based on detailed mechanical calculations for radial
ball bearings. The bearing load, contact area and lubrica-
tion film thickness were taken into the consideration. The
model demonstrates a good fit between the measured and
calculated impedance in the frequency range from 10 kHz
to 10 MHz. However, for frequencies outside this range,
there were notable discrepancies between the model and
measurements.

C. FEM MODELING OF BEARINGS

In addition to the analytical method, FEM has also been
applied to bearing modelling. Jun et al. [81] modelled a bear-
ing equipped with 14 rollers using 2D FEM. Each roller was
considered as being electrically in parallel with the remaining
rollers. The capacitance between outer race and roller (Cp,)
and the capacitance between inner race and roller (Cj;) are
series connected. The capacitance between outer race and
inner race (C,) is in parallel to the branch of Cp, and Cp;,
as shown in Fig. 18.

The influence of gravity and/or an applied load can give
rise to both an asymmetric ball position and an asymmetric
shaft position, especially at low speeds. A 2D FEM analysis
for extracting the bearing capacitance was performed in [82].
The bearing capacitance is not constant but has a nonlinear
relationship with load and speed. 3D electrostatic field solver
analysis was implemented by Cay et al. [83], where they
calculated the bearing capacitance in pre-breakdown state.

125287



IEEE Access

W. Zhu et al.: Review of Modeling and Mitigation Techniques for Bearing Currents in Electrical Machines

inner ring
FIGURE 18. Per ball model of bearing.

D. EXPERIMENTAL TESTS

Prashad [84] carried out an experimental study on bearing dis-
charge with different operating parameters. It focused on the
threshold voltages and impedance response of non-insulated
rolling element bearings under the influence of various levels
of electrical currents. However, the test was undertaken with a
low frequency source rather than a high frequency switching
source.

During operation, the capacitances of the inner/outer race-
way and balls are not constant but vary with the motor shaft
speed and load. Zhu et al. [85] described the effect of load
distribution (viz. gravity, unilateral magnetic pull and cen-
trifugal force) and speed on the contact area and oil film
thickness between each rolling element and the raceways and
concluded that the speed has a marked influence on the film
thickness.

Krzemien [86] performed an investigation of the electrical
properties of ball bearings by testing the discharge current
pulse number per revolution in DC, low frequency AC and
high frequency AC bearing voltages. The test results showed
that the increase in bearing voltage values causes the value of
the bearing critical temperature (at which the bearing current
pulse number per shaft revolution reaches its maximum) to
decrease.

In contrast to the conventional constant resistance model
which is commonly used to represent the breakdown state,
a variable resistance model of bearings was proposed by Ren
et al. [87]. It suggested that the breakdown process can be
divided into 3 intervals: the starting interval, the stable inter-
val, and the recovery interval. The resistance was described
as 3 different time dependent values according to the arc
discharge model principle.

A statistical approach was applied in [88] to study the
EDM current since it appears intermittently and seems to
depend on many complex factors such as a level of shaft
voltage, motor speed and temperature. It was observed that
the EDM currents occur within a reasonably steady window
of shaft voltage, even though most of events occur at the
higher levels of shaft voltage [89]. It was reported in [90]
that the incidences of EDM current pulses are not necessarily
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synchronized with the edges of the common mode voltage.
This phenomenon cannot be explained straightforwardly by
the classical equivalent bearing model which is based on a
comparison between the instantaneous bearing voltage and
the fixed value of threshold breakdown voltage. However, it is
recognized that this approach has a shortcoming in that the
threshold breakdown voltage varies during operation. Hence,
if the switch in the model can be activated by the energy
stored in the lubricant instead of by the threshold voltage, the
prediction of EDM current can be improved [80].

A statistical or enhanced model which considers the
influence of the operating conditions, viz. shaft speed, tem-
perature, load, lubricant decomposition, etc. on the bearing
breakdown could provide the basis for improved switch con-
trol in the model for an improved EDM current prediction.

VII. MITIGATION METHODS

By using physically based models, it is possible to calculate
the bearing current magnitude and hence devise and analyze
the effectiveness of different mitigation methods within a
drive system. At the system level, mitigation methods can
be applied on the motor side, the inverter side, and on the
connections. Schiferl et al. [91] summarized 7 different miti-
gation options which can be applied on the motor side. It was
noted that effective remediation methods depend upon a thor-
ough understanding of the potential current paths in each
installation. Bjekic et al. [5] reviewed the mitigation methods
applicable to existing installations with the straightforward
addition of equipment. The influence of the cable type was
discussed in [17] which also summarized different mitigation
techniques such as filters, insulated bearings, and hybrid
bearings on the bearing current phenomena for machines at
11 kW to 500 kW power levels.

A. MITIGATION WITHIN THE INVERTER

In order to reduce the bearing current from the source, mit-
igation methods can be used on the inverter side. These can
include new modulation technologies, new topologies, or a
combination thereof, with the aim of reducing the amplitude
and/or dv/dt of the common mode voltage.

A simple PWM scheme which alleviates the common
mode voltage problems in three level inverter applications
was proposed in [92]. Zhao et al. [93] proposed a hybrid selec-
tive harmonic elimination pulse width modulation scheme to
reduce the common-mode voltage in a three-level neutral-
point-clamped inverter-based induction motor drive for pump
and fan applications. Chen et al. [94] performed a compar-
ative study based on both experimental measurements and
theoretical analysis on a 2.1kW induction machine. It is
showed that the soft switching inverter did not assist in
bearing currents mitigation compared to an equivalent hard
switched converter. De Broe et al. [95] developed a space
vector PWM control strategy for a full controlled rectifier and
inverter combination to reduce the common mode neutral-to-
ground voltage magnitude in induction machines from V.
to 2V, /3. However, it requires a fully controlled rectifier,
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and hence is not suitable for drives fed with a diode recti-
fier. Moreover, the switching frequency must be synchronous
between the rectifier and inverter, which is challenging to
achieve in practice without compromising other aspects of
performance.

A single-phase, multi-level, half-bridge inverter with oppo-
site polarity to the main 3 phase inverter was used as active
common mode voltage compensator in [96]. An additional
4th leg was introduced into a traditional 3 phase inverter
along with a four phase LC filter in [97]. By appropriate
modulation strategies, this configuration can eliminate the
common mode voltage while outputting a sinusoidal line-
to-line voltage. Von Jouanne et al. [98] proposed a dual-
bridge inverter that was found to virtually eliminate the shaft
voltage and bearing currents. Additionally, it significantly
reduced the leakage current with an appropriate modulation
strategy. However, it must be used in combination with a
dual-voltage motor operating at the lower voltage rating. The
system complexity increases as a result of the additional
3 bridges, which adds the cost of 6 more IGBTs. Tekwani
et al. [99] proposed a dual five-level inverter topology and
switching strategy to eliminate the common mode voltage
for open ended winding induction machines. Chandrashekar
et al. [100] concluded that the common mode voltage, shaft
voltage and bearing current of 3-level inverters are lower than
equivalent 2-level converter. Furthermore, Sunitha et al. [101]
note that a multi-level inverter generates lower v, and ij, than
a 3-level converter due to the reduction of dv/dt and increase
of rise time. Further examples of modulation techniques can
be found in [102] and [125] while a variety of novel converter
topologies can be found in [126] and [154].

In summary, for conventional 3 phase 2-level inverters,
the space vector can be selected to minimize the common
mode voltage, but it cannot be eliminated completely by this
approach. In order to eliminate the common mode voltage,
new topologies with additional circuit elements are neces-
sary. These new topologies include the 4th leg or the dual
inverter to cancel the common mode voltage in the opposing
polarity, cascade multi-level inverters to reduce the dv/dt,
auxiliary circuits in the DC bus to actively control the DC
voltage (i.e., reducing the common mode voltage amplitude).
These inverter side mitigation methods act directly on the
source so that they are effective for all four bearing current
mechanisms.

B. MITIGATION ON THE CONNECTION

This subsection presents a review of mitigation methods
applied to the connections between the machine and its asso-
ciated inverter. These methods include passive/active filters,
common mode chokes and shielded cables.

Passive filters, reactors and sinusoidal filters all act to
reduce the dv/dt of the motor terminals. Employing filters
can result in the reduction of ground current and circulat-
ing current for 30%-50%, as demonstrated to experimentally
in [17]. As the filters do not eliminate the common mode
voltage, the EDM current is more of less unaffected [17].
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Additional examples of studies investigation the role of filters
can be found in [155] and [183]. An active common-noise
canceler (ACC) fed from the DC bus and fed into the con-
necting wires was designed by Ogasawara et al. [184], [185]
to efficiently reduce conducted EMI as well as motor shaft
voltage and bearing current.

The common mode choke at the inverter output is able to
suppress the common mode current as suggested in [186].
Hence the ground current as well as the circulating current
can be reduced. The EDM current remains unaffected as the
common mode choke does not modify the common mode
voltage.

The use of shielded cables can reduce the ground
impedance between stator to ground, resulting in a reduction
in the rotor ground current. On the other hand, it increases
the stator ground current, which can lead to an increase in the
circulating bearing current. This approach does not have any
influence on the EDM current [17], [187].

C. MITIGATION IN THE MOTOR

Modifications on the motor can be carried out at design stage
or following installation. Bearing current can be suppressed
by increasing the magnitude of the impedance or reduced the
electromagnetic coupling between winding, stator, and rotor.

Insulated bearings or coated bearings have been a long-
standing and effective means of suppressing the low fre-
quency ‘“‘classic” bearing currents. With a discrete polymer
sleeve or aluminum oxide layer on the outer races, additional
resistance and capacitance is introduced into the bearing
current path. In this way, all various bearing current mech-
anisms are reduced. The use of hybrid bearings with ceramic
balls can also suppress entirely all types of bearing currents.
However, hybrid bearings tend to be more expensive than the
insulated bearings [17].

An electrostatic shielded induction motor (ESIM) was pro-
posed in [188]. This motor was capable of reducing the shaft
voltages below the bearing lubricant breakdown threshold.
The insertion of a Faraday shield into the airgap can attenuate
the electric field coupling between stator and rotor whereas
its insertion in the slot can eliminate the electric coupling
between windings and stator. This can suppress the bearing
currents. Further electrostatic shield designs can be found in
[189] and [193].

As the design stage, the motor can be modified to reduce
the bearing currents with only marginal influence on its
performance. Oblique slots can be incorporated with a view
to reducing the winding-to-rotor capacitance, in turn reduc-
ing the BVR and hence reducing the bearing currents with-
out affecting the machine performance. This approach has
been investigated using 2D FEM but not experimentally
[194]. If the slot fill factor is relatively low, there is space
for re-arranging the winding configuration to reduce the
winding-to-rotor capacitance [58]. Other machine design
modifications can be found in literature, including inter-alia,
insulated rotor [195, 196], adding capacitors between the
brackets and the stator core [197], adding capacitors between
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FIGURE 19. Categorization of main mitigation methods on bearing currents.

brackets and the neutral line of the inverter dc link [198], opti-
mizing the magnetic flux-path in BLDC [52] and insulating
circular comb-like coil in the stator slots [199].

Conducting brushes can be used to connect the shaft
and the frame, creating a short circuit path in parallel with
the bearings to limit the bearing voltage and hence prevent
bearing breakdown. However, the brushes require periodic
maintenance and occasional replacement. The use of multi-
ple conductive microfibers to bridge the bearings using the
electrical field emission effect was proposed in [27]. This acts
as a mean of bypassing the bearings. This allows the bearing
voltage to discharge while also delivering ultra-low friction.
This solution, which was detailed in [28], proved effective in
suppressing the EDM current.

D. SUMMARY

In this subsection, a summary of mitigation methods has been
presented. Fig. 19 categories these methods based on their
application: on the inverter, on the connection, on the motor.

Improved modulation strategies and new topologies of
inverters reduce the amplitude of the common mode voltage
and/or reduce the dv/dt. They are considered to reduce the
bearing currents from the perspective of the source.

Other mitigation methods are implemented along the var-
ious conduction paths either by increasing the impedance of
the bearing current loop or by providing a low impedance path
for the induced current to bypass the bearings.

TABLE 2 presents a summary of comparison of merits and
drawbacks of various mitigation methods. As indicated in
TABLE 2, mitigation methods are not all effective for reduc-
tion of all the types of bearing current. Some methods could
even lead to increment of certain type of bearing currents.
This requires an understanding of bearing current mechanism
before the selection of appropriate mitigation methods. Most
mitigation methods come with additional cost, which again
requires high accuracy modelling of bearing current to deter-
mine necessity of implementing the mitigation.
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VIil. DISCUSSION AND FUTURE PERSPECTIVES
In literature, existing high frequency bearing current mod-
els solve the EDM and circulating bearing current compo-
nents separately [22], [23]. These approaches are based on
an arguably unproven assumption that the electric field and
magnetic field behavior can be fully decoupled. Furthermore,
these do not consider the nonlinearity of soft magnetic mate-
rials. Relatively few published studies have quantified the
two bearing current components simultaneously [69], [76].
However, even in these cases, the windings were modelled
as a single homogenous region, neglecting the turn-to-turn
capacitance and mutual inductance, without accounting for
magnetic saturation effect on high frequency eddy-currents in
the stator and rotor laminations. The drawbacks of linearized
representations can be illustrated by considering the classical
skin depth equation and the magnetization curve of a typical
stator core material (M270-35A). If the material non-linearity
is not accounted for by adopting a single relative permeability
of 700 at 1.5T [200], the skin depth is underestimated by
58% compared to the calculation which uses the relative
permeability of 123 at 1.8T [200]. Thus, the correspond-
ing resistance and inductance are overestimated by 138%.
In machine cores, the flux densities vary spatially, in time, and
with fundamental load current. Hence, using the permeability
at an a-priori fixed flux density for skin depth and impedance
can lead to significant error.

Based on the above discussion, future perspectives on bear-
ing currents modelling may include:

o Build a detailed winding model which includes end-
winding, turn-to-turn capacitance, and turn-to-frame
capacitance;

o Consider the uneven distribution of voltage stress
between turns, hence the different contribution of each
turn to the total common mode current;

« Develop a uniform model that can predict all bearing
current types simultaneously;
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TABLE 2. Comparison of Mitigation Methods.

Mitigation methods Effectiveness Merits Drawbacks
A hybrid selective -Effective for all four -Effectively control the -Only tested for fan or
harmonic elimination bearing current CMYV at both low frequency pump applications
PWM scheme with mechanisms and high frequency
filter [93]
A space vector PWM -Effective for all four -The CMV of a typical -Need fully controlled
control strategy for a bearing current PWM rectifier/inverter can rectifier
fully controlled rectifier mechanisms be markedly reduced
and inverter [95]
A single-phase, multi- -Effective for all four -The bearing current can be -Additional hardware
level, half-bridge bearing current reduced by 98.6%
inverter with opposite mechanisms
polarity [96]
An additional 4th leg -Effective for all four -Completely eliminates the -Additional hardware
with LC filter [97] bearing current CMV
mechanisms
A dual-bridge inverter -Effective for all four -Can eliminate the shaft -Add the cost of 6 more
[98] bearing current voltage and bearing currents IGBTs
mechanisms and significantly reduce the -Need dual 3-phase
leakage current machine

A dual five-level
inverter topology and
switching strategy [99]

-Effective for all four
bearing current
mechanisms

-Completely eliminate the
common-mode voltages

-Complex system

Passive filters, reactors
and sinusoidal filters

-Ground current and
circulating current reduced

-Simple structure

-Suppression of the
common mode current,

[17]; -EDM current unaffected but not the common

The common mode mode voltage

choke [186] -Each application
requires calibration

An active common- -Efficiently reduce -Significantly reduce ground -Additional hardware and

noise canceler [184,
185]

conducted EMI as well as
motor shaft voltage and
bearing current

current, EMI and shaft
voltage

a more complex control

Shielded cables [17, -Reduction in the rotor -Reduce EMI and voltage -Possible increment of
187] ground current. Increment reflection circulating bearing

of the stator ground current currents

and the circulating bearing

current

-EDM current unaffected
Hybrid bearings with -Effective for all four -Simple structure -More expensive
ceramic balls [17] bearing current bearings

mechanisms
An electrostatic -Effective for all four -The shield’s effect on -Need sufficient air gap

shielded induction
motor [188]

Multiple conductive
microfibers [28]

bearing current
mechanisms

-Effective for all four
bearing current
mechanisms

electrostatic coupling is
significant and nearly
complete

-Good electrical contact
-Low friction

to insert the Faraday
shield

-Additional costs

Oblique slots [194]

-Effective for EDM current

-It can reduce the shaft-to-
frame voltage by 98%

-Compromise the
machine’s
electromagnetic
performances
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o Consider the non-linearity saturation of stator and rotor
core caused by fundamental current and its influence on
the bearing currents;

o Include the effects of the connection cables into the
bearing current model.

After an accurate modelling of bearing currents with a
inverter-cable-machine system, the bearing breakdown and
lifetime may be evaluated, which includes:

o A solid understanding of bearing breakdown: fluid
dynamics to depict the lubricant oil film, molecular
ionization process at microscopic level, and statistics
description of bearing behaviors at macroscopic level;

« Lifetime and maintenance cycle prediction;

o Online condition monitoring of bearing operation.

For the applications which requires high reliability or have
difficulty to replace the bearings, proper mitigation meth-
ods should be selected carefully with a balance of effec-
tiveness/reliability and additional cost/complexity. Possible
works in the mitigation includes:

e Novel modulation technologies of multi-phase or
multi-level inverters to reduce CMV;

e Novel machine designs to reduce the high frequency
coupling but maintain the same level of electromag-
netic performance;

e Low-cost components to insulate or bypass the
bearings.

IX. CONCLUSION

In this paper, the mechanisms of the different types of bearing
currents in VFDs are introduced in detail. It is demonstrated
that the common mode voltage generated by PWM switching
is the fundamental source of the high frequency bearing
currents.

Even through the causes of bearing currents are clearly
demonstrated in literature, the modelling of AC machines
in high frequency and prediction of bearing currents is far
from straightforward. A range of modelling and parameter
identification methods have been introduced and compared,
including curve fitting of measured data, analytical calcula-
tions, and 2D/3D FEM. Continually improving the accuracy
of models while maintaining a competitive level of computa-
tional efficiency is challenging. This review has demonstrated
that advances still need to be made in models which can
accurately calculate the capacitive EDM current as well as
the inductive circulating current. Some of the factors that
need to be accounted for are end winding effects, turn-to-
turn capacitance, skin and proximity effects in stator and rotor
lamination.
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