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Abstract—Power-electronic-converter-induced motor
bearing currents are a widespread problem in the field
of electrical drives. Parasitic capacitances between the
electrical machine’s parts provide a path for leakage
currents, which finally harm metallic ball bearings. Remem-
bering that end-windings have a significant contribution in
building up stray capacitances, a countermeasure affecting
both the lamination stack and end-winding areas is needed.
This article focuses on a countermeasure against the
noncirculating bearing currents in the cluster of solutions
at the motor side. The electrostatic shielding approach,
which is a known principle to reduce capacitive couplings,
is applied in electrical machines every now and then.
In this article, the principle of slot-embedded grounded
electrodes is extended to cover also the end-windings.
Thus, the electrodes provide a better shaft-to-ground
voltage mitigating effect compared to the case where
electrodes are applied only in the lamination stack area.
The feasibility and effectiveness of such a countermeasure
are investigated. Different options in terms of scaling of
both the machine size and diameter of the electrodes were
analyzed and corresponding conclusions were pointed out.

Index Terms—Ball bearings, electrical discharge machin-
ing bearing currents, electrical machines, finite element
analysis, induction machines, variable speed drives.

I. INTRODUCTION

IN MODERN electric drive systems, the “bearing current”
phenomenon is a widespread problem causing downtimes of

production. Even though the phenomenon has been known since
the era of the birth of electric motors, bearing currents continue
to cause inconvenience to users and compromise electric drive
systems globally. The reasons for the occurrence of bearing
currents can be different. In early machines, inaccurate machine
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geometry caused bearing currents, but after a century, the origins
of the phenomenon lie in EMI and electromagnetic compatibility
fields. Regardless of the origins, bearing currents degrade a
machine’s metallic ball bearings decreasing significantly their
lifetime. Regular ball bearings are not designed for even small
constant electric current passing via them and therefore the
existence of parasitic currents in an electrical machine causes
a bunch of problems: specific damage pattern [1]–[4], overheat-
ing, grease degradation, and loss of its chemical neutrality [2],
[5], [6]; increased vibration and noise, and finally destruction
of bearing balls and raceways. Even though the motor lifetime
can reach 15 years or more [7] and nonstop operating inter-
vals are declared to be as high as five years, a drive system
failure because of bearing currents can occur even after one
month after startup [8]. Taking into account, that in industrial
operation an unplanned halt event of a single motor can cost
up to 100 000 USD [8] because of lost production and repair
costs, the importance of the bearing current issue is hard to be
overestimated.

Today, it is customary to distinguish several types of parasitic
currents in electrical machines. Their classification is based
on the mechanism of occurrence and the exact path of the
stray current in an electrical machine. There are four types in
total. All the types are described in detail both in our papers
[9]–[11] and in the publications of other authors [12]–[15]. A
summary table of the given types of parasitic currents is given
in Table I. We see no reason to give a detailed description of
these types of parasitic currents or show the current paths since
an exhaustive description has been given and illustrated many
times, for example, in [9], or in IEC technical specification [16].
In short, those types are the following.

Type 1: Circulating currents (also called “inductive”, or “clas-
sical”) arise mainly due to the asymmetry of the magnetic flux
in the system. This was a frequent case in early machines.
Circulating currents can also be a result of uneven distribution of
the current in the stator winding, rotor eccentricity, or imprecise
machine geometry [15]. Inductive bearing current forms a closed
loop with a “rotor-bearing-stator-bearing-rotor” path, as shown
in [10] or [11]. Modern production methods make it possible
to manufacture machine parts with sufficiently high accuracy,
and thus, the given type does not currently pose the most
significant danger to bearings. However, circulating currents
remain a problem and still require attention in high-power ac
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TABLE I
DIFFERENT TYPES OF PARASITIC CURRENTS IN ELECTRICAL DRIVES

OVERVIEW

machines [17], but this is not the subject of consideration in this
article.

Type 2: Noncirculating (also “capacitive”, “EDM”) bearing
currents are the most common type of parasitic currents in mod-
ern drive systems. This type appears in variable speed ac drive
systems supplied by a frequency converter, where the output
voltage is generated according to the PWM principle. The use of
PWM modulation is accompanied by the common-mode voltage
at the output of the converter, where the voltage waveforms
consist of pulses with high du/dt values. Especially two-level
converters produce high common-mode voltage output while
multilevel converters have significantly reduced common-mode
voltage output. However, the two-level voltage-source converter
is dominating the market because of its simple and therefore
economical construction.

The features mentioned above cause the appearance of the
voltage between the machine rotor and stator via the machine’s
parasitic capacitive couplings, and finally lead to an electric
current, traveling through the ball bearing. The actual bearing
damage mechanism can be explained in two ways, depending
on the operating mode of the machine.

At lower speed, when the lubricant film is not spread over
the balls, the ball bearing shows a resistive-capacitive behavior
with rapid transitions from resistive to capacitive state and
back at random moments. When a galvanically conductive spot
disappears due to the rotation of the balls, a micro switching arc
is sparking. This arc leaves its footprint both at the raceways
and the ball. Bearing material is moving, which finally results
in deterioration of the affected surfaces [18]–[20].

At the rated rotational speed, when all the balls are covered
with a thin oil film, the so-called Electric Discharge Machining
“EDM” mechanism takes place. In this case, the bearing behaves
exclusively as a capacitor, the insulation layer of which is an
oil film. Together with the stator-to-rotor capacitance, which is
the main energy storage for EDM, they accumulate an electric
charge. As far as the oil film is thin, and dielectric properties of

it are poor, the oil film breakdown occurs every moment when
the voltage over the bearing reaches a threshold value (typically
between 5 and 30 V, [20], [21]). At breakdown, a micro spark
flashes again. The spark heats the place where it hits, melts metal,
and thus surface pitting damage occurs. Keep in mind also the
grease degradation caused by the flashing arc.

Due to the rapid development, high availability, and, as a
consequence, extremely wide distribution of two-level-voltage-
source converter-based variable speed electric drive systems,
noncirculating bearing currents have become an integral part of
the vast majority of new and modernized electric drive systems.
Fighting against this type of parasitic current is the topic of this
article.

Type 3: Stator grounding current is a leakage current through
stray capacitances. It flows mainly through the “stator-to-
winding” capacitance [10] and does not pose a danger to the
bearings, since it does not travel through them.

Type 4: Shaft grounding current is a result of a chassis ground
fault. When the stator grounding current’s path is interrupted,
it establishes alternative circuits to a zero potential point. In
this case, a parasitic current flows from the machine case via
the machine bearings to the rotor, and further via the shaft
and the load’s bearing, “finds” the ground through a coupled
load. Moreover, if the motor ground is damaged and motor-load
coupling offers a galvanic contact, the noncirculating current
also acts as a shaft current, flowing through the load’s bearing
and damaging it.

Since this work is focused on suppressing noncirculating
bearing currents, only this type will be considered further. In
order to suppress the phenomenon, there are different strategies
available. It is possible to reduce the common-mode voltage
on the side of the frequency converter, use filters, or break
the parasitic capacitive couplings on the side of the electric
motor. The method described in this article belongs to the latter
option—to fight with bearing currents at the side of an electric
motor. In addition, it is possible to provide parasitic currents with
an alternative flow path in order to exclude the bearings from the
circuit or use special bearings designed to apply current through
them. A detailed review of existing techniques for suppressing
bearing currents was recently made in [11].

It has been theoretically and experimentally shown that break-
ing of stray capacitance between electrical machine parts is an
effective way to fight against noncirculating bearing currents.
This method has great potential for further development and
represents a field for extra studies.

This article is an evolutionary continuation of works [22]
and [10], where the design and principle of using slot-opening
electrodes to reduce bearing currents were described. It is an
extended version of the conference paper [23], in which it
was proposed to use slot-opening electrodes to reduce parasitic
capacitances both in the lamination zone and in the area of the
end-windings.

In the present work, the effectiveness of slot-opening elec-
trodes is experimentally confirmed when they are extended to
cover the winding overhang parts. The exact contribution of
the end-windings coverage in the reduction of shaft voltage is
estimated. The work also addresses the scaling questions—both
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Fig. 1. Electrical machine’s structure and main parasitic capacitances.
The figure shows the division of an electrical machine into a “core-area”
and “end-winding area”. Cwr = Cwr,core + Cwr,ew – total winding-to-
rotor capacitance, Cws = Cws,core + Cws,ew – total winding-to-stator
capacitance, Csr – stator-to-rotor capacitance, Cb – bearing capaci-
tance. Cwr,core and Cws,core are the parts of the winding-to-rotor and
winding-to-stator capacitances, formed by the core area; Cwr,ew and
Cws,ew are the parts of the winding-to-rotor and winding-to-stator ca-
pacitances, formed by the end-winding area.

machine size and the slot-opening electrode’s thickness. Finally,
some specific features of the topic are highlighted.

In this article, the term “shaft voltage” means the voltage
between the machine’s shaft and the system ground.

II. THEORY BEHIND

A. Parasitic Capacitances

Looking at the structure of a regular ac motor, a set of
parasitic capacitances can be observed, as shown in Fig. 1.
When the motor is supplied with a balanced three-phase sine
voltage, e.g., in a direct online operation, the common-mode
voltage and high-frequency harmonics are absent. Under such
ideal circumstances, these small capacitances cannot give any
negative effect. But, when a nonsine waveform (for example,
high-carrier-frequency PWM voltage waveform) meets an elec-
tric motor, a considerable part of the current starts leaking
from the stator windings via these parasitic capacitances. In the
context of the danger to the bearings, the most undesired case is
when the parasitic current starts leaking via the winding-to-rotor
capacitance Cwr and further passes the ball bearings (activating
an EDM mechanism) on its way to the ground.

When dealing with an electrical machine’s geometry, one
should remember that despite the core, or lamination stack,
area of an electrical machine, the end-winding area also has
a considerable contribution to different effects. Considering the
parasitic capacitances, it was established [24], that the winding
overhang region may contribute from 35% to 40% of the total
winding-to-rotor capacitance in ac machines of 500 to 0.15 kW
respectively. A schematic division of the machine regions and
the corresponding capacitive couplings are illustrated in Fig. 1.
According to the above mentioned, it is not enough to apply
electrostatic shields in the core-area only, as it was done in,
i.e., [15] and [19]. In that case, the parasitic current is still able
to reach the rotor and harm the bearing, albeit with a smaller

amplitude. To achieve maximum noncirculating bearing current
suppression effect, the capacitive coupling between the rotor and
winding should be blocked completely, i.e., both in the core area
and the end-winding area capacitance effect should be mitigated.

B. Bearing Voltage Ratio

The commonly accepted indicator to measure the noncircu-
lating bearing currents’ potential impact is the bearing voltage
ratio (BVR).

The BVR shows the fraction of the common-mode voltage
which is mirrored across the bearings’ raceways. By the defini-
tion, BVR can be found as

BVR =
Ub

Ucom
(1)

where Ub is the voltage across the bearing, i.e., the voltage
between the shaft and the grounding (further named also as
“shaft voltage”), Ucm is the common-mode voltage supplied
to the motor by a frequency converter. Equation (1) is valid for
all cases either at theoretical or experimental stages.

When an electrical machine with its parasitic capacitances is
considered a capacitive voltage divider [18], BVR can be found
using the values of its constituent capacitances, according to the
following equations. For a general case

BVR =
Cwr

Cwr + Csr + 2Cb
(2)

where Cwr is the total winding-to-rotor capacitance, Csr is the
stator-to-rotor capacitance, Cws is the total winding-to stator
capacitance, and Cb is the bearing capacitance.

When the BVR is calculated for the machine equipped with
slot-opening-embedded electrostatic shields (either short or ex-
tended), the following augmented equation should be used [11]:

BVR =
Cwr

′

Cwr
′ + Csr + 2Cb + Cer

(3)

where Cer is the capacitance between the slot-opening-
embedded electrode and the rotor, Cwr’, is a residue winding-to-
rotor capacitance left after the slot-opening electrode is placed.

C. Safe Levels of BVR

Normally, in ac machines the BVR is at the level of 3 …10%
[18], [25], and the lower the value the better.

As described below, the maximum acceptable safe level of
BVR is averaging between 2% and 6% and is determined as a
fraction of the voltage supplied to the electric machine. From
the point of view of bearings, the voltage level between the
raceways of the order of 10 volts peak and lower is considered
safe. In small machines (1.5 kW or less) the maximum allowed
voltage is even smaller—about 5 V peak [26]. At such a low
voltage, the dielectric strength of the oil film is strong enough
to prevent insulation breakdown and initiation of EDM damage.
When the shaft voltage exceeds the threshold value, bearing
damage occurs.

Given that the BVR shows the bearing voltage as a percentage
of the applied voltage, the safe level of the BVR will naturally
decrease with increasing supply voltage. For example (assuming
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Fig. 2. Maximum safe values of BVR as a function of the voltage
applied to the phase winding of an electrical machine.

Fig. 3. Slot-embedded electrostatic sheld in a form of a single wire.
(a) Electrode is placed to cover the core area only. (b) Electrode is
extended to cover both core and end-winding areas.

the threshold voltage across the bearing as 10 V), for 230 V
(phase to phase rated voltage) machines, the safe BVR will be
6.1%, for 400 V machines—3.5%, and for 690 V—2%. The
maximum safe levels of BVR for the wide range of supply
voltages are shown in Fig. 2.

D. Objective of the Current Work

The object of this study is a slot electrode system designed to
reduce BVR. Despite the fact that the use of slot electrodes in the
core area of the machine results in a significant decrease in BVR,
in order to reliably suppress the phenomenon of bearing currents,
additional measures aimed at the area of the end-windings are
required.

If the shielding principle or any other countermeasure is
applied exclusively to the core area, the BVR reduction effect
may not be sufficient to achieve the aforementioned safe values.
As suggested in [23], the use of such an end-winding shielding
system presents a structurally simple and effective system for
reducing the BVR. The extended slot electrodes system is shown
in Fig. 3.

Fig. 4. Three-dimensional model of an electrical machine being uti-
lized in the modeling process. The model is parametrically adjustable to
represent different size motors. The parameters used to model different
machines are listed in Table II.

TABLE II
MAIN DIMENSIONS OF THE MACHINES IN THE ARTICLE

Thus, the aim of this work is to study the effect of extended
grounded electrodes, their influence on the BVR, as well as to
clarify the scaling opportunities.

III. SIMULATION-BASED STUDY

To find parasitic capacitances, calculate BVR, and assess the
risk of bearing damage in various machines using standard and
elongated slot electrodes of various diameters, corresponding
3-D models of electric machines of various capacities were
analyzed.

This work covers four-pole machines with a rated power
capacity of 3, 15, 30, and 110 kW. These machines were built in
3-D in SolidWorks and then modeled in COMSOL environment
using its Electrostatics module. The parasitic capacitances Cwr,
Csr, Cws, and Cer were found, and the BVR was calculated for the
original machines, and for motors with various modifications.
The geometry and exact dimensions of the studied machines
being modeled are schematically shown in Fig. 4 and listed in
Table II.

The test motors were equipped with short and elongated
slot electrodes. Each slot opening was equipped with a single
electrode, the diameter of which, d, was also a variable parameter
in the study.

Results of FEM-based calculation of capacitances and BVRs
for different cases together with the list of all considered cases
are shown in Table III.
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TABLE III
PARASITIC CAPACITANCES COMPUTED AND BVRS FOUND

There are several important things to be born in mind.
First, there is a physical limit of placing a certain diameter

electrode into the slot opening. When placing a round slot
electrode, its diameter must be less than the sum of the air gap
(δ in Fig. 4) and the remaining slot opening depth (h1 in Fig. 4).
Otherwise, the slot electrode will touch the moving rotor. For the
machines presented in this article, such limits are 0.9, 1.5, 1.8,
and 2.5 mm for 3, 15, 30, and 110 kW motors, respectively. In
reality, these numbers should be kept lower to ensure an adequate
air gap between the electrode and the rotor. In the best case, to
avoid any possible issues related to the reduction of the original
airgap and extra windage losses, the grounded electrodes being
introduced in the slot openings have to be placed below the inner
surface of the stator, i.e., the diameter of the wire has to be equal
or less than h1. If the slot has a slot key, the most reliable method
is to embed the electrode in the slot key.

Fig. 5. Extended slot electrodes with a diameter of 0.3 mm (left) and
0.75 mm (right) are installed in a regular 15-kW induction machine.

Second, we have to remember, that with growing machine
size its slot opening width b also grows. Because of that, it is
not relevant to compare the effect of the same slot electrode
applied in the different machines, because in a small machine a
larger portion of the total slot opening area will be covered. The
penultimate column in Table III is just showing that by giving
us a slot opening overlapping ratio d/b. The range of electrode
diameters was selected in such a way as to get an overlapping
ratio d/b up to 30% for each motor under study.

Finally, for practical use, the question of possible extra losses
is of interest. For the machines and cases considered in the
present work, actual eddy current losses caused by slot-opening
electrodes were found using 2-D FEM-analysis conducted in
Altair FLUX (steady-state ac magnetic application). The results
are shown in the rightmost column of Table III. More consider-
ations related to extra losses and possibly other negative effects
are listed in the Discussion section.

IV. LABORATORY EXPERIMENT

At the experimental stage of the work, the proposed machine
modernization and effect of electrodes were tested with a four-
pole 15-kW machine available in the laboratory. As the basis
for the test setup, the bench described in [11] was used. The
regular ball bearings were replaced with hybrid (“ceramic”) ball
bearings to make it possible to measure the shaft voltage.

Despite the fact that the experiment partially overlaps with
the research done in [11], the main purpose and novelty of the
present work lie in the study of the effects of extended slot
electrodes intended to shield also the end-winding. In addition,
electrodes of different diameters were tested in this article the
test machine was equipped with electrode wires of the diameter
of 0.3 and 0.75 mm.

Fig. 5 shows the 15-kW machine in which the extended
electrode concept is applied. Extended grounded electrodes
create an effect of a shielding structure for the end-winding
parts, similar to that proposed in [9]. At the same time, they
are not a separately mounted structure and represent a single
whole with the core-mounted shielding system. This simplifies
the installation of such a system, improves system integrity and
robustness, and reduces costs.

The schematic diagram of the experimental setup with a
description of all the elements is shown in Fig. 6.



VOSTROV et al.: ON THE APPLICATION OF EXTENDED GROUNDED SLOT ELECTRODES 2291

Fig. 6. Laboratory setup. (1) Yokogawa DL850 oscilloscope. (2) Ar-
tificial neutral point connection. (3) 15 kW ABB industrial motor.
(4) Differential probe for measuring Ub. (5) Differential probe for measur-
ing Ucm. (6) Brush connection. (7) Electrodes’ terminal box connected to
the machine grounding. (8) Sheaf of slot electrodes, collected and taken
out from the machine. The parts indicated by red show the elements
added to the modified motor.

TABLE IV
MEASURED VOLTAGES AND CORRESPONDING BVRS IN DIFFERENT CASES

During the experiment, common-mode voltages and shaft
voltages were measured to enable the finding of the BVR in
different cases.

The common-mode voltage Ucom is the feature of the supply-
ing frequency converter and is not supposed to be changed case
by case unless the converter type is totally changed, e.g., from
a two-level converter to a three-level one. The common-voltage
waveform of the ABB ACS400 converter has been reported
in [11]. The switching frequency of the converter used in the
present study is 4 kHz.

The voltage across the bearing Ub is subject to be changed
depending on the machine geometry and exact countermeasures
applied to the machine. In this article, several tests representing
different cases are conducted. They are all described further and
listed in Table IV together with the measurement results.

The machine was prepared for an experimental study by
gluing a system of extended slot electrodes. During the tests
1 …8, all electrodes physically stayed in the machine. To study
different cases, some parts of the system were just cut off, but
not actually removed from their place. The effect of the slot
electrodes being disconnected, but not extracted, was mentioned
in [11], and this discussion will be continued in this article.

First of all, the BVRs of the original, i.e., the unmodified
motor with ceramic bearings (Test #1 in Table IV) is taken
as a reference. BVR of out-of-shelf 15 kW motor was found
previously in [11]. Test#1 was also conducted for cases with
0.3 and 0.75 mm wires. Those tests mean that BVRs were
measured in the machines being equipped with corresponding
slot electrodes, but they are disconnected from the grounding
terminal.

Further, a series of tests of the motor equipped with core-area-
placed slot electrodes of different diameters (Test #2 in Table IV)
is conducted. The electrodes were placed as shown in Fig. 3(a),
and connected and grounded according to Fig. 7(h).

Then, as Test #3, the machine with extended slot electrodes
is tested. In this case, long uninterrupted electrodes are placed
to cover the slot openings and end windings at both ends, as
shown in Fig. 3(b). This case is intended to be utilized as a basic
mode to provide the desired bearing currents eliminating effect.
The connection of the electrodes is implemented as shown in
Fig. 7(h).

Finally, to understand the effect of shielding of different parts
of the machine independently, several additional tests were done.

The coverage of the end windings with leaving the core-
mounted part of the electrode ungrounded is tested under Test #4.
The positioning of the electrodes is schematically shown in
Fig. 7(a), and (b) clarifies the system connection and grounding.

Covering of only drive-end winding overhang and nondrive
end winding overhang are done as Test #5 [see Fig. 7(c)] and
Test #6 [see Fig. 7(d)] respectively. The electrodes are connected
and grounded using a structure shown in Fig. 7(e).

Test #7 and Test#8 are conducted, when one of the drive-
end and nondrive-end windings was covered together with the
core-area applied electrodes. For those cases, the position of
electrodes is shown in Fig. 7(f) and (g). Electrodes are connected
and grounded according to Fig. 7(h).

As shown in Table IV, the BVRs in every test case were
measured in several ways, and the average value for each row
was found. All tests were conducted at the supply frequency of
20 Hz. The BVR was calculated in four ways (see Table IV):

BVRRMS = UshaftRMS/UcmRMS

BVRFFT = Ushaft/Ucm

BVRdirectRMS = UshaftRMS/UcmdirectRMS

BVRdirectFFT = Ushaft/Ucmdirect

where Ushaft and Ushaft RMS are the fundamental harmonic and
the root mean square (RMS) value of the shaft voltage waveform
observed from the oscilloscope; Ucm and Ucm RMS are the
fundamental harmonic and the RMS value of the common-mode
voltage being found via the supply voltages waveforms as (UU



2292 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 70, NO. 3, MARCH 2023

Fig. 7. Positioning of the wires and a electrodes’ system sketches used in different tests. (a) Scheme of a setup to conduct Test #4. (b) three-
dimensional visualization of the electrode systems integrated into the test motor in Test #4. The short wires are supposed to cover only the
end-windings at both ends of the machine. (c) and (d) Position of electrodes in Test #5 and Test #6 respectively. (e) Grounded electrodes’ assembly
being mounted to conduct tests #5 and #6. The shown structure can be mounted either at the drive-end (to conduct Test #5) or at the nondrive-end
(to conduct Test #6). (f) and (g) Position of slot electrodes to conduct Test #7 and Test #8 respectively. (h) Electrode assembly used in tests #7 and
#8. The electrodes in Test #2 and Test #3 are connected and grounded in the same manner.

Fig. 8. Influence of the grounded slot electrodes of different diameters
utilized in different size motors. Zero electrode diameter means an
original unmodified machine.

+ UV + UW)/3; Ucm direct and Ucm direct RMS are the funda-
mental harmonic and RMS value of the common-mode voltage
being measured directly between the artificial neutral point (2)
of Fig. 6 and the ground.

V. DISCUSSION

The results of the FEM-based modeling are visualized and
presented in Fig. 8, where we can notice that utilization of the
grounded electrodes—either core-mounted or extended—has
the most significant effect on the small-scale machines. Smaller
machines have originally higher BVR and are thus more en-
dangered with bearing currents. Since low-power electric drives
often operate in the 0.4 kV class, a safe BVR level for them is
3%–4%. Such values are barely achievable with the electrostatic
shielding principle, and it is obligatory that end-windings are
protected. For example, in the 3-kW machine modeled, appli-
cation of the thinnest 0.1 mm wire to the core-area only gives
already 23.8% reduction of BVR (from 11.1% to 8.46%), and a
26.3% reduction (from 11.1% to 8.18%), when extended to cover
also the end-windings. Such BVR drop is quite significant and
for sure would increase the bearing lifetime but will not eliminate

the bearing currents totally. When the electrode diameter is
increased to 0.75 mm, the BVR drops down to the values of
4.79% and 4.15%, when the electrodes are placed over the
core area only and extended to the windings overhang region
respectively.

On a scale of 15–30 kW, the BVR values of original machines
are smaller—about 7%–8%. But, as far as the supply voltage is
higher in these machines, the target safe level of BVR is lower
as well—around 2%–3%. Here again, values below 3.4% are
not available, if the end-windings are not protected. When the
grounded electrodes are extended, it becomes possible to reduce
BVR down to 2.7%, which can be considered a safe value.

In a 110-kW machine, similarly to 15–30 kW ones, the
extended electrodes provide an option to reach the most effective
BVR reduction taking the original percent value down by an
extra 0.3 …0.5 points.

Also, if the acceptable BVR value is set at a higher level, the
extended electrodes help to reach the same effect with thinner
wire diameter. For example, for a 110-kW machine, the BVR
equaling 3% is reachable with 1 mm wire placed over the core-
area only. But, if extended electrodes are used, a 0.6 mm wire
would provide the same effect.

Further, at the stage of an experimental study of 15-kW, the
effects of the application of different combinations of grounded
electrodes were observed. The BVRs being measured in differ-
ent cases as described in Table IV are represented in Fig. 9.

The BVR values of the original 15-kW machine and modified
machines with both short and long slot electrodes are of par-
ticular interest as reference points for proofing the correctness
of the FEM-computed data. The computed values are plotted
in Fig. 9 over the real data. The comparison of FEM-computed
BVR values with experimentally received ones gives us a ground
to declare, that analytically found BVRs are overestimated in all
cases. The maximum deviation of 25% for a machine equipped
with 0.3-mm electrodes was observed with Test #3. The machine
with 0.75-mm electrodes gave a maximum disaccord of 30% in
Test #2.

Both simulated and experimental results show that the utiliza-
tion of the grounded electrodes to cover the core-area obviously
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Fig. 9. Averaged BVR values were measured at the 15-kW induction
machine, when the shielding with a grounded electrode was applied to
cover different machine parts. The parts being covered in each test are
indicated over the corresponding columns with abbreviations: NDE –
“Non-Drive End”; DE – “Drive End”, EW – “End Winding”. The solid
columns show the experimentally observed numbers, and the hatching
shows the FEM-calculated BVR values for the same cases.

brings the main effect in mitigating bearing currents. On the con-
trary, the coverage of the end-windings only has an insignificant
effect. However, the combination of the core-area and winding
overhang shielding gives the most effective reduction of BVR.

From the experimental data, it can be concluded that the
effects of shielding individual parts can be added according to
the principle of superposition.

Thus, if we consider for example tests conducted with a
0.3-mm electrode, shielding of the core area-only reduces BVR
by 3.36% units, and applying the same countermeasure to both
end-windings results in BVR = 6.72%, which is 0.56% units
less, than the original value. If we simply calculate the BVR
of the machine equipped with extended grounded electrodes
as a substitution of the effects given by every single action,
we observe BVR = 7.28%–3.36%–0.56% = 3.36% units. The
results of Test#3 show BVR = 3.46%, which is 3%-units less
than the value estimated via using the superposition principle.

Another proof of the viability of the superposition principle
can be found if consider Test#4, Test#5, and Test#6 (again,
for 0.3 mm electrode as an example). When the nondrive end
end-winding was shielded, the BVR reduces by 0.21% units,
and when the drive-end end winding was shielded, the BVR
reduces by 0.36% units. The estimated BVR of the machine with
both end-windings shielded is BVR = 7.28%–0.21%–0.36% =
6.71% units. The experimentally found BVR for this case is
6.72%, which has an almost perfect match with an estimated
number.

It is very interesting to notice that shielding the drive-end
winding overhang brings more effect, than shielding of the
nondrive-end one. For the tested 15-kW machine modified with
0.3 mm wire, the shielding of the drive-end winding overhang
brings 20% more effect, than the same actions with nondrive-end
end-winding does. This can be seen both from the experiments

of end-windings only shielding (Tests # 5, 6), and from the
combined core-area and end-windings shielding tests (Tests #
7, 8).

An initial explanation of the difference in the bearing current
mitigation method impact, most probably, lies in the construc-
tive features of the given machine. Even though the machine
geometry in theory is considered to be symmetrical at both
drive- and nondrive ends, in real motor some asymmetry exists.
Thus, the bearings used at different ends of the shaft have
slightly different diameters: the drive-end bearing is normally
larger in most motors. A larger bearing means a larger distance
between the raceways, and thus, slightly smaller capacitance of
the given bearing. Also, the position of the terminal box and the
input point of winding supply cables can matter. In the given
machine, the terminal box is located close to the drive-end, and
the stator winding supply is coming from that side. This can
be a reason, why the winding-to-rotor capacitances formed by
different end-windings are charged unevenly, with more charge
collected at the winding closer to the supply point.

We cannot now prove the superposition principle and discuss
the effects of shielding different end-windings with 0.75 mm
wires because when these thick slot electrodes are placed, but
disconnected, they bring too strong contribution in parasitic
capacitances. If we see Test #1 of Table IV, we can find out that
the mounted but disconnected system of grounded electrodes
increases original BVR just by 1.5%. This observation gives us
grounds to assume, that the relative error of all tests conducted
with 0.3 mm electrodes will not exceed this value. But, for the
case of 0.75 electrodes, the BVR of the machine with “inacti-
vated” electrodes is 12.3% higher, than the reference value. This
is a quite significant disadvantage, which will affect the tests. We
can see in Tests# 4, 5, and 6, that BVR goes even higher, than in
the original machine. This can be explained by the fact, that being
disconnected core-area electrodes acts as a conductive filler of
the space between rotor and stator, and increase the parasitic
capacitive coupling significantly.

Possible cons of the grounded electrodes introduced into a
machine’s slot openings were considered in [11]. The same
considerations are also applicable to the extended slot electrodes.

Special attention should be paid to the grounding: when the
motor is equipped with slot electrodes, but they are not grounded,
a small increase of BVR can occur, as was noticed in [11]. The
negative effect of a mounted but disconnected system, becomes
significant with increasing electrode diameter.

The efficiency, torque production and other operating parame-
ters of the machine are not supposed to be compromised, because
copper electrodes are nonmagnetic, and do not bring any changes
into the magnetic circuit of the machine [27].

As far as the electrodes are connected and collected from one
side only without forming closed loops, a squirrel cage is not
created, and no extra currents and losses are generated. Since
there is no squirrel cage effect, there should be no worries about
possible mechanical stress caused by the force acting on the slot
electrodes.

Some extra eddy current loss is, of course, possible, but
it is negligibly small because of the small thickness of the
electrodes.
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Considering 3, 15, 75, 110 kW machines presented in
Table III, and especially the rightmost column, where extra
losses caused by the slot-embedded electrodes are listed, we
can find out the following. For the thinnest possible electrodes
of 0.1 mm in diameter, mounted to cover the core-area only, the
extra eddy-current losses are at the level of 1.48 × 10−7%, 8.22
× 10−8%,

4.3 × 10−7%, 2.88 × 10−8% from the machine’s rated power
respectively. For slot electrodes with maximum available di-
ameter for each machine, for 3, 15, 75, 110 kW machines the
extra losses are 0.00036%, 0.00054%, 0.00033%, 0.0006% of
the machine’s rated power respectively.

Joule losses for the case of extended electrodes are naturally
slightly higher, but, however, remain in the same order of mag-
nitude.

After all, we see that in all cases extra losses do not exceed
an absolute value of 1 W and remain less than 0.001% from
machine-rated power. Considering that in all industrial electrical
machines the efficiency is normally at the level of 80 …98%, and
even best motors have losses of several percentage, an extra loss
of 1 W or less cannot give any arbitrarily notable efficiency drop
or anyhow affect the machine performance. Shown extra losses
are miserably small and can be considered as more than the
adequate price for effective reduction of bearing currents.

There are, however, several points that require attention.
When the grounded electrodes are extended, reliable insulation
between the electrode and the end-winding must be maintained.
Placing the electrodes directly on the winding insulating varnish
can cause an earth fault, because the varnish is mainly supposed
to provide an interturn insulation. Also, the electrodes must have
a good fixation, because possible vibration can cause displace-
ment of freely placed electrodes, which can lead to their fracture
or even collision with the rotor.

Slot-embedded electrodes have relatively low capacitance
between electrode and winding. It is very good in fighting against
noncirculating bearing currents. But, from another hand, this,
in theory, might cause a small increase in circulating bearing
currents. This factor should not be considered in small-scale
machines, where noncirculating bearing currents are dominating
types of parasitic currents. But in large machines (over 100 kW),
where both types of bearing currents can be present, the decision
on the correct countermeasure to be applied must be done with
caution.

Mounting of the slot-embedded electrodes requires invasion
inside an electrical machine. Even though it requires just rotor
removal, and does not requires any serious operations like wind-
ing rewound, equipment of the motor with this system cannot be
made on site. Therefore, we position this approach as the most
suitable option for machine manufacturers or repair workshops,
i.e., for those with special equipment and personnel.

VI. CONCLUSION

Electrostatic shielding by electrodes in slots and also ex-
tended to end winding area was studied in electrical machines
with varying power. A calculation method was implemented

and verified with measurements. It is noticed that when slot-
embedded grounded electrodes were extended to also cover the
end-windings, shaft voltage mitigating effect was improved.

In small machines, both core-area and extended electrodes
brought a significant reduction of BVR. As far as the original
BVR was very high, maximum efforts must be applied to drop
the BVR to a safe level. Extended electrodes allowed reaching
the lowest possible BVR.

In a larger machine, e.g., for a 110-kW machine, the desired
lowered BVR can be reached even with the core-area mounted
slot electrodes, when electrodes with a large enough diameter
were used. The employment of the extended electrodes allowed
the desired effect to be achieved using thinner electrodes.

Usage of thinner electrodes was always prioritized, because
smaller electrode diameter means smaller eddy current losses,
less weight, and cost of the electrodes, less complexity of the
work.

Applying extended slot electrodes was a development of the
idea introduced before, and this was a natural evolution of the ap-
proach. This idea jointed the core-area and end-winding-aimed
shields.

The BVR reduction measures were possible to combine using
the superposition principle.

The authors noticed that placing an electrostatic shielding into
end windings in drive end was more important, than placing them
in the nondrive end.

The grounded electrodes offer an effective solution with a
minimal drawback—minor extra eddy current loss. However,
attention must be paid, when the solution was practically applied.
Adequate insulation, reliable fixture of the electrodes, good
grounding connection, and safe distance to moving parts must
be maintained.

Despite the fact that the presented method of suppressing non-
circulating bearing currents showed promising results, research
tasks in this area still remain. Our future work plans include both
further study of the given grounded slot electrode approach and
investigating other bearing current countermeasures.

In the grounded slot electrodes approach, the question of
electromagnetic performance remained not studied comprehen-
sively yet, even though loss analysis was carried out in this article
and theoretical considerations were expressed.

Other research plans were to study some combinations of
machine-side countermeasures, develop the technique for ana-
lytical prognosis of the bearing currents at the design stage, and
finally declare the combined design rules for creating bearing-
currents-protected electrical machines. Separate research to
clarify the possible influence of the slot-embedded grounded
electrodes on circulating bearing currents should be carried out
as well.
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