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Application of Static Charge Dissipation to Mitigate
Electric Discharge Bearing Currents

Annette Muetze, Member, IEEE, and H. William Oh, Member, IEEE

Abstract—Today, the physical cause-and-effect chains of
inverter-induced high-frequency bearing currents have been well
understood, but little has been known on not only theoretically
possible, but also cost-effective mitigation techniques for a certain
drive configuration. This paper focuses on the mitigation of dis-
charge bearing currents, which occur predominantly with smaller
motors of up to several kilowatts. We present a new mitigation tech-
nique where any voltage build-up across the bearing is discharged
via static charge dissipation through a parallel path before an elec-
tric breakdown inside the bearing occurs. The technique is based
on the field emission effect, has ultralow friction and negligible
wear, and is very robust toward contamination, when compared
with conventional carbon-based brushes.

Index Terms—Bearings (mechanical), common-mode voltage,
electric breakdown, electric field effects, variable-speed drives.

NOMENCLATURE

BVR Bearing voltage ratio.

CM Common-mode.

DE Drive-end.

EDM Electric discharge machining.

ESD Electrostatic discharge.

F-N Fowler–Nordheim.

HVAC Heating, ventilation, airconditioning.

NDE Nondrive-end.

VFD Variable-frequency drive.

a Constant.

b Constant.

d Gap spacing.

p Pressure.

vbea Voltage across the bearing.

vcom Common-mode voltage.

Ac Cross-sectional area.

Cwr Capacitance between stator-winding and rotor.

I Current.

E Electric field-strength.

Em Microscopic electric field-strength at the microscopic

surface of the contact.

Rf Resistance between the two poles of the microfiber

brush.

V Voltage.
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VB Breakdown voltage.

β Total electric field enhancement factor.

βg Geometric electric field enhancement factor.

βm Microscopic electric field enhancement factor.

ρ Pressure-gap product.

I. INTRODUCTION

I
NVERTER-INDUCED high-frequency bearing currents are

a parasitic effect that can occur in variable-speed drive sys-

tems. Different types of bearing currents that have different

cause-and-effect chains can be distinguished. With the advent

of modern drive technology, these phenomena have been well

recognized and physical explanations have been given [1]–[15].

While the cause-and-effect chains have been understood, little

has still been published not only on theoretically possible, but

also on cost-effective mitigation techniques for a certain drive

configuration.

Among the different bearing current types that have been

identified, this paper focuses on the mitigation of high-frequency

discharge bearing currents [also “electric discharge machin-

ing (EDM)-bearing currents”]. These occur predominantly with

smaller motors of up to several kilowatts [14], [15]. Common

mitigation techniques are common-mode (CM) voltage filters,

hybrid/ceramic bearings, and—sometimes—brushes.

We present a new mitigation technique that is based on static

charge dissipation. Here, any voltage build-up across the bearing

is discharged due to the electric field emission effect through

a parallel path before an electric breakdown inside the bearing

occurs. The technique has ultralow friction and negligible wear,

and is very robust toward contamination, when compared to

conventional carbon-based brushes. It is also easy to install and

cost-effective.

The paper is organized as follows: First, a brief review of

EDM-bearing currents is given in Section II. Then, the princi-

ple idea of the presented mitigation technique is presented in

Section III, followed by a brief summary of the required back-

ground information of electrostatic discharge (ESD) effects in

Section IV. In the main part of the paper, the theory of the

proposed technique is discussed (Section V) and experimental

results are presented (Section VI). Conclusions are drawn at the

end of the paper in Section VII.

II. REVIEW: DISCHARGE BEARING CURRENTS

A. Physical Cause-and-Effect Chain

If no additional measures, like special filters or control

schemes, are applied, a voltage-source inverter presents a

voltage-source in the CM circuit. The generated CM voltage
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Fig. 1. At electrically insulating lubrication film, the voltage across the bearing
(vbea) mirrors the CM voltage (vcom); squirrel-cage induction motor, 215 TC
frame, 10 hp rated power, motor speed 1800 r/min.

TABLE I
RANGES OF THE VOLTAGE ACROSS THE BEARING

Fig. 2. Phycial cause-and-effect chain of EDM-bearing currents.

contains high-frequency components that interact with capac-

itances inside the machine that have not been of influence at

line operation. As a result, at electrically insulating (“intact”)

lubrication film, the voltage across the bearing vbea mirrors the

CM voltage vcom (Fig. 1). The voltage across the bearing is also

frequently referred to as “shaft voltage.” It should be noted that

the voltage across the bearing has a very different nature than

the “shaft” voltage along the shaft that can be generated by

high-frequency CM currents.

The capacitive voltage divider between vbea and vcom is com-

monly referred to as “bearing voltage ratio” (BVR) (e.g. [4], [5]).

The BVR is typically in the order of several percent, with an

upper bound of 10% for “typical” machines [16].

Table 1 gives an overview of the ranges of the maximum

voltage across the bearing for different 3 ph supply voltages and

BVR = 1–10%. Increased voltage at the motor terminals due to

voltage reflection can increase these values additionally.

When a breakdown of the electrically loaded oil film between

the rolling elements and the running surface takes place, a dis-

charge bearing current pulse occurs (Figs. 2 and 3).

Fig. 3. Measured discharge bearing current; induction motor, frame size
160 mm, 11 kW rated power, motor speed 1500 r/min, bearing temperature
≈30◦C [14]; icom: stator CM current; ibea, bearing current; NDE, nondrive-end;
DE, drive-end. The voltage across the bearing changes with every switching in-
stant (occurrence of a stator-winding CM current, traces 1 and 4), the discharge
bearing-current, however, occurs independently of the switching instant and
mostly in one of the bearings (traces 2 and 3).

Depending on the operating conditions of the machine, the

threshold voltage for a breakdown to occur is approximately

5–30 V, where the occurrence of the breakdowns itself is a

statistically distributed effect [14]. A comparison with Table I

shows that the voltage across the bearing at electrically insulat-

ing lubricating film can easily exceed the threshold voltage.

A lot of the literature referred to in the following has been

taken from the context of electrostatic discharging and electric

breakdown of microelectronic devices. Therefore, we would

like to emphasize that the charging mechanism of the bearings

as described is fundamentally different from the “triboelectric”

charging by separation. As opposed to the capacitively coupled

charging of the bearing, the triboelectric charging occurs when

two materials with different electron affinity that have been in

contact are separated. The degree to which the charge stays on

the materials depends mostly on their conductivities and initial

charge densities [17].

B. Common Mitigation Techniques

Commonly, one of the following mitigation techniques

for discharge bearing currents are used with commercial

applications.

1) CM voltage filters are complex circuits that are designed

to reduce or eliminate the CM voltage, notably its high-

frequency components. The filters are a rather costly addi-

tion to the drive system. Often, they are applied to attenuate

electromagnetic noise, and then, are combined with dif-

ferential noise filters. It should be mentioned that, on the

academic level, comparatively a lot is known about the de-

sign of special modulation techniques and inverter-output

filters to eliminate the CM voltage.

2) Carbon brushes use electrically conductive carbon

graphite and provide an electrical connection between

the motor shaft and the frame parallel to the bearing. A

graphite film deposits on the contact area during sliding.

Humidity creates a water layer on the graphite, thereby

rendering the brushes self-lubricating. Commonly quoted

problems are excessive wear and hot-spotting/thermal

moulding as the contact is transferred to fewer, expanded,

more fragile spots during the sliding, as well as brush

dusting/low-humidity lubrication [18]. Maintaining good

electrical contact at the high frequencies of the CM
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Fig. 4. Points of impact of different mitigation techniques on the EDM-bearing
current physical cause-and-effect chain.

voltage poses additional challenges on the brush design

and installation.

3) Hybrid/full ceramic bearings have ceramic (silicon ni-

tride) rolling elements and quality (alloy or carbon) steel

races or both ceramic rolling elements and races, respec-

tively. Thereby, they introduce a large insulating gap into

the bearing and prevent electric discharge in the bearing.

However, the charges on the rotor seek an alternate path

to the ground, typically through the attached equipment if

the rotor is not isolated. Irrespective of bearing currents,

ceramic bearings are mostly selected for mechanical rea-

sons. These bearings are significantly more expensive than

conventional steel bearings. In addition, because ceramic

bearings and steel bearings differ in compressive strength,

ceramic bearings must be resized in most cases to handle

mechanical static and dynamic loadings.

The points of impact of these mitigation techniques on the

EDM-bearing current physical cause-and-effect chain are illus-

trated in Fig. 4.

III. PRINCIPLE IDEA OF THE PROPOSED

MITIGATION TECHNIQUE

The proposed mitigation technique has the same point of im-

pact as brushes do, that is, it prevents the voltage build-up across

the bearings (Fig. 4). However, in contrast to the spring-loaded

mechanism of conventional carbon brushes, the technique has

ultralow fricition and negligible wear, and is relatively robust

toward contamination, and thus, it is free of the problems that

are commonly quoted with brushes (Section II-B). The electric

contact between the motor frame and the shaft is established

using the electric field emission effect. In order to understand

this technique, it is important to well distinguish between the

different ESD mechanisms and their associated length scales

of the gaps. In the next section, we first provide an overview

of this topic to help the reader understand the “overall picture”

(Sections IV-A through IV-D), and give a summary of the key

values (Section IV-E) that we use in the discussion of further

details of the proposed new mitigation technique (Section V).

IV. BACKGROUND ON ELECTROSTATIC

DISCHARGE MECHANISMS

A. Electric Contact Without Mechanical Contact

In order to understand the mitigation technique for EDM-

currents presented in this paper, it is important to be aware of

Fig. 5. Qualitative sketch. (a) Paschen curve. (b) Modified Paschen curve
based on [25].

the fact that “electric contact” does not necessarily also mean

“mechanical contact.” In this section, we explain some mech-

anisms to achieve the electric contact without having any me-

chanical contact. To this aim, we first review the three main

prebreakdown current mechanisms and lengths scales (Sections

IV-B–IV-D).

B. Gaseous Discharge for “Large” Gaps (Above ≈5 µm)

Gaseous breakdown at “large” gaps is commonly described

using the Paschen curve that is based on Paschen’s law [19].

The Paschen curve correlates the breakdown voltage VB and the

reduced variable ρ = pd, where p is the pressure and d is the gap

spacing. For each pressure–gap product, it predicts a minimum

breakdown voltage, the so-called Paschen-minimum (Fig. 5).

The underlying understanding of the breakdown mechanism

is the Townsend (avalanche) breakdown in gases. That is, the

cascading effect of secondary electrons obtained by collisions

and impact ionization of the gas ions accelerating across the gap

[20], [21]. The breakdown voltage is affected by the geometrical

configuration of a discharge gap, particularly the shape and the

size of the electrodes used in the tests [22], [23].

The Paschen curve is well known. Breakdown for gaps greater

than approximately 10 µm has been well studied, and the break-

down limit for air at one atmosphere is identified as 3 V/µm

(3 kV/mm). The minimum breakdown voltage is approximately

360 V and occurs at a gap spacing of 5 µm, and it increases

for smaller gaps [24]. The misconception that the same break-

down mechanism would hold for smaller gap spacings is best

illustrated quoting [24]:

While the left, rising part of the Paschen curve can be observed at

low pressure and large gap spacing, it is not observed for air gaps

at atmospheric pressure [25]. One proof of this is the 80 V break-

down voltage reported for a 0.12 µm air gap in [26]. Nevertheless,

there exists a widespread misconception that there exists a minimum

breakdown voltage for air gaps and that if the spacing of a device is

scaled-down below ≈ 5 µm, then breakdown will not occur.

C. Electric Field Emission for “Small” Gaps

(≈ 5 nm to ≈5 µm)

Field emission is a form of quantum tunneling and is also

known as Fowler–Nordheim (F–N) tunneling [27]–[29]. It is

the process whereby electrons tunnel through a barrier in the

presence of a high electric field (that is often associated with a

deformed surface potential barrier). The potential at which the
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electrons have sufficient kinetic energy to do so is commonly

referred to as barrier gap or work function potential. As the

kinetic energy of the charge carriers has a certain distribution

over the population, some of them have enough energy to cross

the gap even much below the breakdown voltage.

In contrast to the Frenkel–Powl tunneling commonly used

for semiconductor devices, the F–N tunneling does not rely on

defects in a material.

The F–N equation relates the current (or the current density)

before breakdown and the electric field or voltage. The simpli-

fied form is shown as [30]

I = aV 2 exp

(

−

b

V

)

(1)

where I is the field emission current, V is the voltage, and a
and b are constants that contain, among others, the emitting

area, work function, a field enhancement factor (see later), and

functions of the electric field and the work function that are

approximated as constants.

The plot of 1/E versus ln(I/E2) [or 1/V versus ln(I/V 2)] is

referred to as the F–N plot. It allows to verify whether a mea-

sured current is due to field emission, in which case a straight

line with a negative slope is obtained, where the slope is pro-

portional to the work function of the metal [29].

The field enhancement factor, commonly denoted by β, in-

cludes the enhancement of the electric field due to the geometry

βg , and due to the microscopic peaks in the (polished!) contact

surface βm , and can reach more than two orders of magni-

tudes [31]. Then,

V = d
Em

β
(2)

where Em is the microscopic electric field strength at the mi-

crosurface of the contact.

The electrons resulting from field emission can initiate an

electric breakdown that occurs when the (local) field emission

current density (at microscopic level) exceeds a critical value

[31]. This electric breakdown due to the field emission effect

occurring at smaller gaps is included in the little-known modified

Paschen curve [25]. It is best explained by quoting [24] again:

The modified Paschen curve shows a platform where the pure

Paschen curve would have a minimum which is interpreted as the

transition region between the gaseous Townsend avalanche and field

emission induced breakdown. For smaller gaps (left) of the plateau,

breakdown is only due to field emission. The breakdown voltage

drops to zero. Details of the geometry and the metal electrode prop-

erties influence the exact location of the transition.

D. Tunneling for “Ultrathin” Gaps

This mechanism does not relate directly to the topic of this

paper and we are listing it for completion only. As the gap

size decreases, the probability of electrons tunneling across an

insulating barrier increases. For “ultrathin” gaps (≈2 nm [24]),

this can result in a significant tunneling current.

E. Summary of Key Qualitative Results

We are using results published in the context of the micro-

electronics industry as the starting point for our theoretical in-

TABLE II
PREBREAKDOWN CURRENT MECHANISMS AND LENGTH SCALES [24]

vestigation [24], [31]–[34]. Though the context of this paper is

very different, we will show how these results can be applied

to develop a reliable and cost-effective mitigation technique for

EDM-bearing currents.

Table II shows a summary of the prebreakdown current mech-

anisms and length scales according to [24] and [32], who draw

the following conclusions concerning electric breakdown and

ESD phenomena for devices with nanometer-to-micron gaps:

“1) Breakdown is easy across gaps with spacings <5 µm and

is well below the ≈360 V Paschen curve minimum.

2) The prebreakdown current mechanism is field emission.

3) The modified Paschen curve that includes field emis-

sion effects can be used to predict the breakdown of

microdevices.”

Similar conclusions have been drawn by the authors of [31]:

“1) For closely spaced contacts in air, Paschen‘s law is only

valid for contact gaps greater than about 6 µm.

2) For contact gaps less than about 4 µm, the breakdown

voltage Vb in air is a linear function of the contact gap.

3) For contact gaps less than about 4 µm, the electric field at

a microprojection . . . to produce a very high current den-

sity, field emission electron beam . . . Electrical breakdown

between the contact is achieved . . . .”

In the following, we are summarizing some key qualitative

results.

1) Metal–air–metal [24]:

VB/d = 156 V/µm (conservative estimate, neglecting the

influence of the curvature and the film); breakdown volt-

ages 151 and 135 V (two samples), 0.9 µm gap; glass

deposited on a 100 nm thick chrome and a chrome fin-

ger with 2 µm diameter. The modified Paschen curve was

obtained for gap spacings between 0.9 µm and 4.0 µm,

where the knee was found at 2 µm. The field emission

behavior was confirmed via the F–N plot.

2) Metal–air–metal [31]:

VB/d = 110 V/µm and VB/d = 65 V/µm from data ob-

tained in [33] and [34]; [33]: Fe polished needle with

0.6 mm diameter, 0.05 mm radius, and silver disc,

gap spacings 0.2–40 µm; [34]: very carefully developed

contact system, clean room measurements, Ni, Al, and

brass contacts—no difference in VB was found, showed

that Paschen’s law is not applicable for gaps between

0 and 4 µm.

V. PROPOSED MITIGATION TECHNIQUE IN THEORY

A. Introduction

With our application, we do not consider ESD as an unwanted,

destructive effect, but use the underlying phenomena as a means

to discharge the voltage across the bearing vbea through a paral-

lel path. Thereby, we prevent an electric breakdown occurring
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inside the bearing that would result in a potentially harmful

EDM-bearing current pulse (Fig. 4). By using ESD and the

electric field emission effect as mechanisms to provide an elec-

trical contact, we bypass the problems commonly quoted along

with mechanical-contact based carbon brushes (Section II-B).

B. Discussion of Orders of Magnitudes and Requirements

The values for vbea shown in Table I (Section II) are far be-

low the Paschen minimum (Section IV-B). Thus, considering

only the gaseous, Townsend breakdown mechanism, one would

mistakenly draw the wrong conclusion that vbea could not be

discharged by ESD through a path parallel to the bearing. How-

ever, exploiting the field emission effect, this can be achieved

successfully.

To this aim, the following requirements must be met:

1) Locally, the electric field strength for a breakdown due to

field emission to occur must be achieved.

2) The voltage across the bearing needs to be discharged

through the parallel path before an electric breakdown

along with a potentially harmful EDM-bearing current

pulse occurs inside the bearing.

3) The two poles must have a “good” electrical connection

to the outer and inner bearing race respectively.

Similar to the situation with brushes, 3) can be achieved by

taking the machine end-shield and the shaft as the two poles,

respectively. We will discuss more details of this aspect later

(Section V-D), and first address 1) and 2).

In order to fulfill 1) and 2), a very small gap spacing and a

geometry that results in local field enhancement, such as elec-

trically conducting tips with very small diameters, would need

to be provided. (Here, “very small” refers to the dimensions that

drives-engineers usually deal with.) Approximating the results

summarized earlier (Section IV–E) with VB/d ≈ 100 V/µm and

2 µm tip diameter, breakdowns at ≈2 V would require gap spac-

ings of 0.02 µm. This is even at the very low end of the surface

roughnesses that are achieved either with polishing or super-

finishing [35]. Thus, it is not directly applicable here as such.

However, lower VB/d ratios could be achieved by exploiting

the influence of the local electrical field concentration with very

sharp edges, and thus, with smaller tips. Without electric field

distortion by dielectric materials around the electrode tips, ap-

proximating the field enhancement factor β ∝ r−1 , where r is

the radius of the tip, VB/d ≈ 1 V/µm can be found at 0.02 µm

tip diameter. Then, breakdowns at ≈2 V would require gap

spacings of 2 µm. With typical roughnesses of approximately

1.6–6.3 µm, this is at the low end of the surface roughnesses of

machine shafts. Though a surface polish could be applied to the

machine shaft, this would require additional work, and the gap

spacing would be difficult to maintain under normal operating

conditions.

C. Solution: Conductive Microfibers

It would be very difficult—and for a commercial applica-

tion probably almost impossible—to develop a system of solid

metallic finger tips that could be maintained at the required

distance to the shaft. However, conductive microfibers do pro-

vide a good alternative solution. These are fibers with strands

less than one denier, where one denier equals 1 g per 9000 m

of fiber. They are mechanically flexible and yet high strength,

high-stiffness fibers.

Such conductive microfibers have very small diameters of less

than 10 µm. Under the influence of an applied voltage, they emit

current due to the electric field emission effect (Section IV-C)

because of the locally highly enhanced electric field at the trun-

cated fiber tips. Due to their mechanically flexible structure, if

applied with the correct interference, the microfibers can main-

tain contact with the surface, thereby compensating the surface

roughness of the shaft. In spite of the rotating movement of

the shaft, the microfibers only “see” one nonrotating second

pole, and the rotation of the machine shaft does not affect the

functional capability of the fibers.

When a multitude of such fibers is assembled around a ma-

chine shaft, a high density of contact points is given, and many

parallel paths

1) either for current to flow

2) or for a breakdown to occur

are provided.

1) When the mechanical contact is also electrically “good,”

current flows through the microfibers.

2) When the microfibers lose good electric contact by me-

chanical contact, a breakdown due to local field emission

will occur somewhere along the circumference, thereby

reestablishing the electric contact.

In order to fulfill 1), the microfibers must be able to carry

the current that is driven by the voltage across the bearing vbea.

This current is mainly a function of vbea and Rf , the resistance

between the microfibers and the shaft, which is a strong function

of the current. Furthermore, in order to protect the bearing,

the resistance has to be so small that the voltage across the

resistance does not exceed the bearing breakdown voltage. To

assess the orders of magnitudes that affect the fiber design, we

first approximate the current density of the fibers with 1010 A/m2

(conservative estimate, using [31] as starting point). In this case,

a fiber with a 1 µm tip and thus Ac = 0.78 × 10−12 m2 cross-

sectional area would be able to carry 7.8 mA. To carry a current

of 7.8 A, 1000 fibers would be required. In the next step, we set

the resistance Rf to zero. Then, the CM voltage is in parallel to

the capacitance between the stator-winding and the rotor Cwr ,

as the rotor is shorted to the frame of the machine. Taking

by intention (very) high values for both the dv/dt of the CM

voltage, 2 kV/µs, and the value of Cwr , 500 nF, we obtain a

current of 2 kV/µs × 500 nF = 1 A. This current is almost one

order of magnitude smaller than the estimated current carrying

capability with as few as 1000 fibers.

The previous rough calculations illustrate that a tradeoff

has to be made: properly designed fibers: 1) carry the cur-

rent in parallel to the bearing and prevent voltage to build

up across the bearing and 2) lead to a breakdown the mo-

ment a “good” electric contact between the fibers and the shaft

is lost.

The close view of a realization of such a ring of conductive

microfibers and the ring as it is mounted on a machine are shown

in Figs. 6 and 7, respectively.
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Fig. 6. Conductive microfibers assembled in rings to form static charge dissi-
pation devices for mitigation of EDM-bearing currents.

Fig. 7. Ring with conductive microfibers (static charge dissipation device)
mounted at a machine shaft to obtain discharge of the voltage across the bearing
through a parallel path (four-pole squirrel-cage induction motors with 1 hp rated
power and 143 TC frame).

In this paper, we focus on the application of such brushes as

mitigation technique for EDM-bearing currents. These currents

occur predominantly with rather small motors up to several

kilowatts rated power. Such brushes can also be used with larger

motors for current-carrying purposes. This subject will be the

topic of a different publication.

D. Comments on Robustness and Mounting

If properly designed, the interference between the fibers and

the shaft can have ultralow friction, giving a technique that can

be considered as free of direct frictional wear. Furthermore,

the fibers can be designed to cut through contaminants such

as given by oily, greasy, moist, and dusty environments. The

fibers can be assembled to give a ring with a rather slim design

that can be mounted on both the nondrive- and drive-end of a

machine with rigid mounting plates or mounting brackets, where

the electric contact is ensured with screws (Fig. 7). Thereby,

no machining is required, and the installation of the device

is relatively simple. In Section VI, we will report on the test

results of the proposed microfiber solution. On an additional

long-term test of 8700 h of operation, it was also found that the

performance of the conductive microfibers was not changed.

Thousands of microfiber rings have been installed in diverse

applications such as paper mills, hospitals, and other heating,

ventilation, and air conditioning (HVAC) fans over the last two

years. Reports from the field have shown that the conductive

TABLE III
DATA OF THE TEST DRIVES

Fig. 8. CM voltage vcom and voltage across the bearing vbea with ring of
conductive microfibers; motor MB, 215 TC frame, 10 hp rated power, motor
speed 1800 r/min, inverter Ia, carrier frequency 12 kHz, compare with Fig. 1

microfiber ring is very effective and an economical solution to

variable-frequency drive (VFD) related bearing failure.

VI. EXPERIMENTAL RESULTS

A. Test Setup

The ability of rings of conductive microfibers to prevent a

voltage of several volts to build up across the bearing was veri-

fied with a series of tests. We are reporting on selected tests that

were carried out with two four-pole 50/60 Hz 230 V/460 V off-

the-shelf squirrel-cage induction motors and two off-the-shelf

460 V voltage-source inverters (Table III).

For all configurations, the CM voltage vcom and the voltage

across the bearing vbea were measured during the operation,

both with and without the rings of conductive microfibers being

applied. This was done for different motor speed (up to two

times no-load speed), additional grease (“contamination”) on

the motor shaft and the fibers, and variable switching frequency.

Also, an additional test was carried out with the machine and

the ring from microfibers being applied for 8700 h of operation.

The measurements of the voltages were carried out with the

help of an artificial star-point, 500 MHz voltage probes, and a

600 MHz, 5 GS/s scope.

B. Results

Fig. 8 shows the measured waveforms of vcom and vbea of

the same test setup as Fig. 1, but now a ring of conductive

microfibers is applied. When comparing the two figures, it can be

seen that the voltage across the bearing is reduced to a maximum

of 4–7 V peak-to-peak and 4 Vp. Thus, the ring prevents the

voltage across the bearing to build up to levels where the bearing
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TABLE IV
OVERVIEW OF THE TESTS SHOWN IN FIGS. 1 AND 8 THROUGH 10

Fig. 9. CM voltage vcom and voltage across the bearing vbea; motor MA,
143 TC frame, 1 hp rated power, motor speed 1800 r/min, inverter Ia, carrier
frequency 12 kHz. (a) Without ring of conductive microfibers (test T2N). (b)
With ring of conductive microfibers (test T2Y).

is endangered, as the bearing is shorted through a parallel low-

resistance path.

For the various configurations discussed earlier

(Section VI-A), voltage build-up across the bearing and

subsequent breakdown could be observed when no additional

device was applied. However, with a ring of conductive mi-

crofibers being applied, the voltage was reduced to a maximum

of 4–7 V peak-to-peak and 4 Vp, and no breakdown events

were observed. With respect to the additional long-term test,

the amount of wear was too negligible to alter the performance.

For illustration, the measured traces of vcom and vbea for se-

lected configurations from the series of measurements are shown

in Figs. 8 through 10, where Figs. 9(a) and 10(a) show the

Fig. 10. CM voltage vcom and voltage across the bearing vbea; motor MB, 215
TC frame, 10 hp rated power, motor speed 1800 r/min unless otherwise stated,
inverter Ib, 2.5 kHz carrier frequency. (Note: When comparing with Figs. 1, 8,
and 9, the lower carrier frequency of the second inverter is also clearly to see.) (a)
Without ring of conductive microfibers (test T3N). (b) With ring of conductive
microfibers (test T3Y). (c) With ring of conductive microfibers, grease applied
on the shaft (test T3G). (d) With ring of conductive microfibers, motor speed
3600 r/min (test T3S).
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measurement results when no additional device was applied,

and Figs. 8, 9(b), and 10(b)–(d) show measurement results with

a ring of conductive microfibers being applied. More details of

the individual configurations are shown in Table IV.

These pictures illustrate well the corrective effect of the ring

of conductive microfibers on the voltage build-up across the

bearing and the subsequent breakdown phenomena, thereby

confirming the ability of this device to serve as an ef-

fective mitigation technique for electric discharge bearing

currents.

VII. CONCLUSION

A new mitigation technique for EDM-bearing currents that

uses static charge dissipation has been presented. With this tech-

nique, the voltage across the bearing is discharged at very low

levels and before an electric breakdown inside the bearing oc-

curs. The technique is based on the field emission effect, has

ultralow friction and negligible wear, and is very robust toward

contamination, when compared to conventional carbon-based

brushes. With this technique, a high density of contact points

given by a multitude of conductive microfibers that are arranged

in parallel to the bearing via a supporting ring is used to pro-

vide many parallel paths for current to flow or a breakdown

to occur outside of the bearing. It was shown that it is impor-

tant to include the electric field emission effect in the theo-

retical analysis of the orders of magnitudes of the parameters

that are involved in the design process. Furthermore, a series

of measurement results that confirms the effectiveness of the

proposed mitigation technique for EDM-bearing currents was

presented.
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