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Mitigating noncirculating bearing currents
by a correct stator magnetic circuit and
winding design

K. Vostrov, J. Pyrhénen, SM, IEEE, M. Niemela, J. Ahola, P. Lindh, SM, IEEE

Abstract—Different mechanisms by which bearing
currents flow inside the electrical machine are wel |

studied. In contrast, investigation and development of
different techniques to mitigate these currents rem ain a
field for improvement, and the final common solutio n to

the problem has not been provided yet. In pursuit o f
addressing the problem, this paper deals with
noncirculating (or capacitive) bearing currents. Th e circuit

mechanism of capacitive currents is explained in br ief,
and an approach for their mitigation is introduced. The
paper studies the influence of the stator winding a nd the
slot geometry and presents different geometries to modify
the motor to reduce the capacitive bearing currents . The

effectiveness of the proposed mitigation technique is

shown by finite element-based modeling and verified by
laboratory tests with different induction motor des igns,
where the winding and magnetic circuit geometries a re
varied. The technique can be used, in particular, f  or the
mitigation of noncirculating currents, but it also offers
potential for further research.
Index Terms—Ball bearings, electrical discharge

machining bearing currents, electrical machines, fi nite

element analysis, induction machines, variable spee d
drives.

I. INTRODUCTION

of speed and torque variations by means of diftecemtrol
algorithms. However, drive systems of this kind énéwvought

a new problem, bearing currents, which are a pi#raasnd
destructive phenomenon. To the authors’ knowledte,
phenomenon has not been thoroughly investigated yet
Different approaches to bearing current suppredsave been
suggested, but there is still no universal and -effsttive
method available [1].

The history of bearing current problems starts frtra
times of the first electrical machines. In previagdies, the
origin of bearing currents was determined to bertberideal
asymmetrical geometry of the motor. The bearingrenis
caused by the machine geometry are also callessicial”
bearing currents. Since the 1980s when the developrof
power electronics led to the introduction of freace
converters into electrical drive systems, the bepGurrent
problem has reached a new level. Although manurfiexclof
electrical machines has become more precise andotbeof
“classical” bearing currents has become less saamf, a new
source of parasitic phenomena has occurred. Themoom
mode voltage and the highi/dt of the common-mode voltage
in the power supply, caused by the frequency caewver
operations, induce a voltage across the bearingss,Tin the
modern literature, the bearing currents are usualhsidered

to be due to the asymmetrical motor geometry ang th

LECTRICAL drives play a key role in most technologicalfrequency converter operation.

processes. Being an important mechanical powerianit

industrial, transportation, and civil applicationslectrical
drive systems determine the overall efficiency aglghbility
of the entire technological process. Modern eleatrdrives
are sophisticated and can meet the requiremenscafrate
speed and torque adjustment. As the reliability pofver
electronic components has increased and their gagcesased,
induction motors fed by frequency converters hageome a
widespread and common solution for a wide range
applications. Such a solution combines the religbiand
constructive simplicity of induction motors withvdde range
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Based on the modern understanding of the parasitit
bearing current phenomena, these currents are edividto
several groups depending on the current path ingde
electrical drive system, as shown in Fig. 1 [2].eTparasitic
currents are grouped as follows: 1) Circulatingsdatalled
inductive) bearing currents are the only type ofarbg
currents representing the “classical” mechanismocofirrence.
An unbalanced magnetic flux in the stator yoke eauan
eldditional axial flux, which generates a voltageoas the
shaft ends as described for instance in [3], [4tcWating
bearing currents are also partially supported leyftaquency
converter operation. Circulating bearing curreirtdicated by
‘a’ in Fig. 1, form a closed loop through the rotstator, and
bearings. 2) Noncirculating (also called capacjticarrents
pass through the stray capacitances of an electriaghine.
Bearing currents of this type are caused by thguiacy
converter, and their magnitude depends on the Isingcof
the frequency converter. Noncirculating bearing rents,
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indicated by ‘b’ in Fig. 1, flow from the stator mding, and
further through a capacitive coupling between thirr and
winding, to the ground. The mechanism of noncirduga
bearing currents is described in brief in Sectibn3) Shaft
grounding currents [1], [5] may have a “classicall a
frequency-converter-based origin, but the path ofths
currents goes through the driven load. Groundinmgeciis may
occur in the drive system in a case when the drivad has a

capacitances [13]. Further, there are studies whbee
influence of currents on the bearing itself is mized, for
instance, by bearing modifications [14] or introohge shaft
grounding devices [6], [15], [16]. However, speciiention
has to be paid to the selection of the counternteasif a
wrong action is selected, it can even make thetita worse.
The present paper focuses on the noncirculatingirgea
currents (also called “electric discharge machihiog EDM

low-impedance ground connection or if the groundingearing currents) and precise evaluation of theigatibn

connection of the motor is broken. Such a parasiticent is
flowing through the winding-to-rotor (path ¢ in Fig) and
winding-to-stator (path d in Fig. 1) stray capacites through
the load bearing to the ground. Shaft currentsdafinitely

dangerous for load bearings, and in the case df gatlso
dangerous for the motor bearing. 4) The stator mlozurrent
passes through the winding-to-stator capacitive pliog

directly to the ground by means of the groundinmgnteal of

the frame, as shown in path e in Fig. 1. Such aentiis not
dangerous for the bearings.
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Fig. 1. Schematic of the drive system presented with different stray
types of parasitic currents; a: circulating, b: capacitive, c: capacitive
through load, d: capacitive winding—stator frame load, and e: capacitive
winding—frame.

Moreover, it is known that circulating currents goartly
caused by the motor asymmetric geometry and tend
increase with an increasing machine size. Nonatng
currents are generated by common-mode voltage [6].

Different countermeasures aimed to increase thabikdy
of a drive system and prevent early failure of e are
presented in the literature. The solutions may aant
suppression measures at a very early stage byaditgethe
higher voltage harmonics and counteracting the comm
mode EMI, when dealing with control algorithms aradtage
waveforms at the level of the frequency conver®r [7].
PWM-based methods to suppress the bearing currientise
frequency converter use, have been introduced]jf9gp [10].
In [11], fault detection through shaft signals wstadied in
order to improve the condition monitoring of rotegi
machines, and in [12], a method was developed desas at
the design stage, the risks caused by bearing raarm®
electrical drive systems. It is also possible tpmess the
common-mode voltage and high-frequency harmonics
applying filters and selecting a suitable cableteAdatively,
the solution can be based on partially or compfelbetaking
the stray current circuits by minimizing the machistray

technique based on the geometry of the magnetititiand
the winding. The paper is an extended version af.[1t

introduces the background of the bearing curreenpmena
and discusses the winding-placement-based approdthh

was initially introduced in [17].

The main objective of the work is to verify the lprénary
results reported in [17], where the results weriiokd for a
fictitious machine. The present paper verifies freposed
approach on actual electrical machines by applytingir
geometries in FEM-based calculations and measuttirgy
BVRs in the laboratory with actual electrical mawds.

FEM is frequently applied in the bearing currenidés
[18] [19] [20].

The study described in the paper concentrates en th
winding position options and does not consider wthe
approaches described in [17].

The paper consists of the following sections. leti®a II,
the circuit mechanism of capacitive currents islaxed in
brief, some mitigation techniques are discussed] #re
theoretical background of the approach based onsthtr
winding position is given. Section Il contains nercal-
method-based calculation results for a single stsitaf, with
the aim to preliminarily evaluate the proposed apph in a
general case. Further, in Section IV, actual dleggtmachines
with known dimensions and parameters are considdted
these machines, a similar FEM-based evaluation hef
parasitic capacitances and bearing voltage rasiggdsented.
Tie actual measurements and laboratory test refsulthese
machines are also given in Section IV. The remgisiactions
provide a comparison of the observed results, d&oun, and
a summary of the study.

—

II.  NONCIRCULATING BEARING CURRENT CIRCUIT

MECHANISM AND MITIGATION OPTIONS

A typical electric motor design covering the stattre
rotor, and windings represents a number of condecti
elements with insulators around them. Such a desigy be
interpreted as a number of different capacity capes; which
are formed between isolated conductive parts. Fighows a
simplified motor design with stray capacitances [1]

by
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Fig. 2. Cross-sectional view of a common electrical machine with stray
capacitances.

During the motor operation, the winding is fed mpgly
voltage, while the frame of the motor remains gudmch
Typically, the rotor assembly is physically conmetto the
stator through ball or roller bearings. As showrFig. 2, the

capacitancew, Csr, and Cy represent stray capacitances

between the winding and the rotor, the stator frameé the
rotor, and the winding and the stator frame, retbpely. The

Ill.  DEFINITION OF THE NUMERICAL MODEL AND
EVALUATION OF THE WINDING-PLACEMENT-BASED
APPROACH FOR A GENERAL CASE

This section describes the theoretical verificafioocess of
the proposed approach. The approach was validated i
general case by FEM calculations. Further (as dextrin
Section V), the approach was implemented as asfod
testing prototype.

In order to evaluate the effects of varying theatr
capacitance, a 15 kW four-pole 36-slot inductiontanavas
analyzed. The motor dimensions were calculatedrdgtp to
the guidelines given in [1]. The procedure of modeilding
and computation follows the process described 7. [1

The value of stray capacitance between the windimjthe
rotor was evaluated for a single slot opening. Tbeor
position where the stator slot opening coincidethvai rotor
tooth was selected for analysis because such digegsin
theory, should result in the maximum
capacitance in comparison with other rotor posgion

The evaluation of the approach is based on the adsgn
of the winding-to-rotor capacitance of the modifietbtor

capacitance, the resistoR,, and the switch S represent the§Nith the reference capacitance of the unmodifiedtomo

bearing behavior when the bearing can be eithemductive
or a capacitive element, depending on the instasitipn of
the balls and grease distribution. The switch fectare
multiple, complicated, and studied in separate pgpe
nevertheless, in a simple analysis, the resistiveapacitive
state of the bearings is often considered a rangmanlying
parameter. In most machines, the capacitadges the one
mainly responsible for providing the stray curr@ath from
the stator winding to the rotor [1].

As the occurrence of bearing currents is dictatgdthe
relation of the winding-to-rotor and rotor-to-stato
capacitances, the mitigation of the bearing curptrenomena
can be implemented by decreasing the capacit@ee A
simple plate capacitor has a capacitance of

(v

whereS is the surface area of the conductive plates, disd
the distance between the capacitor plates.

Based on (1), varying the distanddetween the rotor and
the stator gives an inverse dependence on the itapae and

_ S
C—grgoa

thereby increasingl increases the capacitive reactance. Th
impedance of a capacitor is increased by reducimg t

capacitance. Thus, a winding-position-based appraacthe
suppression of bearing currents is a possible measueduce
the current by varying the capacitar@g.

In Section Ill, this approach will be analyzed bsrying
the electrical machine design.
capacitanceCy: on the stator design options is analyze
numerically. The study covers a typical machine etas a
general case as it was suggested in [17] and esftifie results

by a comparison of the stray parameters of two ahctu

machines with different winding designs.

The d d ef t
© dependence (rjmd the windingH” (Fig. 4) was taken as the variable.

According to an analytical estimation made in tfevim 4.2
environment, the winding-to-rotor capacitance of thhole
unmodified 15 kW original motoiC,,, . = 9.27 pF. The
“stator—rotor” capacitance for the whole mot@y, = 221 pF.
This value was assumed to remain constant, asldhshape
and dimensions were not modified while the distamegveen
the winding and the rotor were varied. The capaciaof a
single bearing was assumed to be a common valusefaral
ten-kilowatt motors (the average value@f= 0.5 nF) [21].
The BVR for that case was calculated by using thiewing
equation [22]

Cr

BVR= M
Car +Gsrt2Ch

(2

Because only a single slot of the 36-slot machires w
considered, the one-slot capacitances were meliptiefore
the BVR calculation. As a result of (2), the refeze value of
the BVR for the unmodified motoBVR.s = 0.75 % was
determined.
gstimation in the FEMM 4.2 environment. The lengththe
stator stack lamination was taken las 158 mm, and the
stator inner diameter wads = 160 mm.

In the FEM-based study, where the dependence dftthg
capacitance and the bearing voltage ratio on theding
Hosition was analyzed, the distance between tlue soirface

Upon the evaluation of the numerical models withesel

values of h, the corresponding capacitance values were

determined and the BVRs were calculated. The resi
shown in Fig. 5. In order to make the figure monévarsal,
the BVR and the winding-to-rotor capacitances aesented
as ratios of the estimated values @f, and BVRto the

instantaneous

Fig. 3 shows the geometry used for the capacitance
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reference values,,; ¢ BV Ry (i.€., the unmodified motor).
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Fig. 3. Original geometry; a) winding, b) stator tooth, and c) rotor.

Dimensions in [mm].
@ | Y

\

Fig. 4. Winding position, slot opening, and rotor surface. The distance
h between the rotor surface and the stator coil.

The main outcome of the study is that the strayacipnce
Cwr, Which causes the EDM bearing currents, decreabes
the stator winding is positioned at a larger disemfrom the
surface of the rotor stack. The BVR, which is cdeséd a
main risk factor caused by the bearing currentgwsha
similar trend.

Based on this result, it can be seen that pladiegstator
winding further away from the rotor surface resuttseduced
capacitive bearing currents.

1 \ ;
5 0.8 . er/erref
cx \ ¢e®®® BVR/BVR
‘§ 5 0.6 \ ref
o= VY
T
O Cg 0.4 e~y
o .2
£3 B
g o2

0

100 120 140 160 180

Distanceh, in percent of the original distance

Fig. 5. Dependence of the ratios of the estimated stray capacitances
and BVRs to their reference values on the distance h of the stator
winding from the rotor surface, given for a single stator slot and applied
to the evaluation of the general case.

IV. WINDING-POSITION-BASED APPROACH: VERIFICATION
WITH ACTUAL ELECTRICAL MACHINES

The proposed approach was verified by measuringtsvo
kW 4-pole induction motors in the laboratory. Battotors
were produced by ABB and belong to the M3BP 160 MLB
series. The first motor, which we will call as “M1is a
regular direct-on-line motor designed for genenappse
applications. The slots and the winding and insuhat
structure of the motor are shown in Fig. 6. Theosdc
machine called “M2” is a machine with special wimgli
insulation for frequency converter supply, equippeih
reinforced winding insulation to meet the requiraine¢o
operate with an inverter supply, where high amoohtupply
voltage and current harmonics are present. The slotl the
winding and insulation structure of the special onoare
shown in Fig. 7. In the current study, we consitierdifferent
wedge insulation thickness as the main differeretevéen the
machines. The slot geometries of the motors M1 MAdare
shown in Fig. 8.

[

Fig. 6. Regular ABB motor, M1. A general view (left); the slots and the
winding and insulation structure (right). There is no slot key in the
design and the stator winding protrudes close to the stator inner
surface.

Fig. 7. Converter motor M2 with special winding insulation for
frequency converter supply A general view (left); the slots, winding,
and insulation structure (right). A strong slot key is used to force the
winding far away from the stator inner surface.

A. FEM-based evaluation of the method

The stray capacitance values and the BVRs wererndieted
analytically by a 2D FEM analysis of the slot gedries from
Fig. 8. The figure shows the difference in thetatise
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between the winding and the rotor surface for theeoved
machines. The special motor M2, has additional sletige
insulation with an extra thickness of 1.2 mm.

The evaluation method follows the technique usegilifi
and shown in Section lll, and it is applied to ewdt the
geometry of an actual machine.

20.48
1.58

Fig. 8. Slot and wedge insulation geometry of the machines [in mm]. A
regular ABB motorM1 (left) and a motor variant with special winding
insulation for frequency converter supply, M2 (right), where a) winding,
b) stator tooth, c) rotor, and d) wedge insulation.

The calculated parasitic capacitances are listeGainle 1.
However, the BVR is the value commonly used to eat the
risks caused by bearing currents. Thus, basedeom#asured
capacitances, the BVRs were determined accordirf@)tand
were also included in Table I.

In the calculations, the impact of dielectric pdtivity on
the BVR was also roughly estimated. The relativerittivity

BVRmeasured = Ub/Ucm (3)

whereUy, is the voltage between the shaft and the grounding
point, and Uecn is the common-mode voltage measured

between an artificial star point (artificial stasipt was formed
with three 10 M2 resistors) and the grounding connection.
For more reliable voltage measurement, both moteae
equipped with insulating ceramic bearings. The tstoaf
ground voltage and the common-mode voltage weresuned

with Rohde&Schwarz RT-zZDO1 differential probes. The

laboratory setup used to measure the BVR of botthinas is
shown in Fig. 9. The circuit diagram, which illuetes the
laboratory setup assembly, is shown in Fig. 10.

Fig. 9. Overview of the laboratory setup. 1: multi-channel oscilloscope
Yokogawa DL850, 2: artificial neutral point connection, 3: the motor

of the wedge material was takensasA.2, as it is the average under test, 4: Rohde&Schwarz RT-ZDO1 differential probe for shaft

permittivity of most insulating materials. In orderassess the

influence of the material permittivity, a mateneith =1 was
also considered. It was found that the permittivitl the
wedge has only a slight effect compared with thedgee
thickness.

TABLE |
ESTIMATED STRAY CAPACITANCES AND BVRS FOR DIFFERENT MACHINE
DESIGNS
Motor type Cur, PF Cut, NF Cs, NF B},;]R’
Regular motor, M1 178 171 206 7.86
Motor  with  special
winding insulation for
frequency converter 911 153 213 4.05
supply, M2, g=4.2
Motor  with  special
winding insulation for 89.1 37.9 2.13 3.96
frequency converter
supply, M2, &=1

B. Laboratory verification of the method

The bearing current risk in the two electrical maeb was
evaluated by measurements. The measurement of
capacitances, listed in (2), is difficult as the@aeitors cannot
be separated from each other in the measuremeatefbne,
instead of using (2) and the corresponding capaoitaalues,
the BVR was evaluated as a ratio of voltages

voltage measurement, 5: Rohde&Schwarz RT-ZDO01 differential probe
for the common-mode voltage measurement, and 6: brush connection
to the shaft.

3xR 10 MOhm
@

‘W\r/

Differential
probe (5)

Mutichannel
oscilloscope

@)

Differential
probe (4)

rBig] 10. Circuit diagram of the laboratory setup. 1: multi-channel

oscilloscope Yokogawa DL850, 2: artificial neutral point connection, 3:
the motor under test, 4: Rohde&Schwarz RT-ZDO01 differential probe
for shaft voltage measurement, 5: Rohde&Schwarz RT-ZD01
differential probe for the common-mode voltage measurement, and 6:
brush connection to the shatft.
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The measurements were performed and stored by a

TABLEII
MEASURED RAW DATA

Yokogawa DL850 multichannel oscilloscope.
measurements were carried out as no-load tests, tlend

The Supply frequency, Hz

BVR (%), pea-to-peal
Regular machine, N Special machine, M

motors were supplied by the frequency converterh wit

different supply frequencies at 10, 20, 30, andH20

An example of the measured shaft voltage and cormmon

mode voltage waveforms for both motors taken atstigply

10 7.1: 3.81
20 7.1¢ 3.8¢
30 7.1:8 3.7¢
40 7.0¢ 3.81
Average valu 7.1 3.8

frequency of 20 Hz are shown for both motors in. Bity and
Fig. 12, respectively. The waveforms taken for 3@, and 40
Hz supply frequencies repeat, in principle, thesosigown for

N
AR

i

—Regular motor

!v\“] — Special motor

20

—
(=]

™
N

(=]
S

f
A

v

—
(=]

Shaft voltage, V

)
S

0 0.2 0.4 0.6

Time, ms

0.8 1

Fig. 11. Measured shaft voltage at the 20 Hz fundamental PWM supply
for the regular and special 15 kW induction motors.

Fig. 11 shows that the special motor has a cldakher
amplitude of the shaft voltage than the regular anot
Nevertheless, the amplitude of the common-modeagelt
remains at the same level for both motors. Thetslafage
and the common-mode voltage were evaluated byeahk-{o-
peak values from the given oscillograms, and thegrew
further used for the BVR calculation by applying.(3

Table Il indicates that the motor supply frequedogs not
have an effect on the BVR. Evidently, it is onlyated to the
common-mode voltage caused by the PWM modulatibnsT
the result obtained by (3) is in agreement withrédmults. It is
thus clear that minimization o€ is an efficient way to
reduce capacitive bearing currents.

V. DISCUSSION

The effect of the stator winding geometry on threastto-
rotor stray capacitance and thereby on the BW&® studied
and verified.

As it was concluded in [17] and in subsection Illaihd
Fig. 5, the distanch between the stator winding and the rotor
surface has an obvious effect on fBg capacitance: a 1%
increase in the distance results in a 1%—1.6 %edserinCu,
in this example. Thus, a simple motor design oation can
be easily applied to reduce the noncirculating ingasurrents.
An analysis of different winding positions in an tud
electrical machine is given in Table 1ll. The talsleows the
BVRs obtained both from the FEM-based evaluatiod te
values measured from the actual machines.

w
[=3
(=]

—Regular motor

TABLE Il
COMPARISON OF STRAY CAPACITANCES AND BVR FOR DIFFERENT
MACHINES
Bearing Voltage RaticBVF [%] Computer  Measure!
Regular motor, M 7.86 7.09
Special motorM2 4.0% 3.81

— Special motor

\

.

[
|

N

[Sod
(=
=]

\

—_
(=3
(=)

—t,

(=)

o

o
=)
=)

9
S
S

Common mode voltage, V

!

0.2

"~

&
(=3
[=}

0 0.4 0.6

Time, ms

Fig. 12. Measured common-mode voltage at 20 Hz for the regular and
special 15 kW induction motors.

0.8 1

The low frequency (150 Hz) component in Figs. 1d &g
comes from the three-phase diode bridge rectifiedt the
high-frequency (4 kHz) component comes from theveder
switching frequency.

The bearing voltage ratios calculated from the daf®achine,

measured at different frequencies are listed ine€rdb

Table I1ll shows that the machine with a larger atise
between the rotor surface and the stator windirg enbower
BVR. Hence, it can be assumed that the result;dnee with
the general trend given in Section Il and [16].cAing to
Table I, when the distance between the rotor aedstator
winding is increased from 1.58 to 2.78 mm (as shawhig.
8), the BVR changes from 7.09%-7.86% to 3.81%—4,05%
respectively. Thus, when the stator winding distahz the
rotor was changed by 76%, the total change in e Birned
out to be at the level of 46%—48%. When considetimg
trend of BVR change in relation to the 1% changdigtance,
we can conclude that a 1% increase in the distesséts in a
BVR reduction of 0.57%-0.68% with this kind of a tmo
design having semiclosed stator slots.

It is pointed out that in the study of the actual KW
the BVR obtained from the FEM-based
computational data and measurements did not diffemore
than 11%. This verifies the correctness of the Hidded
approach. Fig. 13 shows the relative dependenc¢hef
bearing voltage ratios for the machines under soatained
both by analytical and empirical methods.
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EBVF: FEM-calculated
BVF: Measure

BVR %
OFRr N WM ON®O

Regular motor (h=1.58 mm)  Special motor (h=2.78)mm

Fig. 13. Relative dependence of the BVRs calculated by the FEM and
measured for the regular and special motors, given as a function of the
distance of the stator winding from the rotor surface.

Based on the described measurements, we canlsthtie
approach of varying the winding position was vedfiin
practice and can be considered a relevant andtieffenethod
to suppress the noncirculating bearing currents.

The method uses a very straightforward physicalgiple
of reducing the capacitance. It is expected to devant in
different power ranges and in machines with varydegigns.
The capacitances were found to be dependent ogethraetry
of the slots and it is fair to assume that e.goadlchange,
varying pole number and different supply or opersi
conditions will not change the capacitance valug, thus, the
BVR behavior trend remains similar as presentatdisiwork.

Together with the thickness of the wedge insulatitre
influence of the material relative permittivity wdsiefly
evaluated. In Table | one may see that the reduatiothe
wedge permittivity frone,=4.2 down tae,=1 will give a BVR
reduction in the order of just 0.1%, which is imsfggant
compared to the BVR change, obtained when the veedgee
introduced. This allows the authors to concludet ttiee
material relative permittivity does not play a kele in the
presented approach, and its influence is negligibigll.

However, it should be borne in mind that the préesandy
only deals with the stator slot part and does ffecathe end-
winding capacitances. Because in small-scale mashthe
stray capacitance between the end winding anddtoe can
be comparable with the capacitance coming fronmstog the
adaptation of the method for machines of differgmes and
scaling features should be considered for instasgeroposed
in [23]. Moreover, the configuration of the end-dings and
the length of the windings overhang may vary betwée
machines with different number of pole pairs, slats a
number of slots per pole and phase. Taking int@waticthe
fact, that the influence of the end-winding wag it from
the scope of the current study, the effectiveneksthe

presented approach is expected to slightly decrdase

machines with a large end winding.

Although the presented approach aimed to increhse {3l

reliability of the electrical machine, the drawbsackf the
proposed method should be mentioned as well.

The introduction of an additional layer into thatet slots
reduces the space for the copper winding. In otfwds, the

copper space factor is supposed to be reduced \iteen

technique presented is applied. In the case of reviewed
machines, the slot’s effective cross-sectional ,ademlicated
for the stator winding, was 142.3 rimnd 136.4 mrin the
original and the special machine respectively., ltke area
reduction, and thus, copper space factor decréases to be
4.15%. As a result of reducing the overall crosgiseal area
of the conductors, the current density in the wigdis also
supposed to be increased accordingly. Such a chaagebe
considered negligible.

Thanks to the simplicity of the proposed approacdd a
utilization of regular materials (glass-fibre skays), the cost
of the implementation is supposed to be minimalcdse of
producing a new machine, only th@st of materials and
minor extra work should be considered. An existingchine
modification obviously is less practical because tbe
complexity and high cost of the rewinding work. Hoxer,
this is in principle possible and can be done ineptional
cases e.g. if the winding has to be replaced assaltrof
insulation failure.

VL.

The problem of noncirculating bearing currents was
addressed and mitigation options were suggestestibas the
special motor geometry design and verified by aziaty
actual motors both in theory and in practice. Tineotetical
background and a numerical-method-based investigaif
the proposed technique were provided and appliedhén
study. The obtained results show that modifying shetor
winding position seems to be an effective way tuoe the
stray capacitanc€,, and the bearing voltage ratio (BVR). If
used at the motor design stage, the presentedagpedlows
producing more reliable machines that will sufiesd from the
noncirculating bearing currents. The analysis @& thotors
shows that for a frequency converter supply ietsommended
to purchase a specially designed machine with areased
insulation thickness and a higher stator windingjasice from
the rotor. The use of such a machine gives, oragecra 50 %
reduction in the bearing voltage ratio and is afeative
solution for mitigating capacitive bearing curreridespite the
fact that the influence of the end-windings is affected by
the approach, and the slot space factor may sfighifer, the
BVR reduction achieved by the method becomes sigmf
and makes the method worth considering for indaistri
applications when trying to mitigate bearing cutsemwith
minimum design changes in the motor.

CONCLUSION
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