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Abstract—Electrostatic shieldings in electrical machines have
the capability to mitigate harmful capacitive bearing currents. By
employing Finite Element (FE)-simulations, the shieldings’ effec-
tiveness, influence on parasitic capacitances, and the associated
eddy current losses are investigated. The study includes various
shielding designs for both, the stator and end-winding part of
a motor. Based on the knowledge gained by the Finite Element
Analysis (FEA), motorettes with slot-shieldings and stators with
overhang shieldings were built. Finally, the study presents the
validation of the slot-shieldings’ effectiveness by impedance
measurements. The measurements confirm a reduction of the
winding-rotor capacitance up to approx. 84%. A large focus is
given to the development of an appropriate design regarding its
suitability in series production.

Index Terms—Electric machines, Traction motors, Bearing
currents, Parasitic effects, Bearing damage, Finite Element Anal-
ysis

I. INTRODUCTION

Drive systems, not only traction motors, are mainly fed

by inverter systems with employed pulse width modulation

(PWM) technique. The current trends in power electronic

systems, in mean of SiC-MOSFET or GaN- technology, are

attracted by many benefits. Especially the fast switching

frequencies contribute to higher efficiency rates in comparison

to Si-IGBTs [1]. With these benefits also parasitic effects of

switching transients due to square-wave pulses with steep and

high voltage edges can occur. Regarding the motors’ bearings,

the capacitances between the inner and outer raceways create a

voltage divider proportional to the inverter-induced common-

mode (CM) voltage at the motors’ terminal. The capacitive

voltage divider, or Bearing-Voltage-Ratio (BVR) in (1) repre-

sents the ratio between the bearing voltage uB and the CM-

voltage uCM [2].

BVR=
uB

uCM

=
CWR

CB,DE + CSR + CWR + CB,NDE

(1)

Refer to (1), the BVR can be estimated by dividing the

winding-to-rotor capacitance CWR by the sum of the stator-to-

rotor capacitance CSR, the bearings’ capacitances of the drive-

(CB,DE) and non-drive-end (CB,NDE), and the winding-to-rotor

capacitance (CWR) [3].

Breakdowns of the capacitances may lead to electric dis-

charge currents and further lead to a meltdown or vaporization

of the bearings’ materials or lubrication. Micropittings in

the bearings’ raceways, corrugated patterns, grey surfaces,

and other erosive effects are indicators of electrical stress in

bearings [4].

Besides the capacitive bearing currents, the common clas-

sification in literature [3] categorizes the harmful bearing cur-

rents in inverter-fed motors in Electric Discharge Machining

(EDM)-, High-Frequency (HF)-circulating-, and HF-rotor-to-

ground-bearing currents. But bearing currents can occur also

in line-operated motors. These classical types are circulating

bearing currents at low frequency and caused by magnetic

asymmetries within the motor [3].

There are already numerous ways to prevent bearing damage

and potentially failure of the entire drive system as a conse-

quence of capacitive bearing currents. However, they are often

not applicable due to their cost, effectiveness, and feasibility.

Roughly, these measures can be divided into bearing insula-

tion, shaft grounding, rotor shielding, or common-mode filters

[5]–[8]. Additionally, in the international standard IEC/TS

60034-25:2014 [9], a table summarizes the main mitigation

techniques and highlights which type of bearing currents is

addressed by one solution [8].

II. PHYSICAL PRINCIPLES OF THE SHIELDING

The primary purpose of electrostatic shielding is to min-

imize electrostatic coupling between the winding and rotor,

isolating the rotor from common-mode voltage. A Faraday’s

cage by embedding a conductive electrode between the stator

and the rotor is seen as a practical solution to put in practice.

Ideally, the shielding covers both, the stator and end-winding

part of a motor. The shielding of the stator lamination part

can either be placed in the slot or in the air gap between

the winding and the rotor. The other, in the winding’s over-

hang, prevents the capacitance between the bent end-winding-

conductors and the rotor’s end shields or rotor shaft. All

measures have the goal to prevent the electric field between

the winding and the rotor, which corresponds to the reduction

of the winding-to-rotor capacitance CWR [10]. However, with

the shielding, a new capacitance CShR between the shielding

and the rotor is introduced, which forms an electrical circuit

with the capacitances of the bearings CB. Fig. 1 shows the
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Fig. 1: Equivalent circuit of the parasitic motor structure with

shielding measures

equivalent circuit to analyze the new parasitic behavior of the

electrical machine.

Moreover, since the shielding is grounded, the connection

to the ground is described by the parallel resistance RShS in

the equivalent circuit of Fig. 1. If the grounding connection is

ideal, the shaft voltage becomes zero, because the capacitive

voltage divider from the shielding to the rotor respectively the

stator is short-circuited. If the connection resistance is very

high, so that RShS → ∞, the connection can be seen as an

open circuit. In this case, the estimation formula for the BVR

becomes (2). It indicates already a reduction in the voltage

over the bearings, because the capacitance CShR is much lower

than CRE [11].

BVRShR =
CShR · CShW

(CRE + CShR) ·
(
CShS + CShW + CRE·CShR

CRE+CShR

)

(2)

with: CRE = CB,DE + CSR + CB,NDE

In summary, from the analytical estimation, the best solu-

tion to prevent shaft voltages is a very low, ideal resistive

connection from the shield to the ground so that the formerly

capacitive voltage divider in (1) is short-circuited [11]. Further,

to fulfill its function, the shielding must be made of conductive

material and has to be insulated from other components. As

e.g. [11], [12] show, the shielding has to be grounded on one

end only, since otherwise conductor loops and hence eddy

currents, in mean of the working principle in induction motors,

are formed.

III. DESIGN AND MATERIAL CHOICE OF THE SHIELDING

In the following, to evaluate the effectiveness of the shield-

ing, the chosen designs and materials of the shieldings in the

stator and overhang part are presented. The study pertains to a

series permanent magnet traction motor with hairpin windings

and a rated power of approx. 90 kW. The width of the slot

opening is 1.4mm, the stator stack length is 105mm. To

achieve more stable measurement results, and from experience

in capacitance measurements, the shielding measures were

validated with motorettes with rescaled slot geometry sizes.

Stator

Winding

Rotor

Shielding

CShW

CShR

CWR
CWR

Fig. 2: Schematic representation of the slot-shielding part

Thus, the slot opening was extended to 5mm, the motorettes’

stack length remain 105mm.

A. Slot-shielding

The effect of the slot-shielding part can be analytically

determined by Fig. 2, in which all capacitances are assumed

as plate capacitances.

The plate capacitance equation in (3) can estimate the

remaining capacitance between the winding and the rotor C ′
WR.

C ′
WR = ε0εr

(bSlot − bSh) · l
dWR

·NSlot (3)

Thereby, (bSlot−bSh) describes the remaining effective width

for the electric field, dWR represents the distance between

the winding and the rotor, l denotes the length of the stator

lamination stack and NSlot specifies the number of slots of

the motor. Hence, (3) depicts the direct influence of the slot-

shielding’s width bSh on the capacitance C ′
WR.

To investigate the slot-shielding measures, one of the built

motorettes contains of five slots. The first slot was used as

reference, without any shielding measure. In the other slots,

slot shieldings with the geometric properties, described in

Table I, were embedded. The first slot-shielding design is a

copper foil and the second is a copper sheet metal strip. Both

of them are enveloped in insulation material to secure the

insulation requirement from other components. In the other

two slots, either an already enameled flat copper wire or an

enameled round copper wire was implemented, as such are

commonly used for motor windings.

TABLE I: Geometric properties of the slot-shieldings

Description Slot 2 Slot 3 Slot 4 Slot 5
Type Foil Strip Flat wire Round wire

Dimensions t=0.05mm 4.8x1mm 2.3x0.85mm d=1.6mm
Material Copper

Insulation Paper Paper Enameled Enameled

In the second motorette, which was built up, a conductive

glow protection material is embedded. The choice was made

because the shielding in one slot is very close to the winding

and the safety requirements according to the DIN EN 60204-

1 standard must be fulfilled [13]. The materials for this study

have a surface resistance of 1000Ω/�. Thus, they are less



(a) Grounded conduc-
tive band

(b) Grounded parallel
rings

(c) Grounded Fara-
day’s cage

Fig. 3: Examples for overhang-shielding variants [12]

conductive than copper, but they fulfill the safety requirements

in regard to series development.

B. Overhang-shielding

Since the electric field between the stator windings and

the rotor in the overhang part is allowed to form freely,

unrestricted by any additional geometrical contractions, a

large surface shield is necessary. Examples for the overhang-

shielding are shown in Fig. 3 [12]. The variant (a) in Fig. 3

seems to be the most effective solution, but because of the

surrounding magnetic field and thus in such kind of conduc-

tive closed structures, the induced eddy currents are critical

[12]. Design variant (b) represents several grounded loops

in parallel. The Faraday’s cage principle as in Fig. 3 (c) is

used in various applications to shield devices from disturbing

electromagnetic fields. If it is placed in between electrical

fields, it also mitigates the capacitive coupling between two

areas. Insulation of all crossing conductors and grounded

connections are also needed in this case to suppress harmful

induced eddy currents [12].

For the study, variants (b) and (c) were chosen. To inves-

tigate variant (b), respectively the parallel wire loops, a flat

ribbon cable, common in computer applications, was chosen.

Not only because of its already existing insulation between

the single wires and the surrounding, but also because of

its ease of the grounding possibility and very straight and

accurate parallel wire distribution inside. For the overhang-

shielding variant (c), a very fine mesh, embedded in between

two insulation foils, is used. The mesh width of the shielding is

far below the critical wavelength. The analytical formula of the

critical wavelength in (4), in which c describes the propagation

speed of waves, can estimate the minimum mesh width [14].

λcrit =
c

fcrit

(4)

The shielding effect in the far field, for which the mesh

width is important, must be considered. A very small mesh

width prevents electromagnetic waves from passing through

the shielding. Hence, only if the hole size is of the same order

as the wavelength, these waves can propagate through [14].

E.g. for electromagnetic waves of frequencies up to 500MHz,

the critical wavelength in free space is 599.58mm.

(a) Slot-shielding test setup (b) Overhang-shielding test setup

Fig. 4: Test setup for shieldings’ effectiveness validation

IV. VALIDATION SETUP

The effectiveness of the developed shieldings are validated

by impedance measurements. A Keysight E4990A Impedance

Analyzer, which can measure the capacitance in a range

between 20Hz and 50MHz, was employed. Moreover, a test

support for the slot-shieldings, which is shown in Fig. 4(a),

was developed.

The important parts are a socket for the motorettes and a

alignable conductive cylinder, which is representative for the

rotor in an electric machine For the validation of the overhang

shieldings, another rotor substitute was built. As presented in

Fig. 4(b), it is also a conductive cylinder, which is inserted

into the correspondent stator.

V. FEA RESULTS OF THE SHIELDING DESIGNS

In the following section, the above-presented shielding

types, the slot-shieldings and the overhang-shielding are ana-

lyzed with help of Finite Element (FE)-simulations. In addition

to the electrostatic field simulation to gather the capacitance

values, a magnetic Finite Element Analysis (FEA) was adapted

to compute the additional losses due to eddy currents in the

shieldings.

A. Slot-shielding

The electrostatic field simulations for the reference design

were realized in 3D and 2D. Since its deviation is below 1%,

the FE-simulations for the slot shielding variants only need to

be calculated in 2D. In Fig. 5 the electric field calculated by

the 2D electrostatic FE-simulation is shown.

Fig. 5: Electric field FE-simulation result of the motorette with

embedded slot-shieldings



The reference slot, leftmost, shows clearly the unimpeded

electric field which forms a capacitance between the winding

and the rotor CWR. The second and third slot with the copper

foil, respectively copper strip inside shield the electric field

almost completely, while the shieldings in slot four and five

allow the propagation of a remaining field. Clearly can be seen,

that the flat copper shielding in slot four is more effective than

the round copper wire in slot five. Reasoning can be made

by the already shown analytical estimation in (3), in which

the magnitude of (bSlot − bSh) has a strong influence on it.

The magnitude of the resulting deviation of the capacitance

between the winding and the rotor of one slot from the

reference slot ΔCWR is presented in Table II.

TABLE II: Deviation of the capacitance ΔCWR determined

by the FE-simulation of the motorette with embedded slot-

shieldings

Description Slot 2 Slot 3 Slot 4 Slot 5
Type Foil Strip Flat wire Round wire

ΔCWR in fF -584.30 -584.30 -576.99 -538.29
ΔCWR in % 100 100 98.75 92.13

Comparing the effectiveness of the shielding in the slots

three and four, the difference is only 1.8% despite the fact

that the shielding in four is 2.5mm narrower. This result

shows that, unlike the analytical estimation, the width of

the slot-shieldings contribute non-linearly to the shieldings’

effectiveness.

The additional variant with the embedded conductive glow

protection material has the same geometry as the copper foil

in slot two, hence it is evident that an FE simulation shows

that this variant shields the electric field just as well.

The second FEA, a magnetic eddy current simulation,

determined the additional losses caused by slot shielding in the

motor. In general, the losses of the machine can be divided into

copper-, iron-, eddy current-, hysteresis- and additional losses.

Since only the additional eddy current and copper losses are of

interest in this study, the other loss types are neglected in the

following. In summary, the FEA results in Table III indicate

that the additional losses in an electrical machine with slot-

shieldings are below 2% in comparison to the corresponding

original motor.

TABLE III: Additional losses in the motor determined by

FEA of the original motor with and without embedded slot-

shieldings

Description Slot 2 Slot 3 Slot 4 Slot 5
Type Foil Strip Flat wire Round wire

ΔPcopper in W 59.6 11.5 2.98 3.56
ΔPeddy in mW 300 5.2 0.04 0.3
ΔPsum in W 59.6 12.2 3.02 3.59
ΔPsum in % 1.34 0.248 0.059 0.089

The additional variant with the embedded conductive glow

protection foil is far below the losses of its equivalent shielding

geometry made of copper. This is due to the fact that the

conductivity of copper is much higher compared to glow

protection material.

B. Overhang-shielding

To assess the capability of the overhang shielding, 3D elec-

tric field FE-simulations were used to calculate the capacitance

between the bent conductors and the rotor.

The results in Table IV show that both variants are very

effective in reducing the capacitance between the winding and

the rotor in the overhang part.

TABLE IV: Deviation of the capacitance ΔCWR determined

by the FE-simulation of the motorette with embedded slot-

shieldings

Description Flat ribbon cable Fine meshed faraday’s cage
ΔCWR in pF -109.82 -114.01
ΔCWR in % 82.7 84.8

A 3D eddy current simulation for the overhang part has an

enormous computational effort. Since this part of the winding

is surrounded by air, the flux density in this area is very small,

and thus, the induced eddy currents are very small, hence

negligible. Consequently, an analytical assessment of those

due to [10] is appropriate and the computation of them is

superfluous.

VI. VALIDATION

In the following, the validation of the different shieldings’

effectiveness is presented. The measurement setup for the val-

idation is already presented in Section IV. For both shielding

types, slot- and overhang-shielding, the impedance analyzer

was used to measure the capacitance CWR between the winding

and the rotor substitute in a frequency range between 10 kHz
and 1MHz. In post-processing, the mean value of the capac-

itance measurement results was calculated, so that a single

value of CWR can be compared in the following.

A. Slot-shielding

In Fig. 6a the built motorette with the four different slot-

shielding variants, which were investigated simulatively in

Section V-A, is presented.

The results of the measurements, but also those of the

simulation are given in the Fig. 7. The bar chart shows, that

both, simulation and measurement indicate a large reduction

of the winding-rotor-capacitance CWR. Further, it indicates

(a) Motorette with four different
slot-shielding variants

(b) Slot-shielding with conductive
glow protection foils

Fig. 6: Slot shielding variants
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Fig. 7: Simulation and measurement result of the different

slot-shielding variants

that the reduction, determined by FEA for the round wire

shielding is approx. 68% higher than the measured reduction.

The error of the other shieldings is below 37%. On the

one hand side, the large difference between the measurement

and the simulation can be explained by the influence of the

measurement setup. The impedance analyzer’s clamps itself

may create an additional parasitic capacitance or the thin wires

used for grounding may also affect the measurements. On the

other hand side, the error is due to the 2D simulations. Those

can not consider the winding overhang of the motorette and

its connection to the impedance analyzer.

Nevertheless, the simulations and measurements match

qualitatively. In both cases, the effectiveness of all slot-

shielding variants is validated. Further, both results show the

highest effectiveness for the copper foil. Unsurprisingly, the

round wire is the least effective. Reasoning can be derived

from Fig. 5. The magnitude of the remaining electric field

between the winding and the rotor is the highest, compared to

all other slots.

In Fig. 6b the motorette of the slot-shielding variant with the

embedded conductive glow protection foils are presented. It

depicts that there is a direct contact between the slot shielding

and the stator lamination stack, which is equivalent to a slot

wedge, often used in large synchronous generators [15]. Since

the foil is in contact with the stator along its entire stack length,

there’s no need for an additional grounding of the shielding.

The measurements show a possible reduction in the

winding-rotor-capacitance CWR of approx. 416.08 fF per slot

respectively 71.21%, while the 2D simulation calculates a

complete mitigation of the electric field. The error can be

explained analogous to the measurement errors, already ex-

plained above in context of the other slot-shielding variants.

B. Overhang-shielding

In Fig. 8 the two built stators of the corresponded motor with

the two simulatively investigated overhang-shielding variants

in Section V-B are presented.

(a) Overhang shielding with a flat
ribbon cable

(b) Overhang shielding with a
fine-meshed Faraday’s cage

Fig. 8: Overhang-shielding variants

The simulated and measured effectiveness results are com-

pared in Fig. 9. The bar chart confirms for both variants and

both calculation methods a large reduction of the parasitic

capacitance between the winding and the rotor.

It depicts that the fine mesh Faraday’s cage has due to

both determination types the higher effectiveness. The errors

between the simulation and the measurement results are below

2%. In comparison to the slot-shielding results, the simula-

tions are more accurate, since they are built in 3D.

The difference between both shielding variants is approx.

2%. It can be concluded that both variants are suitable

approaches to mitigate the electric field between the winding

and the rotor in the overhang part of a motor.

C. Discussion

The study shows for both, slot- and overhang-shieldings a

great effect on the electric field between the winding and the

rotor in an electric machine. For the final series design, it

is important that the shielding complies with all standards,

especially the DIN EN 60204-1 and IEC 60034-18-41 norms

[13], [16]. The copper wire slot shielding variant may conflict

with safety requirements, so the conductive glow protection

foil is considered as the more suitable solution. In further

work, insulated copper variants could be investigated since

they have offered a promising potential to reduce the winding-

rotor-capacitance CWR effectively and therefore also to reduce

the BVR, hence the harmful capacitive bearing currents.

The investigated two overhang shielding variants are seen

also as very effective and can strongly contribute to the

reduction of the known parasitic effects. However, when

specifically applied to an electrical machine, the final design of

the entire overhang must be taken into account. The windings’

Flat ribbon cable Faraday’s cage
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Fig. 9: Simulation and measurement results of the different

overhang-shielding variants



distance from the rotor or its end plates in the overhang

may be too large, resulting in an insignificant reduction of

the electric field, hence becoming superfluous. The safety

requirements due to the above mentioned DIN EN 60204-1

and IEC 60034-18-41 standards [13], [16] must be fulfilled

also in the overhang part. Further, the study found that both

overhang-shielding options lead to a significant reduction, and

that the induced eddy currents are very small.

Further work must include the investigation of the temper-

ature in the shielding variants. The losses in the shieldings

calculated by FEA are quite small. According to a first

assessment by (5), in which Ploss is the total loss, mshield

denotes the mass, and cshield describes the specific thermal

capacity of the shieldings, a temperature rise below 0.09K s−1

is calculated [10].

dT
dt

=
Ploss

mshield · cshield

(5)

The temperature rise seems to be in an acceptable range, so

that the electric machine will not be destroyed. Lastly, the slot-

shieldings’ effect on the machines’ efficiency and cost must

be investigated. In the very competitive market, especially in

the traction segment, power density and cost become crucial.

D. Conclusion

In summary, this paper investigates different measure vari-

ants to shield the electric field between the winding and

the rotor. Both parts, stator and overhang are taken into

account. The methods to investigate the shieldings are FEA

and equivalent motorettes were built so that the FEA results

are validated.

Some designs show a complete mitigation so that the shield-

ing can avoid shaft voltages and hence harmful capacitive

bearing currents. The investigation not only focuses on the

magnitude of the capacitance reduction between the winding

and the rotor, it addresses also the additional losses caused by

the shieldings.

Finally, the study concludes that a thin conductive and

grounded film near the slot opening, combined with a

grounded fine meshed Faraday’s cage in the overhang, effec-

tively shields an electric motor from harmful parasitic effects.

Future work involves integrating this shielding into a complete

motor prototype to validate the built motorettes.
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