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Mitigation Method of the Shaft Voltage According to
Parasitic Capacitance of the PMSM

Jun-kyu Park, Thusitha Randima Wellawatta, Sung-Jin Choi, and Jin Hur, Senior Member, IEEE

Abstract—This study proposes the shaft voltage mitigation
method according to change in parasitic capacitances of a per-
manent magnet synchronous motor. To consider the shaft voltage
reduction in the initial motor design process without any filter,
the parasitic capacitances affecting the shaft voltage are calculated
using the motor geometry parameters. Then, the shaft voltage is
analyzed according to change in parasitic capacitances using the
equivalent circuit model and the torque characteristic is also an-
alyzed to effectively mitigate the shaft voltage. As a result, the
rotor-to-winding is determined as an appropriate parameter to
mitigate the shaft voltage among the parasitic capacitances, be-
cause it affects the shaft voltage and does not affect the output
torque. Finally, the shaft voltage mitigation method according to
variation of rotor-to-winding capacitance is verified by experiment.

Index Terms—Bearing current, common-mode voltage (CMV),
equivalent circuit, parasitic capacitance, permanent magnet syn-
chronous motor (PMSM), shaft voltage.

I. INTRODUCTION

ERMANENT magnet synchronous motors (PMSMs)

driven by a space vector pulse-width modulation
(SVPWM) inverter are widely used in lots of industrial fields
due to their high power density and high torque. In the drive
system, however, they have the major cause of motor bearing
failure due to fast switching of the SVPWM [1]-[3]. Practi-
cally, all SVPWM inverters generate a common-mode voltage
(CMV) relative to the ground, which creates a shaft voltage
through parasitic capacitances of the motor [4]-[7].

The electric field of the stator winding allows us many para-
sitic capacitance couplings in excrescent places. The high dv/dt
in the CMV excites these capacitance links. The results of this
connection generate a voltage in rotor shaft. This concept was
mentioned in [S]-[8]. Specifically, bearings are connected in
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Fig. 1. System overview.

two different paths. One is connected in parallel with the air—gap
capacitor (capacitance between the stator and the rotor, defined
as Csr), and another is connected in series with the parasitic
capacitance between the winding and rotor (Cwr). Generally,
bearing current by high dv/dt is not considered as risk factor be-
cause it is very small [8], [9]. However, if the effective bearing
impedance becomes small due to electric discharge machining
(EDM) effect (The electric breakdown field strength of the lu-
bricant is at approximately 10—15 V/um [8], [10]), bearing races
and balls become short because EDM effect causes the dielec-
tric breakdown of the lubricant film, as shown in Fig. 1. For this
reason, the shaft voltage is discharged as a shaft current through
the bearing.

Owing to increase in the maintenance and downtime costs, at-
tention on protecting the motor bearing has increased. Thus, lots
of studies have been conducted on the shaft voltage reduction
[11]-[17]. In [11], microfiber ring is applied as a basic solution.
It grounded the shaft voltage directly, but it also needs to be
replaced after degrading. In [12], a slot wedge based reduction
method was proposed to mitigate shaft to ground voltage. In
[13], an insulated hybrid bearing concept was proposed. The
bearing is made by nonconductive materials for this technique
but it limits the mechanical strength of the motor. In addition,
slot-embedded partial electrostatic shield concept was proposed
in [14] to reduce the capacitive coupling between the stator
windings and the rotor. On the inverter side, lots of studies have
conducted on the reduction of the CMV [15]-[17]. As a dis-
advantage of previous studies, those reduction methods require
additional installations or nonconductive materials.
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Fig. 2. Structure of the stator and the winding.

In this study, a shaft voltage mitigation method is proposed by
changing parasitic capacitances that can be considered in motor
initial design process. Thus, parasitic capacitances coupled with
winding, stator, and rotor are calculated using motor design pa-
rameters, and shaft voltage is analyzed using equivalent circuit
model according to change in the effective parasitic capaci-
tances. As a result, rotor-to-winding capacitance is determined
as a variable parameter through the analysis of the correlation
between the parasitic capacitances and output torque character-
istics because rotor-to-winding capacitance has greatest effect
on the shaft voltage and has no effect on the average torque.
Finally, shaft voltage mitigation method according to change in
winding-to-rotor capacitance (Cwr) is verified by experiment.

II. ANALYSIS OF PARASITIC CAPACITANCES
AND SHAFT VOLTAGE

The CMV causes the shaft voltage and provides bearing cur-
rent through the parasitic capacitive coupling between the wind-
ing, the stator, and the rotor [4]-[6]. Thus, parasitic capacitances
need to be calculated using motor geometry parameters in order
to consider the reduction of the shaft voltage in initial motor de-
sign process. Basically, capacitance can be obtained by simple
equation as follows:

A
C= coer (1)

where C is the capacitance, € is the permittivity of air, ¢, is
the relative static permittivity (or dielectric constant), A is the
cross-section area of the conductive plate, and d is the distance
between two conductive plates (or thickness of dielectric).

In the electric field, winding, stator, and rotor can be consid-
ered as conductive plates. For this reason, the shaft voltage is
charged by those parasitic capacitive coupling. Thus, parasitic
capacitances existing in the motor can be calculated based on
the geometry of the motor.

A. Winding-to-Stator Capacitance (Cws)

Cws is the capacitance between the winding and the stator.
The cross sections of the winding facing the stator and the
cross sections of stators facing the winding can act as parallel
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Fig. 4. Configuration of the stator winding and the rotor. (a) Mechanism of
occurrence of Cwr. (b) Stator winding-to-rotor (Cswr). (¢) End winding-to-rotor
(Cewr).

conductive plates, and insulation paper can act as dielectric, as
shown in Fig. 2. The windings surround the four sides of the
stator. Thus, the equation of the Cws is classified into two parts
as follows:

S
Cws = —¢&p€in

3 (Z(VVh X Lstk) Z(VVII X Wf)) (2)

Wi Wi

where S is the number of the slots, W}, is the coil height that lay
on the stator, W} is the width of the coil from the coil side, W,
is the width of the stator teeth, W;,, is the width of the insulation
paper, &;,, is the permittivity of the insulation, and Lg is the
stack length of stator.

B. Stator-to-Rotor Capacitance (Csr)

Csr is the capacitance existing between the stator and the
rotor. If the slot opening is neglected, the stator and the rotor
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TABLE I
MOTOR GEOMETRY PARAMETERS ACCORDING TO VARIATION OF WINDING-TO-STATOR CAPACITANCE (c¢: 8.8419%10712, ¢;,,: 3)

Item R, (mm) R, (mm) Ry (mm) Wy (mm) Wy, (mm) Wj;@mm) Wi, (mm) H(mm) Lgy (mm) Le(mm) S
Cws_1 28 27 32.7 3 12 6.5 0.5 8.28 52.6 6 9
Cws_2 28 27 32.7 3 12 6.5 1.0 9.77 52.6 6 9
Cws_3 28 27 32.7 3 12 6.5 1.5 10.87 52.6 6 9
Cws_4 28 27 32.7 3 12 6.5 2.0 13.16 52.6 6 9
TABLE II
MOTOR GEOMETRY PARAMETERS ACCORDING TO VARIATION OF STATOR-TO-ROTOR CAPACITANCE
Item Ry (mm) Ry (mm) Ry (mm) Wy (mm) Wy (mm) W;(@mm) Wi, (mm) H(@mm) Lgi (mm) Le(mm) S
Csr_1 28 27 32.7 3 12 6.5 0.5 8.28 52.6 6 9
Csr_2 28 27.1 32.7 3 12 6.5 0.5 9.77 52.6 6 9
Csr_3 28 27.2 32.7 3 12 6.5 0.5 10.87 52.6 6 9
Csr_4 28 27.3 32.7 3 12 6.5 0.5 13.16 52.6 6 9
TABLE III
MOTOR GEOMETRY PARAMETERS ACCORDING TO VARIATION OF WINDING-TO-ROTOR CAPACITANCE
Item R, (mm) R, (mm) Ry (mm) Wy (mm) Wy, (mm) Wj;@mm) Wi, (mm) H(@mm) Lgy (mm) Le(mm) S
Cwr_1 28 27 34.2 3 7.79 8.93 0.5 8.28 52.6 6 9
Cwr_2 28 27 32.7 3 9.3 7.19 0.5 9.77 52.6 6 9
Cwr_3 28 27 31.6 3 10.39 7.19 0.5 10.87 52.6 6 9
Cwr_4 28 27 29.3 3 11.91 4.65 0.5 13.16 52.6 6 9

can be assumed as a concentric cylindrical capacitor, as shown
in Fig. 3. Thus, the inner cross section of the stator and the outer
cross section of the rotor can act as conductive plates, and it
depends on an air-gap length. Finally, Csr can be calculated as

2meg Ltk
=—F
h’l E

Csr 3)

where R, is the stator inner radius and R, is the rotor outer
radius.

C. Winding-to-Rotor Capacitance (Cwr)

Cwr is the parasitic capacitance existing between the winding
and the rotor. In the study, Cwr is classified into two parts taking
into account the stator winding and end winding parts such as
stator winding-to-rotor (Cswr) and end winding-to-rotor (Cewr),
as shown in Fig. 4.

In case of the Cswr, the cross section of the rotor and bottom
surface of the winding facing the rotor can act as the electrode
of the parallel plate capacitor, as shown in Fig. 4(b). In addition,
the gap between the rotor and the winding can be a distance
of the plates. In the study, slot opening area is determined as
effective cross section of the plates because the slot opening
creates the area of the capacitor. Thus, Cswr can be calculated
as (4).

In case of the Cewr, it is difficult to consider practical shape
of the end winding. Thus, the end winding is assumed as a
concentric cylindrical capacitor, as shown in Fig. 4(c). Thus,

Cewr can be calculated as (5), and finally total Cwr can be
obtained by summing Cswr and Cewr,

2 eoWy Lk
Rw - Rr
47T€0Le

R, ARy
3ln_§2TL

Cswr

“

Cewr =

(&)

where W, is the width of the slot opening, L. is the thickness
of the end winding from the stator, and R,, is the radius of the
stator and end windings.

D. Shaft Voltage (V)

Fig. 5 shows the equivalent circuit model, which is proposed
in [18], in order to calculate the shaft voltage. The equivalent
circuit is controlled by SVPWM and main parameters of the
equivalent circuit are Cws, Csr, and Cwr. Based on the equivalent
circuit, shaft voltage (V) can be simply calculated as in (6)
and CMV is generally calculated by average value of three
phase voltages as in (7). Finally, it denotes that shaft voltage is
proportional to the CMV and Cwr, and inversely proportional
to the Csr and the Cb,

CMV
Voo = Gomer (6)
3Ctvr +1
Va,gnd + Vo gnd + Ve gn
CMV — end T Vb gnd + gnd 7

3
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III. MODIFYING CONCEPT OF PARASITIC CAPACITANCES

Based on the analysis of the parasitic capacitances, three types
of models are demonstrated and compared according to change
in the parasitic capacitances. In the motor, there are several
parasitic capacitances but representative parasitic capacitances
(Cws, Csr, and Cwr) are considered in the paper. In case of
the ball bearing capacitance (Cb), it is a critical component for
the shaft voltage. However, Cb is not considered as a mitiga-
tion parameter because standard of industrial bearings is fixed
according to size.
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(b) According to variation of Csr. (¢) According to variation of Cwr.

Figs. 6-8 show the different models according to parasitic
capacitance types in order to determine the appropriate models
for reducing the shaft voltage. The variation of parasitic capac-
itances is implemented by modifying the winding shape with
following considerations.

1) All models maintain the number of windings and the fill

factor (ratio of winding area per slot area).

2) Cws model assumes that distance between the winding
and the stator depends on the insulation paper or plastic
thickness.

3) Csr models are designed by changing the rotor diameter
while maintaining the winding shape.
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4) Cwr models are designed by changing the distance be-
tween the winding and the rotor while maintaining the
rotor diameter in order to maintain the air-gap length.

Fig. 6 shows the four types of models according to the changes
in Cws. The distance between the stator and the winding was
changed by increasing the insulator thickness. The insulation
thickness of Cws_1, Cws_2, Cws_3, and Cws_4 is, respectively,
determined as 0.5, 1.0, 1.5, and 2.0 mm, as shown in Table I.
Here W}, is kept the constant value in order to confirm the shaft
voltage by only change in the Cws without change in the Cwr.

Fig. 7 shows the four types of models according to changes in
Csr. The variations in the Csr are implemented by changing the
rotor diameter while keeping the inner diameter of the stator.
The rotor diameter of Csr_1, Csr_2, Csr_3, and Csr_4 is, re-
spectively, determined as 27, 27.1, 27.2, and 27.3 mm, as shown
in Table II.

Fig. 8 shows the different types of models according to
changes in Cwr. The variations of Cwr are implemented by mod-
ifying the winding shape without change in the air-gap length.
In addition, distance between the winding and the stator should
keep the constant value in order to confirm the shaft voltage by
changing the Cwr with a little change in the Cws. The variation
of motor geometry is represented in Table III.

IV. RESULTS AND DISCUSSION

A. Analysis of Shaft Voltage and Torque Characteristics Due
to Variation of Cws, Csr, and Cwr

Fig. 9 shows the variation in V;, according to changes in
Cws, Csr, and Cwr. The results of V{;, are obtained by equiva-
lent circuit model using the SIMULINK. Furthermore, Fig. 10
shows the variation in the average torque (7},,) and torque
ripple (Tripple) according to change in the Cws, Csr, and Cwr.
The torque characteristics are obtained by finite element method
(FEM) simulation using the ANSYS MAXWELL. The compar-
ison analysis of the torque characteristics (1% and Tyipp10) and
parasitic capacitances is considered to determine the appropri-
ate parasitic capacitance for mitigating the shaft voltage in the
initial motor design process.

Fig. 9(a) shows the relationship between V;;, and Cws. Here
it is confirmed that Cws does not much related to the V;;, be-
cause V4}, maintains constant value according to change in Cws.
Specifically, Cws is directly connected to the ground, so that
most energized voltage in Cws does not affect the shaft. In
addition, it is also confirmed that Cws does not also affect
the torque characteristics because there is no variation of the
torque characteristics according to change in Cws, as shown in
Fig. 10(a). In practice, increasing the distance between the wind-
ing and the stator causes the increase in the winding resistance.
For this reason, input current needs to be increased a little in
order to satisfy the rated torque. However, it does not signifi-
cantly affect the torque characteristics because the variation of
winding inductance is adequate to accommodate a little increase
in the input current.

Fig. 9(b) and (c) shows the relationship between Vj), and Csr,
and Vg, and Cwr, respectively. Here V, is not only reduced as
increases in Csr but also increased as decreases in Cwr. For this
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TABLE IV
SPECIFICATIONS AND DIMENSIONS OF IPMSM

Components Item Unit  Value
Input & output Input voltage Ve 60
Characteristics Rated power w 400
Rated torque N-m 1.1
Rated speed rpm 3500
Winding No. of windings per phase - 72
Fill factor % 32
Structure & No. of poles - 6
Dimensions No. of slots - 9
Stator outer diameter mm 100
Stator inner diameter mm 56
Rotor outer diameter mm 54
Air-gap length mm 1
Stack length mm 52.6
Bearing Bearing ball radius mm 2.975
62027/ Radius of clearance with ball mm 2.985
62017) No. of bearing balls - 8/7
Permittivity of lubricant - 2
Inverter Switching frequency kHz 20
TABLE V
PARASITIC CAPACITANCES
Item Calculated Value ~ Measured Value  Error (%)
() (PF)
Cws 156.449 149.8 3.27
Cwr 7.506 7.1 5.41
Csr 87.850 90.5 2.92
Cb (62027, 6201Z7) - 65.7 -

reason, it is confirmed that Csr and Cwr are significantly affect
the shaft voltage.

However, Csr causes the reduction of the average torque
(Thve ) because increasing the Csr increases the air-gap length,
as shown in Fig. 10(b). Basically, an air-gap magnetic flux den-
sity, which is main factor of the output torque, depends on the
air-gap length. For this reason, it is determined that Csr is not
appropriate parameter to reduce the shaft voltage in initial motor
design process. On the other hand, 7}, maintains constant value
according to change in the Cwr, as shown in Fig. 10(c). There-
fore, it is determined that the Cwr is appropriate parameter for
reducing the shaft voltage because decreasing the Cwr reduces
the shaft voltage and does not affect torque characteristics.

B. Simulation and Experimental Results According to
Variation of Cwr

In the study, 6-pole 9-slot IPMSM is used in the simulation
and the experiment. The specifications and dimensions of the
motor are represented in the Table IV. In addition, the com-
parison of calculated and measured parasitic capacitances is
represented in Table V in order to verify (2)—(5). The motor
geometry parameters, in Tables I-III, are used for calculating
the parasitic capacitances Cws, Cwr, and Csr. In case of the Cb,
measured value is used in simulation.

Fig. 11(a) shows the experimental model with normal Cwr
(Cwr_n), and Fig. 11(b) shows the experimental model with
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Rotor

Air-gap

Fig. 11.  Experimental models according to different Cwr values. (a) Cwr_n model. (b) Cwr_m model.

TABLE VI
MOTOR GEOMETRY PARAMETERS ACCORDING TO CWR_N AND CWR_M

Item Ry (mm) R, (mm) Ry (mm) Wy (mm) Wj (mm) W;(mm) Lgy (mm) L. (mm) S
Cwr_n Simulation 28 27 29.3 3 11.91 4.65 52.6 6 9
Experiment 28 27 30.1 3 12 4.7 52.6 6 9
Cwr_m  Simulation 28 27 34.2 3 7.79 8.93 52.6 6 9
Experiment 28 27 34.5 3 79 8.9 52.6 6 9

Fig. 12.  Simulation results of CMV and Vj},. (a) Cws_n model. (b) Cws_m model.



4448

Measure P1top(C1) P210p(C2) P3---
value 3435V 5816V
status ® k1

P1top(C1)
308V
status R R

3464V

(b)

Fig. 13.

modified Cwr (Cwr_m). In the study, Cwr_m is implemented
by modifying the winding shape. The windings are wounded by
shifting towards the outside of the stator, as shown in Fig. 11(b).
Table IV represents the motor geometry parameters for calcu-
lating Cwr, according to different winding shapes. Basically,
the two different models have same inner stator diameter and
outer rotor diameter in order to prevent the variation of the Csr
and have same thickness insulation paper in order to prevent the
variation of the Cws.

Table VIrepresents the motor geometry parameters according
to Cwr_n and Cwr_m used in the simulation and the experimen-
tal models. The motor geometry parameters of the experimental
model is designed almost the same with that of the simulation
model. Fig. 12 shows the simulation results of the CMV and
the Vi, for the Cwr_n and Cwr_m models. As a result, Vjy, is
reduced from 5.784 to 3.257 V. In addition, Fig. 13 shows the
experimental results of the CMV and the Vj;,. As a result, Vjy, is
reduced up to 3.464 V from 5.816 V.

P2:1op(C2) P3:--
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Experimental results. (a) With normal winding configuration. (b) With modified winding configuration.

V. CONCLUSION

This paper proposes the shaft voltage mitigation method with-
out additional filter, according to change in parasitic capaci-
tances. First, parasitic capacitances are analyzed and calculated
by using motor geometry parameters. Then, shaft voltage and
output torque characteristics are, respectively, analyzed by
equivalent circuit model and FEM simulation tool, ANSYS
MAXWELL. As a result, it is confirmed that the Cws does
not affect both the shaft voltage and the torque characteristics.
On the other hand, Csr and Cwr affect the shaft voltage. In
addition, Csr affects the torque characteristics because Csr de-
pends on the air-gap length. Otherwise, the influence of Cwr on
the torque characteristics is very insignificant, compared with
that of Csr. Thus, Cwr is determined as an appropriate parasitic
capacitance for reducing the shaft voltage. Based on the anal-
ysis of the parasitic capacitances, Cwr is modified by biasing
the windings towards the outside of the stator and this method.
Actually, the proposed method is limited by the slot fill factor
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because the proposed method is implemented by changing the
winding configuration. It means that the machine with high slot
fill factor is more difficult to reduce Cwr than machine with low
slot fill factor. However, there is possibility that the proposed
method can reduce the shaft voltage. In this study, the machine
with 32% slot fill factor is used for implementing the simulation
and the experiment. As a result, shaft voltage is reduces up to
3.257 V from 5.784 V when the proposed method is applied to
this machine.

Therefore, modifying winding shape can mitigate the shaft
voltage.
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