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Suppression of Shaft Voltage by Rotor and Magnet Shape
Design of IPM-Type High Voltage Motor

Kyung-Tae Kim*, Sang-Hoon Cha**, Jin Hur*, Jae-Sun Shim*** and Byeong-Woo Kim'

Abstract — In this paper, we propose a method for suppressing shaft voltage by modifying the shape
of the rotor and the permanent magnets in interior permanent magnet-type-high-voltage motors. Shaft
voltage, which is induced by parasitic components and the leakage flux in motor-driven systems,
adversely affects their bearings. In order to minimize shaft voltage, we designed a magnet re-
arrangement and rotor re-structuring of the motor. The shaft voltage suppression effect of the designed
model was confirmed experimentally and by comparative finite element analysis.

Keywords: Shaft voltage, Bearing fault, Common mode voltage, Parasitic parameter, V-shaped
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1. Introduction

The electric vehicle is used many motors. Also, the
heavily equipped vehicle is used high-voltage motor. So,
shaft voltage has become a serious problem in interior
permanent magnet (IPM)-type motors. In addition, the
lifetime and the reliability of such motors are greatly
reduced by bearing faults, which are caused by the induced
voltage on the shaft’s surface. These bearing faults create
motor vibration and noise, which are the main causes of
motor faults. There are four causes of shaft voltage in a
motor: electrostatic shaft voltage, magnetic unbalanced
shaft voltage, electromagnetic shaft voltage and shaft
voltage from the external power supply. Among these four
causes, electromagnetic shaft voltage and external power-
supply are the primary causes of shaft voltage. Magnetic
unbalanced shaft voltage is caused by modification of the
stator core and eccentricity between the stator and rotor.
Shaft voltage from the external power supply is caused by
the common mode voltage, which is due to a parasitic
component as well as leakage flux from the high input
voltage and high frequency of the inverter. Shaft voltage
can be suppressed with insulated bearings, shaft grounding
rings, grounding brushes, Faraday shields, conductive
grease, insulated rotors, etc. [1, 2]. There are many ways to
suppress shaft voltage, but they cannot be used in special
circumstances. For example, a motor with the fragile
insulating material cannot be high- temperature parts and
cannot be used in the deep sea because of high hydraulic
pressure.
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The magnetic circuit technique of modifying the
permanent magnet and rotor shape in an IPM motor to
suppress shaft voltage has not yet been described in detail
in the literature. Therefore, in order to suppress shaft
voltage, we propose an improved shape for permanent
magnets that will not affect the torque characteristics.

Consequently, in this paper, we propose suppressing
shaft voltage by modifying the magnet and rotor shape,
taking the common mode voltage into consideration. The
shaft voltage suppression in [IPM-type high-voltage motors
was confirmed through experiments. In addition, the
proposed method was validated by the finite element
method (FEM).

2. The Cause of Shaft Voltage
2.1 Electrostatic shaft voltage

An electrostatic shaft voltage is induced by friction static
electricity in motor-driven systems of shaft included
electrostatic capacity. This shaft voltage in motor driven-
system mostly occurs in the drive belt, and is the direct
current component.

2.2 Magnetic unbalanced shaft voltage

Magnetic unbalanced shaft voltage is induced by structure,
material, and work deviation such as the commissure of the
segmented stator core, the segment-contact of the core,
transformation of the stator core and the eccentricity
between the rotor and stator.

Thus, the linkage magnetic flux of the shaft occurs
because by magnetic unbalance.

2.3 Shaft voltage from the external power supply

Shaft voltage from the external power supply occurs
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Fig. 1. The cause of shaft voltage

because of the high frequency and leakage current in the
inverter. In addition, the common mode voltage has
become a serious problem.

2.4 Electromagnetic shaft voltage

Electromagnetic shaft voltage occurs because of the
magnetic field that rotates with the shaft, the stationary
magnetic field in the case, combination with the magnetic
field of the rotor and stator, and the residual magnetism of
components. The magnetic-induced voltage causes
vibration and instability of the rotated axis.

Fig.1 shows the causes of shaft voltage in the motor.
There are four causes of shaft voltage in a motor:
electrostatic shaft voltage, magnetic unbalanced shaft
voltage, shaft voltage from the external power supply, and
electromagnetic shaft voltage. Among these four causes,
electromagnetic shaft voltage and external power-supply
are the primary causes of shaft voltage. Magnetic
unbalanced shaft voltage is caused by modification of the
stator core and eccentricity between the stator and rotor.
Shaft voltage from the external power supply is caused by
the common mode voltage, which is due to a parasitic
component as well as leakage flux from the high input
voltage and high frequency of the inverter.

3. The Ways of Suppression of Shaft Voltage

Numerous papers have been published by both motor
manufacturers and drive manufacturers in the last several
years that attempt to understand the causes of shaft voltage
in motors and to find a solution to eliminate electrical
bearing damage. The bearing can be protected from the
shaft voltage in the following ways:

3.1 Insulated bearing

Insulating material, such as a nonconductive resin or
ceramic layer isolates the bearings and prevents the shaft
current from discharging through them to the frame.
Nonconductive ceramic ball bearings prevent the discharge
of the shaft current through the bearing. As with other
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isolation measures, shaft current will seek an alternate path
to ground possibly through equipment connected to the
motor. Such Bearings are very costly and, in most cases,
motors with ceramic bearings must be special ordered and
so have long lead times.

3.2 Shaft grounding ring

A metal brush contacting the motor shaft is a more
practical way and economical way to provide a low-
impedance path to ground, especially for larger frame
motors. However, these brushes pose several problems of
their own.

3.3 Faraday shield

A conductive shield between the rotor and the stator
inside the motor would prevent the variable frequency
drive current from being induced onto the shaft by
effectively blocking it with a capacitive barrier.

3.4 Insulated rotor

The rotor core increases the magnetic flux density as the
back yoke of a permanent magnet. An insulation insert
inside the rotor reduces shaft voltage.

There are many methods to reduce the shaft voltage, but
some of these cannot be used in special cases. For example,
fragile insulating materials cannot be used at extreme
temperature because they are easily broken or melted. In
such cases, there is no option to suppress shaft voltage by
modifying the magnetic and electric circuits [1, 2].

3.5 Conductive grease

In theory, because this grease contains conductive
particles, it should provide a continuous path through the
bearing and so bleed off shaft voltages gradually through
the bearing without causing a damaging discharge.
Unfortunately, the conductive particles in these lubricants
may increase mechanical wear into the bearing, rendering
the lubricants ineffective and often causing premature
failures. This method has been widely abandoned as a
viable solution to bearing currents.

4. Calculation of the Parasitic Parameter and
Shaft Voltage in a Motor Structure

When the system is operating, the parasitic component
and leakage flux occur due mainly to high input voltage
and the high frequency of the inverter. In order to calculate
shaft voltage, the parasitic component should be calculated
first. A detailed mathematical analysis will be carried out to
determine the effects of these parameters on motor shaft
voltage. Fig. 2 shows the structure of a high-voltage motor,
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where, parasitic capacitance couplings exist between the
stator winding and rotor (C,), the stator winding and stator
frame (C;), the rotor and stator frames (C,), the magnet
capacitance (C,,), ball bearing capacitance (C,). Fig. 3
shows equivalent circuit including common mode voltage
for calculating shaft voltage [3-6].

4.1 Composite capacitance between the winding and
the stator core: C;

There are 4 surfaces which surround the winding in the
slot. The C, can be calculated as follows

Nege (W, +2xw,)xL
CS: 5“0 rc( d _/) s (l)
gin

where, N is the number of slots, w, is the slot width, w,is
the slot height, Lg is the stator length, g;, is the insulation
thickness, and ¢, is the dielectric constant of the coil.

4.2 Composite capacitance between the winding and
the rotor core: Cr

By considering the air-gap to be much smaller than the
outer diameter of the rotor, a capacitance coupling between
rotor and stator frame in stator slot can be calculated as
follows
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The slot design factors explain as shown in Fig. 4.

4.3 Electrostatic capacity between the stator core
and the rotor core: C,

Electrostatic capacitance of the stator and the rotor
surface were measured. C, can be calculated as follows

C - EgXTTXL,

¢ lné

(3)
where, L, is the rotor length, a is the radius of the rotor, and
b is the radius of the inside stator.

4.4 Composite capacitance between the magnet and
the shaft: C,,,

The magnet capacitance between the rotor surface and
the shaft was measured. C,,, can be calculated as follows

— NngOXWmXLr
d

m

C

mg

“

where, N,, is the number of magnets, w,, is the magnet
width, and d,, is the distance between the magnet and the
shaft.

4.5 Ball Bearing capacitance: Cg
The ball bearing capacitance is calculated by

c - 2rgye,, L,

B

®)

k—m
lnizj

where, L, is the roller length of the bearing, & is the inner
radius of the bearing outer race, m is the outer radius of the
bearing inner race, j is the ball radius of the bearing, and ¢,,,
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Fig. 5. The factor of ball bearing

is the dielectric constant of the coil. Fig. 5 shows the factor
of ball bearings.

4.6 Common mode voltage and shaft voltage: v.,,,
I/sh

Eq. (6) shows common mode voltage, which is obtained
by adding the three voltages from the three inverter legs.
Eq. (7) shows the shaft voltage of the motor. Eq. (8) is
another form of (7). Eq. (9) shows the shaft voltage about
magnetic flux density on the shaft [7, §].

o — Vao + V;o + I/co (6)
1dVa Vo) [1 1 1 14Vy)
— sk comZ 0 1 4 S 41 22—
¢ a \¢ e e, | a )
C
v, = : v
MC +C+C+C,, % eom ®)
d(B
Y,y = L0 ©)

dt

5. Design of Proposed Model

There are many methods to reduce the shaft voltage, but
some of these cannot be used in special cases. In such
cases, there is no option to suppress shaft voltage by
modifying the magnetic and electric circuits. Therefore, we
re-designed magnetic circuit of the motor to suppress shaft
voltage. From (2)-(9), these design variables mainly affect
shaft voltage as shown (10). As shown in Fig. 6, the
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(a) Initial motor (b) Proposed motor

Fig. 6. Initial motor and proposed motor
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magnet shape is changed from the initial motor to a
proposed motor. In the case of the proposed motor, shaft
voltage is suppressed by increasing the C,, value and
reducing the C, value. When the C,,, value increases, the
distance between the magnet and the shaft (d,,) decreases.
When the C, value decreases, the air-gap length of the arc
part (g;) increases. Fig. 7 shows the linkage magnetic flux
line of motors. Also, shaft voltage is suppressed by
decreasing the linkage magnetic flux on the shaft. Fig. 8
shows the manufactured models [9, 10].

C. = f(8ue)-Coe =/ (Gp)
V, = £(C.C,y)

mg

(10)

6. Analysis and Results

Table 1 shows the measurement value and the calculated
value by equation. The Calculated shaft voltage is not
include the linkage magnetic flux on the shaft. So, the
calculated shaft voltage is bigger than the measurement
shaft voltage.

The experimental sets, for shaft voltage measurement
under a no-load condition are shown in Fig. 9. The typical
stray capacitance within the brushless DC motor is
between several pF and several hundreds pF, the influence
from the stray capacitance to electrostatic capacity in the
measurement equipment and in other equipment shall be
minimized. The oscilloscope probe input capacitance forms
a parallel circuit with the measurement circuit, the shaft
voltage may not be measured correctly. Therefore, a
differential probe having lower electrostatic capacity is
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Table 1. The value of parasitic parameter and shaft voltage —— Initial motor
Initial motor Proposed motor 80 —®— Proposed motor
C, 5.46 pF 3.93 pF 60 /
C,, 7.52 pF 13.08 pF g
Vg (calculation) 499V 346V % 40
Vi (measurement) 425V 256V ‘3’ 20
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Fig. 12. The cogging torque

Fig. 9. Equipment setup for the shaft voltage measurement
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Fig. 10. The shaft voltage of initial motor (10 V/div) — Initial motor
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used in the experiment and voltage relative to the metal
bracket is measured to obtain the shaft voltage [4]. Fig. 10,
11 show the experimental results for the shaft voltage of
Fig. 11. The shaft voltage of proposed motor (10 V/div) the initial and the proposed motor. The shaft voltage of the
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proposed motor is lower than the shaft voltage of initial
model. Shaft voltage of the proposed model is 2.56 [V]. It
was reduced 39% than initial model because the magnet
and rotor shape change. Fig. 12 shows the cogging torques.
The shaft voltages of the proposed models are lower than
for the initial motor. The reduced cogging torque can be
checked by an applied arc in the rotor. Fig. 13 shows the
commutation torques. The ripple of the commutation
torque is reduced by the arc-shaped rotor and V-shaped
magnet. Fig. 14 shows the simulation results for the total
magnetic flux density of the shaft. The simulation results
for the shaft voltage are without the bearing.

7. Conclusions

In this paper, we propose an improved shape for the
permanent magnets of [PM-type high-voltage motors to
reduce shaft voltage, without affecting torque
characteristics. Shaft voltage has become a serious problem
in high-voltage motors. If a bearing fault occurs, the
industrial production will be stopped. In the case of the
proposed motor, shaft voltage is suppressed by increasing
the C,,, value and reducing the C, value. In addition, shaft
voltage is suppressed by reducing the linkage magnetic
flux on the shaft. The shaft voltage of the proposed motor
is lower than the shaft voltage of initial model. Shaft
voltage of the proposed model is 2.56 [V]. It was reduced
39% than initial model because the magnet and rotor shape
change. Therefore, we can expect an increase in operation
time due to the increased efficiency and reduced shaft
voltage.
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