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Abstract— This paper deal with problems of leakage
current, shaft voltage, bearing current, and EMI, in
valiable-speed AC drives. The originating mechanism is
illustrated with a high-frequency equivalent circuit. Re-
duction methods are classified in to six categories based
on the equivalent circuit. Some experimental results
show that a common-mode transformer (CMT) and a
common-noise canceler (ACC) can solve the problems,
which have been proposed by the authors.

[. INTRODUCTION

In recent years, accompanied with development of
high-speed power semiconductor devices, it is pointed
out that increase in carrier frequency of voltage-source
PWM inverter causes the following serious problems:

o high frequency leakage current (1], [2],

e conductive and radiative electromagnetic interfer-

ence (EMI) [3], [4],
» shaft voltage and bearing current of a motor [5]--[9],
e surge voltage and deterioration of motor winding
isolation [10}-]13].
These problems are caused by a steep change of volt-
age and/or current occurring at a switching time of
inverter. For this reason, when power comverters us-
ing high-speed power devices such as IGBT’s are intro-
duced, these problems tend to become conspicuous.

This paper discusses originating mechanism of leakage
current, surge voltage, shaft voltage, bearing current,
and EMI in a variable-speed AC drive using a voltage-
source PWM inverter. A high-frequency equivalent cir-
cuit is derived from some consideration of stray capaci-
tance; and already proposed reduction methods are clas-
sified theoretically based on the equivalent circuit. Some
experimental results using a common-mode transformer
(CMT), normal-mode filters (NMF’s), and an active
common-noise canceler (ACC) are shown, which are pro-
posed by the authors.

I1. CoMMON-MODE VOLTAGE OF VOLTAGE-SOURCE
INVERTER

Fig.1 shows a three-phase voltage-source inverter con-
necting an LR load. A voltage current equation of each
phase is shown by the following equations.

. di,

Uy — Vg = Riy, + LE (1)
. di

Uy — Ve = Riy + Ldﬁ; (2)
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Fig. 1. Three-phase voltage-source inverter.

di
Uy — Ve = Ry + Ld—;“ (3)
Here, vy, Yy, Vi, by Gy, by €Xpress a voltage and current
of each phase, respectively, and v, means a neutral point
potential of the load. Adding Egs.(1)~(3) gives

Uy + Uy + Uy — U = (RJr L%) (1o + tp + 1) (4)
Here, iy + 4y + 2y = 0 from the Kirchhoff’s current law
(KCL).

0 = etV ) (5)
The above equation shows that the load currents and
impedances have no influence on v.. Eq.(5) defines a
common-mode voltage which can be considered as a to-
tal potential of the load with respect to a referenced
potential. !

Each phase of voltage-source inverter can be treated
as a voltage source providing two output voltages, i.e.,
0 and Fg. For example, we regard a case that u-phase
voliage v, is switched from 0 to E; when the other phase
voltages are 0, as show in Fig.2(a). Then, the u-v and
u-w line-to-line voltages change from 0 to E4 and the
common-mode voltage v, also changes from 0 te F,/3.
Therefore, in the case of the u-phase switching, the in- -
verter output voltage can be separated into two compo-
nents of the common-mode voltage and a normal-mode
voltage, which are shown in Fig.2(b). The load cur-
rent depends on only the normal-mode voltage in the

LPhysical meaning of the common-mode voltage is identical
to the zero-phase sequence voltage used in coordinate transfor-
mation. However, note that these are different in amplitude,
because absolute transformation is adopted in the coordinate
transformation.
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Fig. 3. Variable-speed AC drive system.

casc of non-grounded load shown in Fig.1, and the load
current has no influence on the common-mode voltage.
The common-mode voltage of the inverter changes by
E4/3 every switching. As a result, there are four kinds
of amplitude in the common-mode voltage, i.e., 0, Eq/3,
284/3, and Ey.

I, 1TiGH-FREQUENCY EQUIVALENT CIRCUIT OF
VARIABLE-SPERED AC DRIVE

Fig.3 shows configuration of a variable-speed AC drive
system. A diode reclifier converts three-phase AC power
to DC power, and an AC motor is driven by a voltage-
sourcc PWM inverter which supplies variable-frequency
AC power. When a switching occurs in the voltage-
sourcc PWM inverter, leakage current flows from the
motor frame to earth terminal through stray capaci-
tors of the molor windings, because steep and stepwise
change occurs in the common-mode voltage at the in-
verter output terminals with respeet Lo earth potential.
The leakage current may cause radioactive and/or con-
ductive EMI. Moreover, the commoin-inode voltage may
cause shaft voltage and bearing current in the AC mo-
tor.

Since stator windings of the motor are embedded in
slots of a stator core, relatively large stray capacitance
cxists between the stator winding and the motor frame
rather than between two stator windings. Fig.4 shows
an equivalent circuit of a stator winding, which expresses
the stray capacitance cxisting distributively between the
stator winging and the motor frame.

It is reported that breakdown or deterioration of insu-
lator occurs near input lerminal of the stator winding,
when a surge voltage is applied to the motor {10]--[13].
The reason is that the surge voltage concentrates on
the stator coil end owing o non-uniform voltage dis-

motor winding
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: ‘r ‘[ "] ’ — capacitors

I
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[*ig. 4. Equivalent circuit for a motor winding taking stray ca-
pacitors into consideration.
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Fig. 5. High-frequency equivalent circuit of a motor.

tribution caused by the stray capacitance cxisling dis-
tributively. This phenomenon is the same as the volt-
age concentration on the high-voltage side winding of a
power transformer [14], [15]. The fact means that the
high-frequency current hardly flows in winding conduc-
tor due to the inductance, but it flows Lo the motor
frame through the stray capacitance ncar the input ter-
minal.

Fig.h shows an equivaleni circuit of the motor for
high-frequency component [2]. By above-mentioned rea-
son, stray capacitance of each winding is represented
by a lumped capacitor ¢ connecting between a motor
input terminal and motor frame. Furthermorc, stray
capacitance between two windings is ignored because
it is smaller than stray capacitance between a winding
and frame. Here, £ means line inductance of a power
cable between the inverter output and motor input ter-
minals. 2

Fig.5 cxpresses a case that one phase vollage is
switched from 0 Lo E,4 while the other phase voltages are
0. Here, the inverter output voltages can be decomposed
into the common-mode and normal-mode voltages, as
shown in Fig.2. The common-mode and the normal-
mode voltages generate the common-mode and normal-
mode currents represented by solid and broken lines,
respectively, through the power cables, the stray capac-
itors, and the grounding conductor. Each of the oscil-
latory high-frequency current forms an LC scries reso-
nance circuit so that the current causes various prob-

It is assumed thal the motor frame is connected to earth termi-
nal on a switchboard being adjacent to the inverter by a grounding
conductor the line inductance of which is the same as £. Practi-
cally, the common-mode current, relurns to the inverter from earth
terminal though an AC power supply, power cables between the
switchboard and inverter, and a diode rectificr. However, we ig-
nore the additional impedance for simplicity.
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lems.

Fig.6(a) shows an experimenial waveform of the
common-mode current flowing through the grounding
conductor, in a 3.7-kW induction motor drive with a
transistor PWM inverter. Compared with the motor
rated current of 18.5 A, relatively large common-mode
current of 1.5 A (peak) flows to earth terminal. More-
over, the common-mode current oscillating at 750 kHz
may cause electromagnetic interference (EMI) to AM
radio receiver. This comimon-mode current has the sim-
ilar waveform to the damped oscillation current when a
step voltage is applied to an LCR series resonant cireuit,
shown in Fig.6(b). Here, C,, L., and R, in Fig.6(a)
mean stray capacitance, line inductance, and damping
resistance, respectively, and these parameters arve esti-
mated from the experimental waveform of Fig.6(a). 3
Comparing Fig.6(b) with Fig.5, L. and C, correspond
L. = 4/3(, and C. = 3¢, respectively. The common-
mode current and voltage cause the various problems
that occur accompanied by switching of a voltage-source
inverler, e.g., conductlive and radioactive EMI, eic.

IV. REbucTiON METHODS OF COMMON-MODE
A. Classification of reduction methods

Although the equivalent circuit of the common-mode
or leakage current is represented by an LCR. serics res-
onant circuit shown in Fig.6(b), reduction methods of
common-mode current and/or voltage can be classified
into the following 6 kinds of categories.

(a) Increasing impedance. To reduce the leakage cur-
rent, a common-mode inductor is inserted into the pass

3 R is based on the loss that is mainly caused in a motor inside,
and it is larger more than one figure thar the line resistance taking
skin effect into consideration. Though it is suitable to express
the loss by a resistor in parallel with C., from the viewpoint of
physical meaning, we treaf it as a series resistor including the line
resistance for simplicily.

R

secondary
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three-phasc
cables

damping resistor

Fig. 7. Gommon-mode transformer (CMT).

that the leakage current flows, and the total impedance
is made to increase. This corresponds to the conven-
tional common-mode choke.

(b) Damping. To damp the high-frequency oscillation,
a serics damping resistor is inserted into the LCR se-
ries resonant circuit that represents the common-mode
circuit. This corresponds to the common-mode trans-
former (CMT) whose secondary winding shorted by a
damping resistor is added to the conventional comraon-
mode choke [2].

(¢) Current bypassing. To bypass the leakage current,
a low impedance circuit is connected in parallel to the
circuit that should not make the leakage current flow.
This corresponds to the conventional EMI filter and the
combined output filters with a common-mode choke [1].

(d) Potential dividing. Potential divider is com-
posed to reduce common-mode voltage and the divided
common-mode voltage is applied to the load [1].

(e) Current canceling.  The lcakage current can be
canceled by means of injecting a common-mode current
opposite to it. This corresponds to an active EMI filter
[16], [17].

(f) Voltage canceling. The common-mode voltage pro-
duced by the juverter can be canceled by means of super-
imposing a common-mode voltage opposite to it. This
corresponds to an active common-noise canceler (ACC)
[18] and a four-phasc inverter [19], [20].

Among these reduction methods, (aj~(d) can be re-
alized by using only passive elements, but (e) and (f)
require an active element. Behavior of the used active
cirenil, moreover, can be classified into linear operation
and switching operation. The following describes some
reduction methods.

B. Using passive elemenls

Fig.7 shows a common-mode transformer (CMT) [2].
The CMT has the same structure as the conventional
common-mode choke except for adding a secondary
winding shorted by a damping resistor R;. Therefore,
the CMT acts as a resistor only for the common-mode,
though it produces no power loss for the normal-mode.
In the case of £, = 0, the CMT has no influence upon
the leakage current, because of vero impedance. In the
case of Ry = o0, since the CMT acts as a conventional
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Fig. 9. Active common-noise canceler (ACC).

common-mode choke, the peak value of the leakage cur-
rent is reduced bul the rms value sometimes increases.
When R, is adjusted on an appropriate value, the CMT
can acl as a damping resistor. Thercfore, the oscilla-
tory common-mode current shown in Fig.6(a) becomes
a non-oscillatory and exponential waveform as shown in
Fig.8. The CMT is capable of reducing both the peak
and rms values of the common-mode current.

C. Using active elements

Fig.9 shows an active common-noise canceler (ACC)
counected to inverter output terminals [18]. The ACC
is composed of a push-pull emitter follower circuit us-
ing complementary transistors, a common-mode trans-
former (1:1), DC capacitors Cp, and Y-connected ca-
pacitors C;. A common-mode voltage produced by an
inverter is detected as neutral-point potential of the
Y-connected capacitors C;. Since the capacitance of
180 pF is as small as the output capacitance of the
power semiconductor device used in the inverter, the
Y-connected capacitors do not affect the inverter oper-
ation. High impedance and wideband characteristics of
the emitter follower circuit make a great contribution
to precise and high-speed cancellation of the common-
mode voltage.

A common-mode voltage is superimposed by the ACC
on the inverter output through the common-mode trans-
former, which is opposite to a common-mode voltage
detected by the Y-connected capacitors. As a result,
the common-mode voltage produced by the inverter is
canceled so that no common-mode voltage is applied to
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Fig. 10. Waveforms of ¢common-mode voltage and current.
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Fig. 11. Shaft voltage and bearing current.

the motor, and then the common-mode current can be
suppressed perfectly.

Fig.10 shows waveforms of the common-mode voltage
and current. Here, the common-mode voltage vy, is
measured between the neutral points of the Y-connected
capacitors and the DC capacitors. When the ACC is not
used, a switching operation of the inverter generates the
cormnmon-mode current whose peak value and oscillation
frequency are 0.4 A and 290 kHz, respectively. However,
in the case of connecting the ACC, the common-mode
current %, can be suppressed almost perfectly.

V. OTHER PROBLEMS CAUSED BY COMMON-MODE
VOLTAGE

A. Shaft voltage and bearing current

Fig.11 shows a high-frequency motor model to explain
the generating mechanism of shaft voltage and bearing
current. Here, Cyyr, Cyf, and Cry mean stray capac-
itances between the stator winding and the rotor, be-
tween the stator winding and the motor frame, and be-
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Fig. 12. Wavelorms of shaft voltage and common-mode voliage.

tween the rotor and the frame, respectively. The shafi
voltage depends on the ratio of C,r and C,r, which
divide the common-mode voltage produced by the in-
verter. 4

Fig.12(a) shows measured waveforms of the shaft volt-
age vy and common-mode voltage v.. The shaft volt-
age is measured betwecn the motor frame and a carbon
brush touching the motor shaft. A motor shaft voltage
of 2 V (peak) occurs every PWM period (100 ps) of
the inverter. It is concluded that the motor shaft volt-
age is caused by the common-mode voltage, because the
shapes of the two waveforms are similar. When the shafi
voltage v, is larger, it may induce electric field break-
down of a thin oil film existing hetween a bearing racc
and balls, thus resulting in bearing current. The bearing
of the motor might be damaged by the bearing current
altering the chemical composition of the lubricant.

Fig.12(b) shows an experimental waveform of the
shaft voltage v, in the case of connecting the ACC. It is
shown that ithe ACC is capable of suppressing the shaft
voltage almost perfectly because of cancellation of the
common-mode voltage. Canceling the common-mode
voltage is effective in prevention of the shaft voltage and
bearing current.

B. Surge voltage

Fig.13 shows an experimental waveform of a motor
terminal voltage with respecet lo the motor frame. It

4Since Fig.11 corresponds to the common-mode circuit, it is
expressed that the stray capacitances are connected to the neutral
points of the stator and rotor windings. However, note that each
winding can be treated as it has no influence upon the current in
a high-frequency region, as mentioned in Section I11.
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Fig. 13. Expcrimental waveform of motor terminal voltage with
respect to motor frame.
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Fig. 14. Simulation circuit.

includes a fast oscillation at 1.5 MHz, superimposed on
the other oscillation al 750 kHz, and the larger dv/dt
may cause the more serious isolation deterioration or
breakdown of the motor winding. The frequency of
750 kHz corresponds to the common-mode resonant fre-
quency shown in Fig.5, and the normal-mode resonant
frequency exists at 1.5 MHz. A normal-mode oscilla-
tion phenomenon, in addition Lo the common-mode, has
large influence on the surge voltage at the motor termi-
nal. To confirm it theoretically, a terminal voltage wave-
form with respect to the motor frame is obtained by a
simulation using an equivalent circuit of Fig.14 which
is made based on the high-frequency cquivalent circuit
shown in Fig.h. ®  Fig.15 shows a simulated wave-
form of the motor terminal vollage. Il coincides with
Fig.13 well, and this also shows appropriateness of the
high-frequency cquivalent circuit of Fig.5.

Damping technique is effective for suppressing the
resonance phenomena. Fig 16 shows an experimental
waveform of the terminal voltage in the case of con-

SThe circuil parameters are caleulated [rom IFig.6(b). Ls and Ks
are added and adjusied, taking an impedance inside the switch-
board into consideration,
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Fig. 15. Simulated waveform of motor terminal valtage with
respect to motor frame.
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necting both the common-mode transformer (CMT) and
normal-mode filters (NMF’s) [4]. ® The osciliations are
eliminated perfectly and dv/dt of the motor terminal
voltage is reduced.

C. Conductive and radioactive EMI

Fig.17 shows measurcd conductive EMI of an induc-
tion motor drive system (3.7 kW) using an IGBT in-
verter. Impulse spectra placed at intervals of switching
frequency (10 kH~) appear in a low frequency range, and
it has a peak al 290 kHz that is a resonant frequency
of the common-mode curreni. The conductive EMI is
generated due to the common-mode current flowing out
to earth, the spectrumn of which is similar to that of
common-mode current. In a high-frequency range be-
yond Mllx, a power cable behaves like a distributed cir-
cuit. Moreover, a current loop formed by the common-
mode and/or normal-mode current may result in radia-
tive EMI [4].

Fig.17 also shows conductive EMI in the case of con-
necting an ACC. Since the ACC can cancel the common-
mode voltage almost perfectly, it is demonstrated that
the ACC is capable to reducing the conductive EMI by
about 20 dB in a wide frequency range up lo several
MHz.

V1. CONCLUSIONS

This paper has discussed originating mechanism of
leakage current, surge voltage, shaft voltage, bearing
current, and EMI in a variable-speed AC drive using

SNMF is a parallel connection of a small inductor and a re-
sistor, which is connected in series to each cable. It acis as a
damping resistor only for the high-frequency component, so that
the normal-mode oscillation can be attenuated.

a voltage-source PWM inverter. Reduction methods
have been classified into six categories. These contribute
to overcome the various problems, i.e., leakage current,
surge voltage, shaft voltage, bearing current, and EMIL.
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