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Measurement and Reduction of EMI Radiated by a
PWM Inverter-Fed AC Motor Drive System

Satoshi Ogasawar&enior Member, IEEEHIdeki Ayano, and Hirofumi AkagiFellow, IEEE

Abstract—This paper presents theoretical and experimental re- TABLE |
lationships between radiated electromagnetic noises and common- TESTED INVERTER AND INDUCTION MOTOR RATINGS
mode and normal-mode currents, paying attention to an in-

duction motor drive system fed by a voltage-source pulsewidth ratzg ‘_"’]tag" %‘; 1280 X

modulation (PWM) inverter. A method of reducing both currents Irgzxin‘l‘:ge:]fmm 520 A

is proposed, based on an equivalent model, taking into account modulation scheme  sinusoidal PWM

parasitic stray capacitors inside an induction motor. Electromag- carrier frequency 94 kHz

netic interference (EMI) radiated by a 3.7-kW induction motor rated output 37 oW

drive system is actually measured, complying with the VDE 0871 rated torque 235 Nm

Class A [3 m]. Experimental results verify that the combination maximum torque 70.6 Nm

of the already proposed common-mode transformer (CMT) and motor speed 1500/2000 r/min

the normal-mode filters (NMF’s) being proposed in this paper is

a practically viable and effective way to reduce EMI resulting

from both common-mode and normal-mode currents. because parasitic stray capacitors inevitably exist inside an ac
Index Terms—Common-mode transformer, electromagnetic in- motor. The oscillatory currents with a frequency range of 100

terference (EMI), normal-mode filter. kHz to several megahertz can create a magnetic field, and

radiate EMI noises throughout, thus, having a bad effect on
l. INTRODUCTION elec_tromc devices suc_h as AM radio receivers and.med|cal

] o _ equipment. However, little has been reported in the literature
T HE PROGRESS of hlgh-spged switching devices such gg radiated EMI by power electronic equipment.

_ insulated gate bipolar transistors (IGBT's) has enabled usthis paper presents theoretical and experimental relation-
to increase the carrier frequency of voIt.age—source pulseW|d§Hips between radiated EMI noise and the high-frequency
modulation (PWM) inverters, thus, leading to much better ogscillatory common-mode and normal-mode currents, paying
erating characteristics. Accompanying high-speed switchingtention to an induction motor drive system fed by a voltage-
however, are the following problems originating from a stegyyrce PWM inverter. A method of reducing both currents is

voltage/current change: proposed, based on a motor model taking into account parasitic
* ground current escaping to earth through stray capacit@tgay capacitors inside an induction motor. The common-mode
inside motors [1], [2]; current oscillation can be perfectly damped by the common-
+ conducted and radiated electromagnetic interferengfde transformer (CMT) which has been proposed by the
(EMI) [3]-]5]; authors [2], while the normal-mode current oscillation can be
* bearing current and shaft voltage [6], [7]; damped by the normal-mode filters (NMF’s) being proposed
* shortening of insulation life of motors and transformerg this paper. The EMI radiated by a 3.7-kW induction motor
(8]-{11]. drive system is actually measured, complying with the VDE

The step change in voltage/current caused by high-spéd¥1 Class A [3 m].
switching produces high-frequency oscillatory common-mode Experimental results verify that the combination of the CMT
and normal-mode currents at the instant of every switchingnd the NMF's is a practically viable and effective way to
reduce EMI resulting from both common-mode and normal-
Paper IPCSD 97-01, approved by the Industrial Power Converter Commitode currents.
teee of the IEEE Industry Applications Society for presentation at the 1996

Industry Applications Society Annual Meeting, San Diego, CA, October 6-10.
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Fig. 1. System configuration.

. feeding wires o TABLE 1l
lnverteé Y, ngtor windings CoMMON-MOoDE AND NORMAL-MODE
S S N
Bl . o T y ftem LIC]| E Z w
nd [ D — . 4 1 2 11
¢ 3 i common-mode £} 3c | —Eq | =+/8/c | =——
i i ! 3 3 2 \/tc
[ R — N | |
Erounding ci ‘L | — Y__ stray . normal-mode E[ —2—0 E4 3 £/c 1
wire ‘\’—lI—’*’L i —l— capacitors 2 3 2 /tc
GND 7 ratio comimon 8 9 1 4 1
= common-mode current normal 9 2 3 9 2
P normal-mode current I d h
.. inductance Z: characteristic impedance
Fig. 2. Motor model including stray capacitors. C: capacitance w: resonant frequency

E: voltage

A CMT and three NMF’s are connected to the inverter
output terminals. The CMT is the same as a conventiorsthtor windings is negligible. Heré,means a line inductance
common-mode choke, except for adding a secondary windiofieach feeding wire between the inverter and motor terminals.
shorted by a resistdg,, intended for damping of the common- Moreover, Fig. 2 corresponds to the case of switching from
mode current oscillation [2]. Each normal-mode filter consistae lower to the upper potential of the dc link voltage, when
of parallel connection of an inductat; and a resistoRy, the other two phases remain connected to the lower potential.
intended for damping of the normal-mode current oscillatioMote that the GND terminal is connected to the lower potential,
The common-mode current dissipates a small amount of actlygsed on the following assumptions.
power in R, while the normal-mode current dissipates a . The high-frequency common-mode impedance of the
negligible amount of active power if;. diode rectifier is negligible.

A virtual grounding point is introduced to avoid the influ- . The grounding wire and the feeding wires have a line
ence of an internal impedance between the earth terminal on jhquctor with the same inductance value.
the switch board and the actual grounding point [2]. Three After the switching, the dc-link voltagé, is applied only

capacitors, with a capacitance value being much larger tht%nthe u-phase terminal, thus, increasing the common-mode

the stray capacitance in the motor, are connected to the thr\(/ec?l'tage byE,/3. Once a switching occurs in one phase of the

phase ac terminals of the diode rectifier. The grounding wire
inverter, a common-mode current and a normal-mode current

IS conngcted to thg neutral pomt of th? three capacnor;, wh|g n flow, which are depicted by the solid line and the broken
is considered a virtual grounding point. In the experiment

. S ine, respectively, shown in Fig. 2. The common-mode current
system, the capacitors of 3F are used for providing the .
. . ) is also referred to as the zero-sequence current or the ground
virtual grounding point. : . )
current escaping through the stray capacitors to the grounding
wire. The normal-mode current flows from one phase, in which
IIl. COMMON-MODE AND NORMAL-MODE CURRENTS a switching occurs, to the other two phases through the stray

Fig. 2 shows a motor model taking the stray capacitorsipacitors.
inside the motor into account [2]. The stray capacitors are The inductance and capacitance concerning the common-
represented by three capacitors in the motor med€he stray mode current, shown as the solid line in Fig. 2, ae= %E
capacitor between a stator winding and the motor frame haared C. = 3¢, respectively. On the other hand, the circuit loop
capacitance value larger than that between two stator windinfy®, the normal-mode current, shown as the broken line, has
because the stator windings are embedded into slots of #reinductance of.,, = %E and a capacitance df,, = %c.

stator core. Accordingly, any stray capacitance between tWable || summarizes the circuit parameters which have relation
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Fig. 3. Common-mode current waveform without CMT.

Fig. 5. CMT.
R. L.
ANANN—TT
15 Q 7.5 uH common-mode transformer
£y 280 i L ;'6 4 nH
- Y t 4 1]
3 3 v Cc ___ 6nF ; /6‘6\
R L.
: LN
resonant frequency: f. = 1/27/L.C. = 750 kHz 510 Q 7.5 pH R.Z215Q
characteristic impedance: Z, = {/L./C. = 354 & @ A\
damping factor: (. = R./2Z. = 0.212 3 3 i (t) C{: T6 nkF
-

Fig. 4. Equivalent circuit for common-mode current.
Fig. 6. Equivalent circuit for common-mode current when connected with
CMT.

to the common-mode and normal-mode currents. The ratios

of voltage, characteristic impedance, and reso”a”t. frequer)ﬁmough the common-mode current flowing in the three-phase
_canl_be ﬁalcﬁlated asl 1/3('1 409, andh1/2,hrespe(;fuvily. hTrf’é?leding wires produces a flux in the ferrite core, no flux is
Implies that the normal-mode current has the amplitude threge, 0 by the remaining inverter output current. Therefore, the

fourths times as large as the common-mode current and T acts as a damping resistor only for the common-mode
the oscillatory frequency twice as high as the common-mo Brrent. ie. the ground current

current. According to the already proposed design method [2], a
prototype CMT was designed and built for the experimental
IV. CMT system. Fig. 5 shows a photograph of the CMT. A damping

Fig. 3 shows a measured waveform of the common—moifés'smr of 0.5 W is connected to the secondary winding

current or the ground current that flows through the groundi rminals, because a negligible amount of power would be

wire, when a switching occurs in a phase of the PWM invert df?hpea::%dmlrzcgf:\(-en:gjle??l:.rrzﬁ'vshzuoxirggit:gl\l/:/\i{[?llet"r?; grl\(/:ll_#t
Neither the CMT nor the NMF’s are connected in Fig. 3. :

nonnegligible amount of common-mode current flows throu gcause its leakage mdggtange is_negligible, thg CMT is
?[ﬁpresented by a magnetizing inductor connected in parallel

the stray capacitors, which has a peak value of 1.5 A witfl. . . . )
an oscillation frequency of 750 kHz under the rated mot ith the damping resistor. The inductance and resistance
values are 6.4 mH and 51Q, respectively.

current of 21.0 A. Fig. 7 show m red waveform of th mmon-mod
Fig. 4 shows an equivalent circuit for the common-mode rrgﬁt V\Slitl‘? ti a C'\e/ﬁl_su enn at 200 r(r)1 r‘iencoFi 07 wi?he
current, which forms ahCR series resonant circuit. A s.witch-Cu € e connected. Lomparing Fg.

ing in one phase causes a step change of the common-mg'@é 3, we see that the peak value of the common-mode

voltage by 1/3 of the dc-link voltage. The circuit parametel%urrem is reduced to 1/8 aqd, ?ISOZ that perfect damping of the
are estimated from the experimental waveform shown %ommon—mode current oscillation is achieved by the CMT.

Fig. 3, considering a rise time of 340 ns in the inverter output
voltage. V. NMF's

In order to reduce the common-mode current, the CMT Fig. 8 shows a measured waveform of the inverter output
proposed by the authors [2] is connected to the inverter outputrrent in a phase at the moment a switching occurs in the
terminals. The CMT is the same as a conventional commarerresponding phase. A nonnegligible amount of the normal-
mode choke except for adding a tightly coupled secondamyode current is superimposed on the motor current along
winding, the terminals of which are shorted by a resistowith 1/3 of the common-mode current, as shown in Fig. 3.
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Fig. 10. Equivalent circuit for normal-mode current when connected with
NMF's.
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Fig. 7. Common-mode current waveform when connected with CMT. ' '
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Fig. 11. Normal-mode filter inductor used for experiment.
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Fig. 8. Inverter output current waveform superimposing normal-mode cur- 1A
rent on motor current, without NMF’s. Oi
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resonant frequency: fn = 1/27v/LnCn = 1.50 Mliz Fig. 12. Inverter output current waveform when connected with NMF’s.
characteristic impedance: Z, — 4 /Lp/Crn =756 Q2
damping factor: (» = R./2Z, = 0.066

common-mode equivalent circuit, those in Fig. 9 are estimated
from the experimental waveform shown in Fig. 8, considering
a rise time of the inverter output voltage of 340 ns.

The oscillatory component or the normal-mode current in th Cgmparlng the;e circuit values with those n the F'g.' 4
inverter output current has a peak value of 2 A and an oscilly™ inductance rat|ch/L,_L = 0.94 and the capacitance ratio
tory frequency of 1.5 MHz. Hence, the normal-mode currefite/ Cn = 4.3 also approximate 8/9 and 9/2, as shown in Table
may not only cause EMI, but also ringing and overvoltag'é- respectively. _Thls _verlfles that the motor model of Fig. 2 is
at the motor terminals. Comparing the normal-mode currefiPable of dealing with both common-mode and normal-mode
oscillation with the common-mode current oscillation leads {@H"ents.
the fact that the peak value and oscillation frequency ratios ardn order to damp the normal-mode current oscillation, a
4/3 and 2, respectively. The experimental results agree wigsistor has to be inserted in series with the normal-mode
the analytical results shown in Table II. current loop. However, the series insertion of the resistor
Fig. 9 shows an equivalent circuit for the normal-mode curesults in dissipation of a large amount of power, from not
rent, which forms ar.CR series resonant circuit. A switchingonly the high-frequency oscillatory current or the normal-
in one phase causes a step change of the normal-mode voltagele current, but also the nonoscillatory motor current flowing
by the dc-link voltage. Like the circuit parameters in théhrough the resistor. Three NMF’s, each of which consists of

Fig. 9. Equivalent circuit for normal-mode current.
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Fig. 13. EMI measurement.
a resistor and an inductor, are connected between the inverter VI. MEASUREMENT OF EMI

and motor terminals, so that only the high-frequency oscilla- gjg 13 shows a schematic diagram of the EMI measurement
tory current flows through the resistor, while the remainiNferformed in a semi-anechoic chamber. The inverter, the CMT,
inverter output current flows in the inductor. This justifies thgq the NMF’s along with the EMI receiver, are located in the

series insertion of the resistor for damping of the normal-mo%gsement, directly underneath the semi-anechoic chamber, in

current oscillation. , L _order to measure only the EMI caused by the high-frequency
Fig. 10 shows the normal-mode equivalent circuit, 'nCIUd'ngscillatory currents flowing in the grounding wire and the

the,' NMF’s. The form of the normal-mode equivalgnt circui't i?e,eding wires between the inverter and motor terminals. All
quite the same as that of the common-mode equivalent circyit, \vires are fixed along a wooden frame of 15m1 m.

shown in Fig. 6. This indicates that the method of designing,e measurement is performed, based on the following four
the CMT [2] is applicable to the NMF’s. different wiring ways:

To_damp the normal-mode f:urrent oscillation, the following 1) winding the three feeding wires and the grounding wire
condition should be satisfied: ) i
up into a bundle;

270 < §Rf < EZnoo- (1) 2) separating the ground wire from the feeding wires to
2 2 form a nonnegligible circuit loop;
Here, 3) intentionally wiring thewu-phase feeder incorrectly to
T form a nonnegligible circuit loop;
Zno =1/ - 4) using a shielded three-core cable, the shielding conduc-
Cn tor of which is used as the grounding wire.
- 3 ﬂ (2) Fig. 14 shows the tested induction motor and the wooden
20 frame for experiment and measurement. The motor is put on a

Therefore, the normal-mode filter inductance is computed weoden desk. In wiring 1), the feeding wires and the grounding
133 pH, becausel; should be larger thamG% L, =85 uH. wire are fixed together along the upper and right sides of the
Fig. 11 shows an actual inductor used in the NMF. A resistwrooden frame. In wiring 2) or 3), either the grounding wire
of 100 €2 is connected in parallel to the inductor. The cutoffr the «-phase feeding wire is fixed along the left and lower

frequency of the NMF is calculated by sides of the frame, thus, forming a circuit loop. In wiring 4),
R the shielded conductor used as the grounding wire is connected
27r£ = 120 kHz. (3) between the motor frame and the virtual grounding point.
f

Fig. 15 shows the measured result of radiated EMI in
The NMF acts as a resistor of 100 in a much higher wiring 1), without the CMT and the NMF'’s. The radiated
frequency range than the cutoff frequency, while it acts &MI does not exceed the limit value, although the common-
an inductor of 133:H in a much lower frequency range. = mode and normal-mode currents flow together. The radiation is
Fig. 12 shows the experimental waveform of the inverteregligible because the magnetic fields produced by the currents
output current when connected with the NMF's. The peatancel each other out.
value of the normal-mode current is reduced to 1 A, and theFig. 16 shows radiated EMI in wiring 2), without the CMT
normal-mode current oscillation is perfectly damped by thend the NMF's. Wiring 2) corresponds to the general wiring
NMF's. condition that the three-phase feeding wires are made up in
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Fig. 14. Measurement situation.
Fig. 16. Radiated EMI [wiring 2)].

100 peak [detdctibr] 100 - TTTT peak ldetdetibr
80 %0 ol
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Fig. 15. Radiated EMI [wiring 1)]. Fig. 17. Radiated EMI [wiring 3)].
a bundle, while the motor frame is connected to a ground 100 ||| peak|deection
terminal through the grounding wire “separated” from the ‘ K T
bundle. Hence, each phase of common-mode current flowing 80— T
in the circuit loop formed by the feeding wires and the . ;
grounding wire can radiate EMI. However, the normal-mode lirni
current can hardly radiate EMI, although it flows in the feeding
wires. Fig. 16 concludes that EMI in a range from 150 kHz-1 B ,
MHz exceeds the limit value by 15 dB. E 40 A T
Fig. 17 shows radiated EMI in wiring 3), without the CMT g A#H M' m : ‘1 ,
and the NMF’s. The common-mode current and the normal- 20 "‘*, L,_tjr ‘ WWW |
mode current flow in thes-phase wire, where tha-phase T W W \
common-mode current is equal to 1/3 of the ground current. 0 7 |
Therefore, the EMI produced by the common-mode current 100k 500k 1M 5M
in the range from 150 kHz to 1 MHz is smaller than that of frequency [Hz]

Fig. 16 by about 10 dB. The EMI produced by the normakig. 18. Radiated EMI [wiring 4)].
mode current has a peak around 1.5 MHz, and the peak

value exceeds the limit value by 15 dB. The peak frequency _. h diated N ith h
coincides with the resonant frequency of the normal-modeF'g' 18 shows radiated EMI in wiring 4), without the CMT

equivalent circuit shown in Fig. 9. The measured results sho@fd the NMF’s. The result indicates that the use of the

in the above three figures indicate that both the commophielded three-core cable is more effective in suppressing the
mode and normal-mode currents can radiate EMI. Minimizidgdiated EMI. Note that the shielded cable tends to have
the loop area formed by the feeding and/or grounding wirdsigher capacitance between each inner wire and the shielding
however, is effective in reducing radiated EMI. conductor.
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Fig. 20. Radiated EMI with CMT and NMF'’s [wiring 3)]. [9]

Fig. 19 shows radiated EMI in wiring 2), with both the[10]
CMT and the NMF’s. Compared with Fig. 16, the EMI in the
range from 150 kHz to 1 MHz decreases by 20 dB, becauge;
the CMT can damp the common-mode current oscillation, as
shown in Fig. 7. In this case, the EMI is suppressed within
the limit value.

Fig. 20 shows radiated EMI in wiring 3), with both the CMT
and the NMF’s. The peak around 1.5 MHz in Fig. 17 perfectly
disappears in Fig. 20, because of the excellent damping effect
of the NMF’s shown in Fig. 12.

VII. CONCLUSION

This paper has discussed the theoretical and experimental
relationships between the EMI radiated throughout and t
high-frequency oscillatory currents flowing through the stre
capacitors inside an induction motor. The experimental resu
have led to the following conclusions.

¢ The motor model described in Fig. 2 is capable of dealir
with both common-mode and normal-mode currents.

e The equivalent circuit for either the common-mode
normal-mode current is represented by aBR series
resonant circuit.

=4
research interests are ac motor drives systems and static power converters.
Dr. Ogasawara is a member of the Institute of Electrical Engineers of Japan.
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Connecting both the CMT and the NMF’s between the
inverter and motor terminals is a practically viable and
effective way, not only of damping the common-mode
and normal-mode current oscillation, but also of reducing
the EMI radiated by the current oscillation.

The use of a shielded three-core cable is more effective
in reducing radiated EMI than minimization of the loop
area formed by the feeding wires and the grounding
wire, although the oscillatory currents flow out from the
inverter terminals.

The CMT and the NMF’s can also reduce conducted EMI,
- improve insulation life, and reduce bearing current.
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