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Abstract: A novel passive filter to reduce PWM inverter’s adverse effects in electrical machine system is
studied in this paper. A PWM inverter fed ac induction motor drive system capable of suppressing all the
adverse effects of PWM inverter to provide a robust control system is developed. A passive
electromagnetic interference (EMI) filter developed for this system is characterized by sophisticated
connection of two small passive filters between inverter output and motor which can compensate for
common mode voltages produced by PWM inverter and between motor neutral point and rectifier input
capable of suppressing leakage current. As a result small passive filter capable of reducing all the adverse
effects is approached. The reduction characteristics of the shaft voltage, bearing current, common mode
current, leakage current and EMI are approached by modeling, simulation and experimental results.
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INTRODUCTION

Electromagnetic compatibility of power electronic
systems becomes an engineering discipline and it
should be considered at the beginning stage of a
design. Thus, a power electronics design becomes more
complex and challenging and it requires a good
communication between EMI and Power electronics
experts. The rise of switching frequency combined with
micro-electronic improvements enable to reduce active
components sizes and so convertors sizes. This rise has
also made EMC problems worse and now, filters have
to be more and more effective on larger frequency
range. Nowadays, conducted electromagnetic emissions
produced by adjustable-speed AC drive systems
become the main interested subject for researchers and
industry Modern pulse width modulation (PWM)
inverters are widely used in industrial, commercial and
residential application such as motor drives [1, 2].

In three-leg inverters for three-phase applications
the occurrence of common mode voltage is inherent due
to asymmetrical output pulses. It has been found that
the high dv/dt and high switching frequency together
with the common mode voltages generated by PWM
inverters have caused many adverse effects such as
shaft voltage, bearing current, leakage current and
electromagnetic interference (EMI). The EMI generated
by such systems is increasingly causing concerns, as the
EMC regulations become more stringent. In order to

comply with these international EMC regulations, an
EMI filter is often necessary.

The current researchers up till now have only
provided solutions for one or two isolated side effects
and no collective solutions have yet been proposed.
Some of them concerning passive and active EMI filters
have focused m eliminating high frequency leakage
current [3, 4] shaft voltage and bearing current [5-8]
and EMI [9-14].

The major objective of this research is to
investigate and suppress of the adverse effects of PWM
inverter in electrical machine system. This paper
discusses a passive cancellation method for the purpose
of elimination the adverse effects of PWM inverter
based on modeling, simulation and experimental
results. The simulation platform SABER is chosen
because of the robust modeling engine, the ease of
integrating mechanical components and the large
library of existing models for a wide range of electrical
components. SABER provides a good platform for
device performance prediction in a system environment
and also reliable data for EMI noise determinations
[15]. This paper includes seven parts. First part gives
introduction. Second part gives high frequency models
of rectifier, dc link, inverter and induction. Third part
gives system analysis as different mode and common
mode EMI and proposed filter analysis. Part 4 gives
simulated results based on the presented models and the
parameters of the induction motor systems. The 6 kVA
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inverter by 10 kHz switching frequency fed three-phase
3.7 kW (1750 rpm) induction motor in this paper. Part 5
gives the experimental results and finally the
conclusion and references are given in part 6 and 7
respectively.

MODELING

For an accurate High Frequency (HF) model of AC
motor drive systems, the HF parasitic current paths
should take into account [16, 17]. Fig. 1 shows the
PWM inverter fed ac motor drive system configuration
without EMI filter. Also coupling routes of conducted
EMI noise are shown in this figure.

Rectifier and DC link: The HF equivalent circuit of
rectifier and DC link is shown in Fig. 2. As an
important role of parasitic capacitances between anode
of diodes and ground in the HF current paths is
considered in HF model of three-phase rectifier, Cp; is
the parasitic capacitance of upper and Cp, is the
parasitic capacitance of lower diodes in the rectifier
shown in Fig. 2. R, and L, are resistance and
inductance parasitic value of DC capacitor of DC link.

Inverter: The three-phase inverter consisting of six
IGBTs and six soft recovery diodes is used to drive the
motor. The equivalent circuit of the three-phase voltage
source inverter (VSI) is obtained by an extension of the
switching cell.

The inverter is composed of three legs, each of
which consisting of two power IGBTs with parallel
freewheeling diodes. The HF circuit model of the
inverter system must take the main parasitic
components of the inverter into account. Stray
inductances of the connecting wires and parasitic
capacitances between IGBT and heatsink are
considered in the model HF equivalent circuit of one
leg of three-phase IGBT inverter is shown in Fig. 3.

L, is stray inductance of the connecting wires. Cp
is stray capacitance of the collector and grounded
heatsink. Between the collector and the heatsink, there
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Fig. 1: PWM inverter fed ac motor drive system

configuration whithout EMI filter

appears a stray capacitance that affects principally
leakage current generation.

Lg and L¢ are parasitic inductances of the emitter
and collector of IGBT Model. Differential conducted
emissions are affected by these inductances.

L, is the a-phase line parasitic inductance and L
to Ly4 are the line parasitic inductances from base and
collector to PWM sources. Also the heatsink is
modelled by one inductor (L) and one resistor (Ry).

The value of the parasitic elements approached
from measurements and devices datasheets for rectifier,
DC link and inverter are presented in Table 1. All
impedance measurements were performed with a
resistance, inductance and capacitance (RLC) meter
with a measurement range of 75 kHz-30 MHz,
following a proper calibration via a short-open
procedure [18].

Induction motor: A novel induction motor’s model is
shown in Fig. 4. R, L and C are distributing parameters
representing the HF coupling between the stator
windings and rotor assembly. Because of the partial
insulation effect of the bearing grease and the EDM
effect between the bearing balls and races, the motor
bearings can be modeled as a capacitance G, in parallel
to a non-linear resistive circuit (Rp) and series with
bearing ball and race contact resistance Ry,. The bearing
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To AC Power

Ry
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T
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Li Ry

Fig. 3: HF equivalent circuit of one leg of three-phase
inverter
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Table 1: The HF Parameters value of rectifier, DC link and inverter

Cpi Cp2 R, L, C Li,LgLc
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Fig. 4: The HF model of induction motor

current, Iy, is flowing through the modeled wire
impedance of measuring bearing current (L,, and Ry)).
C, is the capacitance present across the stator and the
motor laminations across the motor air gap.

The coupling between the stator windings and the
frame (stator) is considered as inductance (Lgg),
resistance (R,g) and capacitance (Csg) since it mainly
contributes the total leakage current into the ground.
Frame is modeled as resistance of R, to ground.

The values of HF parameters model of induction
motor are presented in Table 2.

By considering Fig.1, the common mode voltage
can be calculated by the following equation:

VAG + VBG +VCG VAU + Vw + \](U
= S =

+VOG :V(’Vl +VOG (1)

oM

where Vag, Veg, Veg, Vog represent the electric
potential of point A, B, C, respectively, Vao, Vo, Vco
represent the voltage across A, B, C and O respectively.

To simplify the equation 1 can be written as (2)
using switching function S; (i=A, B, C), Si=1
representing bottom switch being on.

Von =CATB LR Ly =t 2 @)
6 Uy

where Vg is the electric potential of point O.
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By considering the simplified model of induction
motor shown in Fig. 5 shaft voltage can be calculated

by (3).

Fig. 5: Simplified model of induction motor

z
= Vo X2 3)

SI
+ ng

where Z; is the impedance between the stator windings
and rotor and impedance between the rotor and frame is
Z,, as defined in the following:

Z xZ, 1
Z, =——,Z =R+JLo+— “
Z,+Z, ICw

where Z;, and Z,, calculated as

1
R, x
JC,00
Z = N +R, +R, +JL ® )
R, +
IC.oo
1
Z,=—— (6)
JIC,o

So the bearing current can be calculated by (7).
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where Z, is the impedance between the stator winding
and ground.
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Table 2: The HF parameters value of induction motor
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Fig. 6: Common mode equivalent circuit of PWM inverter fed ac motor drive system of Fig. 1
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Fig. 7: The system configuration when the proposed passive filter is connected
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SYSTEM ANALYSIS

In Fig. 1 three possible loops of common mode
current in PWM inverter fed ac motor drive system
(Fig. 1) are illustrated by an equivalent circuit shown in
Fig. 6. These three current loops are:

Loop 1: Inverter — motor stray capacitor — motor
ground line — system ground line — mains — rectifier
— inverter

Loop 2: Inverter — motor stray capacitor — motor
ground line — heat sink ground line — heat sink —
device parasitic capacitors — inverter

Loop 3: Inverter — device parasitic capacitors — heat
sink — heat sink ground line — system ground line —
mains — rectifier —» inverter

Generally, a three-phase diode module and a three-
phase insulated gate bipolar transistors (IGBT) module
are attached on a common heat sink. This means that
the common mode voltage produced by the rectifier,
Vemee and that by the inverter, Vewmin, cause common
mode voltages to the ungrounded heat sink because
non-negligible parasitic capacitors exist inside the two
electrically insulated diode and IGBT modules in Fig.
1. Fig. 7 shows the circuit configuration of PWM
inverter fed ac motor drive system connecting a small
passive EMI filter at the output of a voltage-source
PWM inverter and at input of rectifier. The inverter has
a digital PWM controller in which three-phase
sinusoidal balanced reference signals are compared
with a repetitive triangular carrier signal with a
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Fig. 9: Differential mode equivalent circuit

frequency of 10 kHz in order to generate the gate
signals for the IGBTSs. This filter requires access to
ungrounded motor neutral point. It consists of three
differential mode inductors, a common mode choke in
inverter output and another common mode choke in
rectifier input, six capacitors and four resistors. A set of
three inductors L, three capacitors C and three resistors
R forms a differential mode filter that eliminates high-
frequency differential mode voltages from three-phase
line-to-line voltages. It can damp out the over voltage
appearing at the motor terminals. Although its
installation makes the line-to-line voltages sinusoidal, it
produces no effect on each line-to-neutral voltage.

The common mode filter consists of two common
mode chokes Lcmi, Comi, Remiand Loy, three Y-
connected capacitors, Ccyz and a damp ing resistor Ry
that is connected between the motor neutral point and
the capacitor neutral point.

Common mode and differential mode equivalent
circuit model of the filter is presented in Fig. 8 and Fig.
9 respectively.

Design of differential mode filter: Fig. 9 shows the
differential mode equivalent circuit where the motor
inductance parameters are disregarded from high-
frequency differential mode voltage and current points
of view.This means that the inductance and capacitance
values in the differential mode circuit are 3L/2
and 2C/3, respectively. Because a relation of
30L/2=3/2mnC) exists at the carrier frequency of 10
kHz, it is not the capacitor but the inductor that

determines the amplitude of the current. Note that the
common mode choke is eliminated from Fig. 9 because
it makes no contribution to the differential mode
equivalent circuit.

The switching ripple current flowing through the
inductor should be less than 10%, that is about 2 A in
this case. When the differential mode voltage in Fig. 9
is assumed to be a sinusoidal waveform with amplitude
of V4/2=269 V and a carrier frequency of 10 kHz, the
following is given the L value:

\e//
) _>3><275><10000><L><2

) 2
>& — L>1mH

Ng

Xy X 1, >

(10)

Hence, the inductance value was decided as 1.1
mH. The resonant frequency of the differential mode
filter should be in the 1 kHz to 3 kHz range, taking into
account both the maximum inverter output frequency of
50 Hz and the carrier frequency of 10 kHz. The
resonant frequency was chosen to be 1.8 kHz so that the
value of capacitor computes out to be 6.8 puF. The
characteristic impedance given by Z,~(L/C)""? is nearly
equal to 120. The resistance value of R is considered
20 to the total loss dissipated in the three damping
resistors be less than 0.1% of the rated inverter capacity
(6kVA).

Design of common mode filter: Fig. 8 shows a
common mode equivalent circuit of the configuration
system presented in Fig. 7. The equivalent circuit
described in Fig. 8 makes clear the effect of the EMI
filter on eliminating the common mode voltage from
the motor terminals. This equivalent circuit helps to
conclude that installation of the EMI filter yields the
following current loops.

Loop 1: Inverter — common mode choke Covmi) —
L/3 — motor stray capacitor — motor ground line —
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system ground line — mains — common mode choke
(Leyp) — rectifier — inverter

Loop 2: Inverter — common mode choke (Lcv) —
L/3 — motor stray capacitor — motor ground line —
heat sink ground line — heat sink — device parasitic
capacitors — inverter

Loop 3: Inverter — device parasitic capacitors — heat
sink — heat sink ground line — system ground line —

mains — common mode choke (Lcyp) — rectifier —
inverter

Loop 4: Inverter — common mode choke (Lcv) —
DM filter (L/3, 3C, R/3) — DC Link — inverter

Loop S: Inverter — device parasitic capacitor — heat
sink — heat sink ground line — motor ground line —
motor neutral line (Reyp and 3Cevp) = CM inductor
(Leyp) — inverter

Loop 6: Inverter — common mode choke (Lcvmi) —
L/3 — motor neutral line Reyez and 3Ceyvz) > CM
inductor (Lcyp ) — inverter

By evaluation of the considered loops of Fig. 8, it
is obvious that the common mode choke, Loy, has no
any effect in attenuating the common mode currents on
loops 3 and 5. This shows that the circuit requires
installing another small-sized common mode choke,
Lewmp, at the rectifier input. The common mode voltage
with dc and ac components is characterized by a step-
changed voltage resulting from PWM operation as
shown in Fig. 10. Note that the fundamental frequency
of the ac components is equal to the carrier frequency
of 10 kHz. The dc component is applied across the
capacitor (e, while the ac components are applied
across the inductor Loy

Since the flux produced in the inductor is given by
the integration of the ac components with respect to
time, it is reasonable to take into account the effect of
the carrier-frequency component presented in the
common mode voltage on flux saturation, neglecting
other high-frequency components. The Faraday’s law
leads us to the following relation between the flux in
the inductor and the common-mode voltage:

_ 1
¢_Njymm (1)

where N is the turn number per phase of the inductor, F
is flux in the inductor and Vcy is common mode
voltage. The flux density, B is given by
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where S is the cross section area of the core. For a

given value of carrier frequency and a known value of
common mode voltage, the product SN dictates the

value of By, Alternatively, the product SN can be

designed if the value of B, is allowed not to exceed
the saturation flux density B, of the core material used.
A soft magnetic material having a crystalline structure
in the nano-scale range is selected as the core material.
This material has a saturation flux density as high as
Bsa=1.2 T. Generally, the inductance value of an
inductor without air gap is give by:

(13)

where 1 is the mean core length and p is the core
permeability. A peak value of common mode current,
IcMpeak 18 inverse-proportional to the inductance value of
LCM and therefore it is proportional to a value of I/N as
long as SN is constant. The shorter the mean core
length and the larger the number of turns, the smaller
will be the peak value of the common mode current.

However, the number of turns cannot be increased
beyond a certain limit because that would need a larger
core and would result in a larger mean core length. This
means that there exists an optimal value of I/N ratio,
which is dependent on the diameter of the copper
windings used, or in other words, on the current rating
of the inductor. Based on the above discussions, the
following common mode choke is designed and
constructed: an inductor with a maximum flux density
of 0.8 T at 40 Hz, which is 2/3 of the flux density of
magnetic saturation. Note that a resonant frequency for
the common mode circuit should be placed in a
range of about 1.5 kHz, so that the capacitance value
of CCM is designed as practical value of 470 nF by
considering (14).

f= !

(14)
27

CMCCM

So Lcvy is found as 25mH with characteristic
impedance of 210 O that is shown in Fig. 7 as R;,. The
resistance value of Ry was designed as 20 O. Finally
Remz, Loz and Ceop considered as 100 O, 8 mH and 47
nF respectively.

SIMULATION RESULTS

The system without filter (Fig. 1) and with the
proposed filter (Fig. 7) is simulated by Saber software.
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predicted EMI

The simulation results of common mode voltage (Vcewm),
shaft voltage (Vy), bearing current (I,) and leakage
current (Icy) are shown in Fig. 10. the predictions show
that shaft voltage between motor shaft and ground
appears by 17 volt and bearing current flowing through
bearing and ground is about 400mA, leakage current
also is 4 A, which can cause of bearing surfaces
damage in time due to electric discharge machining
(EDM) effect, or electroplating of the race steel and
bearing balls. Also predicted EMI couldn’t meet the
EMI limits (EN55011). But after connecting the
proposed filter to system (Fig. 7) EMI reduced. A
comparison between the predicted EMI without and
with EMI filter is shown in Fig. 11.

Figure 12 shows the predicted shaft voltage,
bearing current and leakage current for system with the

proposed filter. As shown in Fig. 12 shaft voltage is
about several mVs, which cannot cause of any
damaging in motor, bearing current and shaft voltage
are ignorable.

EXPERIMENTAL RESULTS

Without employing filters the PWM inverter ac
motor system constructed to test. The test system
included the 3.7 kW induction motor, 6 WA PWM
inverter drive system, line impedance stabilization
networks (LISN) and other measuring system for
evaluating the adverse effects in the system. Standards
regulations call for the utilization of LISN to be placed
between ac power supply and the equipment under test
(EUT) for measuring EMI. Measured common mode
voltage and shaft voltage are shown in Fig. 13.
Common mode voltage (Vcn) of Fig. 13 is measured
from a Y connected node of three capacitors to dc bus
midpoint. The measured waveforms of bearing current
and common mode current are shown in Fig. 14.

Fig. 15 shows the conducted EMI when no filter
connected to the system. After connecting the passive
filter to the system almost of the adverse effects are
eliminated. The results of common mode voltage and
shaft voltage are presented in Fig. 16. The measured
bearing current and leakage current is shown in Fig. 17.
The effect of filter on conducted EMI reduction is
shown in Fig. 18. Figures 16, 17 and 18 show that
proposed passive filter could reduce all the adverse
effects drastically. Shaft voltage reduced to 100 mV,
which cannot be cause of premature motor failures. The
bearing current almost is eliminated and also the
leakage current is mitigated by employed small passive
filter between rectifier input and motor neutral point.

The measured conducted EMI illustrated in Fig. 18
satisfied the EMI regulation of the CISPR 22 class A
limit which are limited conducted EMI to below 79
dBuV. CISPR 22 regulation has been used globally for
many years to determine compliance of electrical
machine drive system with applicable limits as
electromagnetic compatibility (EMC) regulation. Many
economies like the European Union, Japan, Australia
and New Zealand have adopted CISPR 22 into locally
applicable standards. Other countries also accepted this
regulation as international regulations. In this paper
CISPR 22 regulations are considered. Limit of
conducted emission of CISPR 22 (last version: 2004)
for conducted emissions is 79 dBuV in the range of
frequency 0.15-0.5 MHz and 73 dBuV in the range of
frequency 0.5-30 MHz that is drawn in conducted EMI
spectrum of simulations results (Figure 10). These
limits are similar to other standards and regulations
such as FCC class A limits (USA standards), EN
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55022, TEC 61000 (European standards) and other
acceptable standards.

CONCLUSION

The adverse effects of PWM inverter in electrical
machine system has concerned in this paper. A passive
cancellation method based on two small passive filter
connected between motor neutral point and rectifier
input and also between inverter output and motor
terminal has been proposed, designed and tested for a 6
kW inverter fed 3.7 kW induction motor.

Whole system has been modeled and then
simulated by Saber software with and without
connecting the proposed passive filter. Experimental
results have verified that the proposed passive filter is
effective and valuable in preventing the adverse effects
of PWM inverter in electrical machine system. The

simulation and experimental results had good
agreement together.
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Fig. 12: Shaft voltage, bearing current and leakage
current with proposed filter
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