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Abstract—In this paper, an inverter-fed ac motor drive is an-
alyzed in order to investigate the conducted electromagnetic in-
terferences at both the input and output sides of the inverter. HF
lumped equivalent circuits for the inverter and the motor stator
windings are proposed. The overall circuit model allows time- and
frequency-domain analysis to be performed with standard circuit
simulators. The proposed model can also predict common- and
differential-mode HF current components. The equivalent circuit
is verified by experimental tests carried out on a prototype of ac
motor drive.

Index Terms—Circuit model, common-mode, differential-mode,
electromagnetic interference, frequency-domain analysis, HF, in-
verter, motor stator windings, time-domain analysis.

I. INTRODUCTION

NOWADAYS, ac motor drives are widely used in electro-
mechanical energy conversion systems. Modern power

electronic inverters are based on PWM techniques with
switches characterized by very small switching times. As a
consequence, the motor windings are subjected to a very large
amount of HF voltage components [1], [2]. Owing to parasitic
winding capacitances [3] (i.e., turn-to-turn and turn-to-ground
capacitances), these HF voltage components cause HF leakage
currents [4] and conducted electromagnetic interferences (EMI)
in the power mains and ground system [5]–[7]. The resulting
HF currents are classified in common- and differential-mode
(CM and DM) components according to their circulation paths
[8]–[10]. The frequency range of interest for conducted EMI
in power electronics is usually from tens of kilohertz up to
tens of megahertz [11]. Owing to the high switching speed
of MOSFETs and IGBTs, the nonideal behavior of the power
converter plays an important role in the HF current component
prediction. Thus, in order to model the HF behavior of the
converter, it is necessary to take account of parasitic parameters
in semiconductor devices and passive elements of the power
circuit [12].

In the low and medium power range, the low voltage induc-
tion motor is the most frequently used type of motor. In this case,
the stator windings are realized by a series connection of mush
wound coils. Because of the random distribution of the turns in
each coil, an analytical evaluation of the coil model parameters
cannot be based on single-turn models such as in form wound
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Fig. 1. Inverter-fed induction motor drive with LISNs.

coils [13], [14]. Hence, the lumped equivalent circuit of a mush
wound coil can be defined in terms of equivalent impedance by
means of a suitable three-terminal network. Both the real and
imaginary parts of the impedance should be considered to prop-
erly model the coil behavior [15]. The model of a multi-coil
stator winding can be derived from the single-coil model [16].
A three-phase induction motor can be regarded as a “black box”
with one terminal for each motor phase and a terminal for the
motor frame (ground). Thus, the equivalence between the model
and the stator windings is formulated in terms of phase-to-phase
and phase-to-ground impedances.

The system analyzed in this paper is shown in Fig. 1. Two line
impedance stabilization networks (LISNs, 50 /50 H) are em-
ployed to decouple the dc source from the inverter. The proposed
circuit model includes both the inverter and the induction motor.
The HF current interferences at the input and output sides of
the inverter are numerically evaluated by PSpice. In particular,
common- and differential-mode current components are consid-
ered in order to emphasize the HF coupling between the dc link
and the motor terminals. A time domain analysis is carried out
together with a frequency-domain analysis to determine the HF
current harmonic spectrum. The calculated results are compared
with the experimental tests obtained with a drive system proto-
type.

II. HF CIRCUIT MODELS

In the system analyzed in this paper the length of the two ca-
bles connecting the LISNs to the inverter and the length of the
three cables feeding the motor are about 1 m. These power con-
nections are simply modeled by series RL circuits. More detailed
circuit models for the inverter and the motor stator windings are
developed in the following sections [17]–[20].

A. Inverter Model

In [12] an accurate circuit model for a switching cell, which is
the basic structure of most power converters, has been presented
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TABLE I
THREE-PHASE INVERTER RATINGS

Fig. 2. HF circuit model for an inverter leg with parasitics.

TABLE II
THREE-PHASE INDUCTION MOTOR DATA

and validated by experimental tests. In this paper the equiva-
lent circuit of the three-phase voltage source inverter (VSI) is
obtained by an extension of the switching cell model. The rat-
ings and the main characteristics of the inverter are given in
Table I. Fig. 2 shows the HF equivalent circuit for one leg of
the three-phase inverter. The corresponding parameter values
are summarized in Table III. Each leg of the three-phase inverter
consists of two power IGBTs with parallel freewheeling diodes.
The models adopted for IGBTs and diodes are the PSpice gen-
eral models [21]. These models were fitted with the parameter
values given in the data sheets by using the “Parts” utility of
PSpice [21]. The effects of the IGBT and diode internal capac-
itances are included in the PSpice model, whereas the values of
the collector and emitter internal inductances, and , have
been introduced in the inverter model on the basis of additional
experimental data [22].

The main parasitic components of the proposed HF circuit
model represented in Fig. 2 are as follows.

• Stray inductances of the connecting wires. These parame-
ters affect the total inductance of the circuit loops and are
strongly dependent on the converter layout. It is possible
to evaluate these inductances ( and ) by the ana-
lytical formula for two parallel cylindrical conductors or
for a circular or rectangular single-turn loop.

• Parasitic inductances of the capacitors. It is not usually
possible to evaluate these inductances analytically, but
they can be measured by impedance meters. Typical
values are – nH for ceramic capacitors and

– nH for large electrolytic capacitors [23].
A parallel connection of both capacitor types is usually

employed to obtain a large equivalent capacitance with a
low equivalent parasitic inductance.

• Parasitic capacitances between the power switches and
the ground. The ground potential may be introduced (for
safety reasons) by the heatsink of the power switches and
the metallic chassis. The values of these capacitances can
be evaluated by means of the parallel-plate capacitor for-
mula. They depend on the size and geometry of power
switches. In particular, for MOSFET or IGBT power mod-
ules the resulting collector-to-heatsink stray capacitance,

, is in the order of hundreds of pF (measured).

B. Stator Winding Model

The stator winding model only is considered in this analysis
because the HF magnetic fields practically do not penetrate the
statorandrotorcorelaminations[15].Forthisreasonthemagnetic
couplings to be taken into account are those among the overhangs
only.Inthecaseofsquirrel-cageinductionmotors, thesemagnetic
couplings are significant only for the stator overhangs.

As far as the capacitive couplings are concerned, only
the stator windings and the frame should be considered for
modeling squirrel-cage induction motors. In particular, since
the mush stator windings are usually placed inside semi-closed
slots, almost completely surrounded by iron laminations, the
main capacitive coupling of the stator is towards the iron
frame. Furthermore, the capacitive coupling between the stator
overhangs and the frame should be considered.

Onthebasisof theseconsiderations,a three-phasemotorcanbe
regarded as a “black box” with one terminal for each stator phase
and a terminal for the motor frame (ground). Thus, the equiva-
lence between the model and the stator windings is formulated
in terms of phase-to-phase and phase-to-ground complex imped-
ances. Some impedance measurements on different stator wind-
ings have shown that the same topology of the single-coil equiva-
lentcircuit proposed in [15], consistingof theseriesconnectionof
tworesonators,canbeadoptedalsoforeachphaseofathree-phase
motor,asrepresentedinFig.3(a).Inthispaperthemutualinductive
couplingsamong thestatorphasesare taken intoaccountby intro-
ducing the mutual inductances and . The direct phase-to-
phasecapacitivecouplingsareneglectedbeing thecorresponding
capacitances much lower then the phase-to-ground capacitances

. The resulting model valid for three-phase stator windings is
shown in Fig. 3(b).

In order to make the three-phase winding model fit with the
experimental data, an identification problem must be solved.
The model fitting can be performed either by a trial-and-error
method or numerical techniques. An initial estimate of the re-
active parameters of the three-phase winding model can be ob-
tained as follows.

1) Self- and Mutual Phase Inductances: The overall phase
self-inductance can be evaluated by impedance
measurements at the phase terminals for frequencies lower than
the first self-resonant frequency. This parameter is frequency-
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TABLE III
NOMENCLATURE AND PARAMETER VALUES OF THE PROPOSED HF MODELS

dependent but an average value can be extrapolated and fixed in
the considered frequency range.

Although there are impedance bridges that can measure the
mutual inductance, a common method to determine is based
on measuring the equivalent inductance with different coil con-
nections. This procedure leads to , where
and represent the measured inductances when the two coils
are connected in series with positive and negative mutual cou-
pling, respectively.

2) Phase-to-Ground Capacitances: The capacitive cou-
pling between each motor phase and the ground is represented
by two lumped capacitances at the beginning and the end
of each phase [Fig. 3(b)]. The value of can be evaluated
by connecting the six terminals of the motor phases at the
same node, and dividing by six the resulting capacitance
measured between the node and the ground: . The
value of practically corresponds to the phase-to-ground
capacitance measured at low frequency (e.g., below the first
self-resonance) from a motor terminal to ground. In fact, for
either delta or star connections, the phase inductive reactance
is negligible compared to the capacitive parallel reactance.

3) Inner Phase Capacitances: For high excitation fre-
quencies (e.g., above the self-resonances), the input-to-output
inner phase capacitance is represented by the series of the
capacitances and of the two resonators, as shown in Fig.
3(a). The evaluation of this capacitance can be carried out by
measuring the capacitance between the terminals of two
phases at a high frequency. Assuming star-connected motor
phases yields

Fig. 3. Circuit model for a three-phase winding.

Both and must be split into , and , respec-
tively, according to the equivalent circuit of Fig. 3(a). As a first
approximation, this can be obtained by imposing the frequency
of the two parallel resonances. The parameter values resulting
from the fitting procedure applied to the proposed three-phase
winding model are reported in Table III.
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Fig. 4. Real and imaginary parts of the phase-to-phase impedance.

Fig. 5. Magnitude of the phase-to-phase impedance.

C. Impedance Measurements

To verify the proposed model for three-phase motor wind-
ings, impedance measurements were carried out at the induction
motor terminals with the inverter disconnected. The motor data
are given in Table II. The frequency behavior of both phase-to-
phase and phase-to-ground impedances was investigated. The
measurements were performed by a RLC meter HP 4192 with
the frequency ranging from ten kHz to few MHz. The calculated
and measured impedance values are shown in Figs. 4–7. Figs. 4
and 5 are related to the phase-to-phase impedance. Figs. 6 and
7 illustrate the behavior of the phase-to-ground impedance. The
solid lines represent the numerical results obtained with the cir-
cuit model, fitted on the basis of the initial parameter estima-
tion described above, whereas the markers indicate the mea-
sured values.

It can be noted that the agreement between numerical and
experimental results is good in a wide frequency range even
if all the circuit parameters are assumed to be independent
of frequency. In order to improve the model matching for
frequencies of few tens of kilohertz, frequency-dependent
parameters should be adopted. In particular, a better fitting
could be obtained by modeling skin and proximity effects in the
winding with frequency-dependent resistances, and introducing

Fig. 6. Real and imaginary parts of the phase-to-ground impedance.

Fig. 7. Magnitude of the phase-to-ground impedance.

Fig. 8. Arrangement for the CM and DM current measurement for the
three-wire system (ac side).

Fig. 9. Arrangement for the CM and DM current measurement for the
two-wire system (dc side).

frequency-dependent inductances to account for the magnetic
reaction of eddy currents in the laminated iron core. The
circuit model with frequency-dependent parameters could be
usefully employed for frequency-domain analysis, whereas
its application for time-domain analysis could be laborious. It
was verified that in most cases the improvements of the results
obtained do not justify the increased model complexity.
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Fig. 10. Numerical results: (a) 3I at ac side, (b) 3I at ac side, and (c) 2I at dc side.

III. CM AND DM CURRENT DETECTION

The conducted interferences are analyzed both at the dc side,
between the LISNs and the inverter, and at the ac side, between
the inverter and the motor terminals.

For the two-wire system (dc side in Fig. 1), the CM and DM
current components are defined by the current signals and
as

(1)

For the three-wire system (ac side in Fig. 1), the CM current
component is defined by the phase current signals , and

as

(2)

The DM current components can be defined for each phase as

(3)

For phase the previous equation yields

(4)

Equation (4) is used to define the three-phase DM current com-
ponent for balanced operating conditions.

The conducted interferences are measured by HF current
probes. When using magnetic probes with toroidal shape, a
proper wire arrangement can be utilized to measure the CM
and DM current components. Figs. 8 and 9 show the wire ar-
rangements for three-wire and two-wire systems, respectively.
In this way, a multiple of the CM and DM currents is directly
measured avoiding an additional analog circuitry that could
limit the bandwidth of the measuring system.

IV. NUMERICAL AND EXPERIMENTAL RESULTS

To validate the HF circuit model for the whole system, a pro-
totype of inverter-fed ac motor drive was realized. Measure-
ments in both time and frequency domain were carried out. The
inverter was controlled in the “six-step mode” with a funda-
mental frequency of 10 kHz, that is the lower limit for the va-
lidity of the proposed HF circuit model. In this way, only current
harmonics with frequency higher than 10 kHz flow in the system
under investigation.

The LISNs (50 /50 H) have been introduced in order to
decouple and standardize the inverter input from the dc source.
The results presented in this paper were obtained using a battery
as dc source. The adopted measuring system was a Tektronix
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Fig. 11. Experimental results: (a) 3I at ac side, (b) 3I at ac side, and (c) 2I at dc side.

A6303 current probe (bandwidth from dc to 15 MHz) with the
corresponding Tektronix AM 503B current probe amplifier. The
measuring points are represented in Fig. 1 and the wire arrange-
ments are shown in Figs. 8 and 9.

A. Time-Domain Analysis

The time-domain simulations were carried out by PSpice with
an integration step ceiling of 50 ns. The corresponding exper-
imental results have been recorded by a digital oscilloscope
with a 50 input impedance adapter. The results are shown in
Figs.10 and 11, respectively. The agreement is good even if the
dependence of all the model parameters on the excitation fre-
quency is neglected. This assumption allows numerical results
to be achieved by a standard circuit simulator within reasonable
computational times.

Figs.10(a) and 11(a) represent the DM current at the ac
motor side. The current waveform is piecewise-linear and
the frequency of its fundamental component is 10 kHz. The
spikes are due to capacitive currents flowing through the
phase-to-phase capacitive coupling owing to the high voltage
time derivative during the IGBTs commutations. It
can be noted that the agreement is good for the amplitude of
the fundamental component (1 A, 10 kHz), whereas the linear
segments have lightly different slopes. The explanation can

Fig. 12. Common-mode current paths.

be found in Section II-C with reference to Figs. 4 and 5: at
10 kHz the motor model has a good matching as regards the
measured magnitude of the phase-to-phase impedance (Fig.5),
but the agreement is not so good for its real and imaginary parts
(Fig.4).

Figs. 10(b) and 11(b) represent the CM current at the ac side.
The waveform periodicity corresponds to a fundamental fre-
quency of 30 kHz. Also in this case, the high during the
IGBTs commutations is responsible for the current spikes. The
current oscillation following each spike has a frequency of about
100 kHz. This value corresponds to the resonant frequency of
the phase-to-ground impedance shown in Figs. 6 and 7. The
agreement between the numerical and the experimental results
is very good.
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Fig. 13. Numerical results: (a) 3I at ac side, (b) 3I at ac side, and (c) 2I at dc side.

Figs. 10(c) and 11(c) represent the CM current at the dc side.
It can be noted that these waveforms practically coincide with
the CM current waveforms at the ac motor side except for a
small scale factor. This increase at the dc side is due to an addi-
tional CM current flowing through the IGBTs-to-heatsink para-
sitic capacitances (the heatsink is grounded for safety). The CM
current paths are shown in Fig. 12. Also in this case the circuit
model is able to predict the HF currents with a good accuracy.

The DM current at the dc side is not shown since its amplitude
is two order of magnitude less than that of the CM current in the
considered range of frequency. This is due to the filtering action
performed by the dc capacitors (Table I and Fig. 2) that confine
the DM currents inside the loops consisting of the switching legs
and the capacitor branches.

B. Frequency-Domain Analysis

Thenumericalanalysisinthefrequencydomainwasperformed
by post-processing the data obtained in the corresponding time-
domain analysis. In this case, the Fourier facility of PSpice was
usefully employed. The experimental results were obtained by a
HP 8591E spectrum analyzer (bandwidth from 9 kH to 1.8 GHz).

The measurement were carried out selecting the “peak mode.”
Thefrequencyrangewas10kHz–2MHzandtheresultsareshown
in Figs. 13 and 14.

The fundamental frequency of the DM current components
is 10 kHz. In particular, the numerical results represented in
Fig.13(a) show that the order of the harmonics is with

an integer (i.e., 50 and 70 kHz, 110 and 130 kHz etc.). The
agreement with the corresponding experimental results repre-
sented in Fig. 14(a) is good. It can be noted that the amplitude
envelope of the DM current harmonics is very similar in the two
cases, but additional harmonic components can be recognized in
the experimental results.

The CM current components have a fundamental frequency
of 30 kHz. Fig. 13(b) and (c) shows that the harmonic order is

with an integer (i.e., 90, 150, and 210 kHz, etc.). The
agreement with the corresponding experimental results repre-
sented in Fig. 14(b) and (c) is good. Also in this case, the cal-
culated and measured amplitude envelopes of the CM current
harmonics are very similar. Additional harmonic components
appear in the experimental results. It can be noted that the har-
monic amplitudes are increased of about 3 dB at the dc side
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Fig. 14. Experimental results: (a) 3I at ac side, (b) 3I at ac side, and (c) 2I at dc side.

with respect to the ac side owing to capacitive currents through
the grounded heatsink, as it could be expected by the scheme of
Fig.12.

V. CONCLUSION

In this paper, an inverter-fed ac motor drive has been ana-
lyzed with reference to the conducted electromagnetic interfer-
ences at both the dc and ac sides of the inverter. Two LISNs have
been employed to decouple the dc source from the inverter. HF
lumped equivalent circuits for the inverter and the motor stator
windings have been proposed. The inverter model includes par-
asitic elements of power switches, passive components and con-
necting wires. The circuit model of the motor windings takes ac-
count of turn-to-turn and turn-to-ground stray capacitances. The
motor model fitting is based on phase-to-phase and phase-to-

ground impedance measurements. The overall system model
has been tested by an inverter-fed ac motor drive, considering
a 10 kHz six-step modulated inverter.

As the parameter values of the overall system model are ob-
tained from proper measurements, analytical formulas and well-
known fitting procedures, the proposed model can be applied to
many types of inverters and ac motors, even if the practical re-
sults are presented for a specific case.

Using the equivalent circuit presented in this paper, the time-
domain analysis can be performed with standard circuit simu-
lators. The proposed model is particularly useful for predicting
differential- and common-mode components of conducted EMI
in a wide frequency range (10 kHz–2 MHz). Guidelines for a
overall system design satisfying the international EMC stan-
dards can be derived. In particular, it has been shown that the
CM current components strongly affect conducted emissions.
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The circuit model allows the effects of EMI suppression filters
to be predicted by numerical simulations.
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