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Abstract - The high-frequency behavior of induction motors is analyzed in this paper. Lumped
equivalent circuits are proposed to account for the frequency-dependent phenomena in the mo-

tor stator winding and core. The proposed circuit models allow time- and frequency-domain
analysis to be performed with standard circuit simulators in a wide range of frequency. Fur-
thermore, common- and differential-mode conducted EMI can be predicted when the motor is

supplied by switching converters.

L. INTRODUCTION

Nowadays, AC motor drives are widely used in electro-
mechanical energy conversion systems. In the latest
switching power converters the commutation times are
very small and, as a consequence, the motor winding is
subjected to a very large amount of HF voltage compo-
nents [1], [2]. Owing to winding parasitic capacitances [3]
(i-e., turn-to-turn and turn-to-iron 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. The frequency range of interest for conducted EMI
in power electronics is usually from tens of kHz up to tens
of MHz [8]. Because of the high switching speed of
MOSFETs and IGBTs, the nonideal behavior of the
power converter elements 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 [9].

In the low to medium power range, the low voltage in-
duction motor is the most frequently used type of motor.
In this case, the stator winding is realized by a series con-
nection of mush wound coils. Because of the random dis-
tribution of the turns for each coil, an analytical evalua-
tion of the coil model parameters cannot be based on sin-
gle-turn models such as in form wound coils [10], [11].
Hence, the lumped equivalent circuit of a single coil can
be defined in terms of equivalent impedance by means of
a suitable three-terminal network (i.e., input, output, and
ground terminals). Both the real and imaginary compo-
nents of the impedance should be considered to properly
represent the overall coil behavior [12]. The model of a
multi-coil stator winding can be obtained from the single-

coil model [13]. A three-phase induction motor can be
considered as a “black-box™ with one terminal for each
motor phase and a terminal for the motor frame (ground).
Then, the equivalence is formulated in terms of phase-to-
phase and phase-to-ground impedances.

In this paper a novel equivalent circuit of the motor stator
winding based on a ladder RL network is proposed. This
model is valid in the range of frequency from tens of Hz
to tens of kHz.

II. HF MOTOR BEHAVIOR IN THE CONDUCTED
EMI FREQUENCY RANGE

The International Standards define the typical conducted
EMI frequency range from 9 kHz to 30 MHz.

Impedance measurements between the terminals of differ-
ent induction motors (in the low to medium power range)
have shown that the resonance phenomena in the range
from tens to hundreds of kHz dominate the frequency be-
havior of the motor winding. In particular, the presence of
the coil inductance and stray capacitances leads to
smoothed parallel LC resonance, and a couple of reso-
nance peaks can be observed at frequencies around 100
kHz. For frequencies above hundreds of kHz, the winding
shows a capacitive behavior. The additional resonances in
the range of MHz appear as a minor phenomenon. To ac-
count for this typical behavior, the equivalent circuit
shown in Fig. 1 has been adopted to represent both single-
coil [12] and multi-coil AC windings [13], [14]. It can be
noted that all the circuit parameters are frequency-inde-
pendent. For three-phase windings, the inductive coupling
among the phases is taken into account by the mutual in-
ductances M, and M,. The direct phase-to-phase capaci-
tive coupling is neglected assuming that the correspond-
ing capacitances are much lower than the phase-to-ground
capacitances C,.
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To verify the proposed model for three-phase motor
windings, impedance measurements were carried out at

the terminals of a standard 4 kW induction motor, the
data of which are given in Table I of the Appendix. The

frequency behavior of both phase-to-phase and phase-to-

ground impedances was investigated. A Hewlett Packard

HP-4192 RLC meter was employed for the measure-

fcg

ments, for frequency ranging from 10 kHz to 10 MHz.
The measured and calculated impedance values versus

5. Figs. 2 and 3 are re-

lated to the phase-to-phase impedance. Figs. 4 and 5 illus-

frequency are shown in Figs. 2 -

ground impedance. The

trate the behavior of the phase-to-
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solid lines represent the numerical results obtained with

Fig. 1. HF model for a three-phase motor winding

the equivalent circuit, whereas the markers indicate the
measured values. It can be noted a good agreement in a

in the typical conducted EMI frequency range

In order to make the three-phase winding model fit with
the experimental data, an identification problem has to be
solved. The model fitting can be performed by either a
trial-and-error method or numerical techniques. A proce-
dure to get an initial estimate of the model parameters is

given in [13].

wide frequency range, even though the overall equivalent

circuit adopt frequency-independent parameters. In this

way, the proposed model can be easily employed to per-

form time- domain analysis of AC motor windings by

standard circuit simulators.
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Fig. 4. Real and imaginary components of the impedance vs. frequency

Fig. 2. Real and imaginary components of the impedance vs. frequency
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Fig. 5. Magnitude of the impedance vs. frequency

Fig. 3. Magnitude of the impedance vs. frequency
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III. MOTOR BEHAVIOR BELOW THE FIRST
RESONANT FREQUENCY

In order to extend the frequency range of the model below
tens of kHz, the HF phenomena in both the motor stator
winding and core have to be considered. In fact, imped-
ance measurements between the phase terminals have
shown that, for frequencies up to tens of kHz, the contri-
bution of stray capacitances is not important. Skin and
proximity effects in the winding and eddy currents in the
laminations play a predominant role in this range of fre-
quency. This phenomena are emphasized in Figs. 5 and 6,
which show the real Rg and imaginary Xg components of
the impedance measured between two phase terminals (A-
B) of the induction motor under test. The procedure for
obtaining the calculated values depicted in these figures is
explained later.

Some works in the literature deal with these subjects. In
particular, skin and proximity effects can be represented
by the Dowell’s approach [15], leading to analytical ex-
pressions for the winding resistance R,, and leakage in-
ductance L, as functions of frequency. The effects of the
eddy currents in the laminations, in terms of main induc-
tance L, and equivalent series resistance R, (i.e., mag-
netic field weakening and additional power losses in the
core, respectively) can be represented on the basis of a
one-dimensional electromagnetic field analysis [16]. By
this approach it is possible to derive a simplified RL cir-
cuit for each phase of the stator winding, considering fre-
quency-dependent parameters, as represented in Fig. 7.
The total resistance R(®) and inductance L(w) are given
by

R(w)=R, +R,, and L(w)=L,+L,. )

For nonsaturated iron, R, and L, can be expressed as [16]
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Fig. 5. Real component R; of the impedance vs. frequency
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In (2) and (3) ® = 2xf, L‘ffl is the low—ﬁequency induc-

tance, s is the thickness of the lamination, and §, is the

skin depth for the iron, 8 =/2p./@}, , being p, the elec-

tric resistivity of the iron sheets, and L. the equivalent
permeability of the magnetic circuit with air gaps.

This model, with frequency-dependent parameters, has
been employed in [16] to model the HF behavior of lami-
nated iron core inductors. In this case, the winding ge-
ometry is well defined, and a single coil has to be consid-
ered. In the case of motor windings, the multi-coil con-
figuration for each phase, the three-phase connection and
the complex magnetic path for the main flux suggest to
consider a different approach to derive an equivalent cir-
cuit. Furthermore, the model represented in Fig. 7 could
be easily employed only for frequency-domain analysis,
whereas its application to time-domain analysis could be
laborious.

In order to overcome these drawbacks, the motor stator
winding can be modeled by various type of RL networks,
whose parameters are fitted with the results obtained by
phase-to-phase and phase-to-ground impedance meas-
urements. In particular, models consisting of series and/or
parallel Foster circuits and Cauer circuits could be
adopted. In this paper an equivalent circuit consisting of a
ladder RL network for each phase, as shown in Fig. 8, is
proposed. It has been found that four RL blocks are suffi-
cient to model the impedance behavior in a satisfactory
manner, for frequencies up to tens of kHz. The inductive
coupling among the phases is neglected at this time. The
model fitting, in terms of equivalent series resistance R
and equivalent series reactance X, leads to the calculated
values depicted in Figs. 5 and 6, respectively. A good
agreement between the calculated and measured values
can be observed.
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Fig. 6. Imaginary component X, of the impedance vs. frequency
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Fig. 7. Model with frequency-dependent parameters for frequencies
below tens of kHz

Furthermore, the proposed model is useful to emphasize
the phase-to-phase equivalent series inductance L= X/®
seen between two motor terminals, as shown in Fig. 9.
Also in this case, the agreement between calculated and
measured results is good. It can be noted that the induc-
tance halves its low-frequency value at a frequency of
about 10 kHz, due to eddy currents flowing in the lami-
nations. For higher frequencies the effects of the LC par-
allel resonance become important and dominate the over-
all frequency behavior of motor windings.

IV. CONCLUSIONS

In this paper the high-frequency behavior of induction
motors with stator winding realized by mush wound coils
is analyzed. A lumped equivalent circuit is proposed to
represent the motor behavior in the typical conducted
EMI frequency range, i.e. from tens of kHz up to tens of
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Fig. 9. Equivalent series inductance Ls vs. frequency
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Fig. 8. Model with a ladder RL network for frequencies
below tens of kHz

MHz. The model mainly accounts for the resonant phe-
nomena occurring in this range of frequency. In particu-
lar, turn-to-turn and turn-to-ground stray capacitances
strongly affect the frequency behavior of the winding.
The circuit parameters are frequency-independent and are
fitted with the results obtained by phase-to-phase and
phase-to-ground impedance measurements. In this way,
the proposed model can be easily implemented on stan-
dard circuit simulators to analyze and predict the HF be-
havior of the stator winding when the motor is supplied
by switching converters. In particular, conducted com-
mon- and differential-mode interferences can be investi-
gated.

In order to extend the frequency range of the model below
tens of kHz, an equivalent circuit of the motor stator
winding consisting of a ladder RL network for each phase
is proposed. The model accounts for skin and proximity
effects in the stator winding and eddy currents in the iron
core. Also in this case, the model fitting can be performed
on the basis of phase-to-phase and phase-to-ground
impedance measurements. By means of this circuit it is
possible to represent the frequency behavior of the motor
stator winding up to tens of kHz, which are the typical
values for the switching frequency of the supply inverter.

V. APPENDIX
TABLE 1
Three-phase induction motor data
Power Voltage, Frequency Speed Cooling
4 kW 220/380 V,50 Hz 2800 rpm coaxial fun
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