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Abstract. The paper describes a HF equivalent circuit for the stator winding of three-phase AC
motors, valid in a wide frequency range. The model fitting is based on winding complex im-
pedance measurements. Both the phase-to-phase and the phase-to-ground impedances are con-
sidered. The proposed model can be utilized in theoretical and numerical HF analysis of in-
verter-fed AC motors. In this case, the equivalent circuit allows to predict both differential- and
common-mode conducted EMI. Furthermore, also transient effects can be predicted when the
analysis is performed in the time domain. The numerical results, obtained by means of PSpice,
are compared with the corresponding experimental tests in both frequency and time domains.
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INTRODUCTION

In recent years, inverter motor drives have become the
most popular systems to handle electromechanical
power conversion. The modern power converters are
based on switching mode operation with static compo-
nents of the last generation. The static switches, such as
MOSFETs and IGBTS, are characterized by very fast
commutations (i.e., fractions of ps). The switching fre-
quency is usually fixed in the range of tens of KHz to
avoid acoustic noise. As a consequence, undesired har-
monic voltage components can range from tens of KHz
to several MHz. These High Frequency (HF) voltage
harmonics are responsible of HF currents. The propaga-
tion path of the current harmonics is rather unexpected
owing to stray and parasitic motor parameters that take
importance at high frequency. Thus, a circuit model of
the motor windings is particularly useful to predict HF
current components and, in general, conducted Electro-
Magnetic Interferences (EMI) [1]. Since the motor
frame is usually grounded, both differential- and com-
mon-mode EMI must be considered.

In the low and medium power range, the low voltage in-
duction motor is the most frequently used type of motor.
The windings of this type of motor are usually realized
by a series connection of mush wound coils. A winding
model consisting in a cascade connection of single-coil
models can be particularly useful to determine the fast
fronted voltage distribution among the coils [2]-[6].
Owing to the random distribution of the turns in each
coil, an analytical evaluation of the coil model cannot be
based on single-turn models such as in form wound
coils. Hence, the lumped equivalent circuit of a coil can
be defined in terms of equivalent impedance by a proper
three-terminal circuit. Both the real and imaginary com-
ponents of the impedance [7] or only the impedance
magnitude [8] can be considered. In this paper the main
results obtained in [7] are summarized and extended to
the case of multi-coil stator windings with reference to
three-phase induction motors.

SINGLE COIL MODEL

A detailed analysis of single-coil stator windings has
been presented in [7] leading to the lumped parameter
model r inFi
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Fig. 1: HF equivalent circuit of a mush wound coil

The coil is regarded as a series connection of N turns
having a circular cross section. The distribution of the N
turns is random in both the dlot region and the overhang
region. The coil geometry and the coil cross section in
the slot region are givenin Fig. Al of the Appendix.

Background

The HF circuit model of a mush wound coil proposed in
[7] considers both turn-to-turn and turn-to-iron capaci-
tances. Also additional dissipative phenomena such as
skin and proximity effects in the wires, dielectric and
iron losses are taken into account. The proposed ap-
proach is based on the equivalence between the coil and
the circuit model in terms of complex impedance Z..
Hence, both the real part (equivalent series resistance)
and the imaginary part (equivalent series reactance) of
Z. are considered.

Experimental tests on severa coils have been carried
out, showing in all cases a pair of more or less smoothed



parallel resonances in the considered frequency range.
Furthermore, very large dissipative phenomena associ-
ated with the resonances have been observed. The
equivalent circuit shown in Fig. 1 allows the frequency
response of the coil to be represented in a satisfactory
manner when the circuit parameters are properly evalu-
ated.

Model parameter evaluation

To make the modd fit with the experimental results an
identification problem has to be solved. The identifica-
tion procedure can be carried out by a simple trial and
error method or more sophisticated numerical tech-
niques such as the least squares method. The complex
admittances between the two coil terminals (Y.) and be-
tween a coil terminal and the stator frame (Yg) can be
expressed as a function of the model parameters and the
excitation angular frequency (w) as follows
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Aninitial estimate of the main circuit parameters can be
performed using the procedure presented in [7]. A brief
description of this procedure is given below.

Overall coil inductance. Asit is shown in Fig. A1, the
coil consists of two semi-circular or rectangular partsin
the overhang region, connected by two parallel straight
parts in the dot region. We assume the coil inductance L
as the sum of the inductance L*" of the wires in the
overhang region and the inductance L”°" of the wiresin
the dot region. This assumption is satisfied with a good
approximation. In fact, the flux lines produced by the
overhang conductors mainly lie in planes perpendicular
to the iron lamination. These flux lines do not penetrate
the iron core owing to the shielding effect of the eddy
currents which can freely circulate in the iron sheets.

On the basis of the previous considerations, we can cal-
culate the inductance L% by the image method related
to a current in presence of a planar magnetic shield [9].
In the case of semi-circular overhangs, the inductance
can be calculated as the inductance of a single circular
loop of diameter Dy,
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In the case of rectangular overhangs, the method of par-
tial inductance can be adopted [10] to calculate the in-
ductance L.

With reference to the inductance L™", we can note that
this contribution is strongly affected by the frequency. In
this case the lamination opposes the eddy currents so
that the shielding effect becomes significant only at high
frequencies. It has been verified that only for frequen-
cies above several MHz the magnetic field is completely
rejected outside the laminated iron core. For this reason,
the determination of the coil inductance requires an ac-
curate and complex field analysis taking eddy current
and iron lamination into account. However, neglecting
the magnetic field penetration inside the laminated iron-
core, the inductance L"" can be evaluated as the induc-
tance of agroup of N parallel straight conductors having
length 2d;,, and surrounded by a cylindrical shield. This
assumption leads to
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The inductance measurements can be performed only up
to few tens of kHz due the parallel resonances caused by
turn-to-turn and turn-to-iron parasitic capacitances. A
method to extend the inductance measurements to the
high frequency range is described in [7]. It consists of
inductance measurements on coils with a reduced num-
ber of turns. In this way the parasitic capacitive effects
are reduced and the parallel resonances are shifted at
higher frequencies. Then, the coil inductance can be cal-
culated by an extrapolation procedure. It has been veri-
fied that the sum of the values calculated by (3) and (4)
represents the asymptotic lower limit of the extrapolated
values.

Coil capacitances. An analytical evaluation of the coil
capacitances, such as in [11], is prevented by the ran-
dom distribution of the turns in mush wound coils.

The overall coil-to-ground capacitance Cyy can be evalu-
ated by short-circuiting the coil terminals and measuring
the capacitance between the resulting node and the mo-
tor frame. In the equivalent circuit of Fig. 1, the ca
pacitive coupling to ground is represented by the two
capacitances Cq =Ci/2 connected at the beginning and
the end of the coil.

Coil losses. The coil losses are taken into account by
series and parallel resistances. The sum of R_; and R.»
represents the AC wire resistance. The values of these
resistances are function of the excitation frequency ow-
ing to skin and proximity effects. However, in order to
obtain an equivalent circuit which can be readily utilized
for both frequency and time domain analyses, these re-
sistances are fixed at average values (hundreds of Ohm).
Rp1 and Ry take account of the AC iron losses and the
corresponding values are in the order of KQ or tens of
KQ. Rey, Rez, and Ry are introduced to mode! the dissi-
pative phenomena due to HF capacitive currents, and di-
electric losses. Usualy their values are in the order of
tens of Ohm.



DETAILED WINDING MODEL

For the considered AC motor size (i.e., from fractions of
kW up to few tens of kW), the stator windings are built
as a series connection of mush wound coils. In order to
obtain the circuit model of the motor windings, a cas-
cade connection of coil models can be considered. In
order to evaluate the inductive and capacitive couplings
among the coils, either numerical or experimental ap-
proaches can be employed.

Inductive couplings

The numerical evaluation of the mutual inductances
among the coils is a hard task due to the presence of a
laminated iron core. In fact HF eddy currents can flow
in the iron core despite of the iron lamination. As a con-
sequence, the mutual inductances change as a function
of the excitation frequency. The calculation of the mu-
tual inductances can be performed by neglecting the
magnetic penetration depth in the iron core and consid-
ering the coupling in the overhang region only. This
value corresponds to the asymptotic lower limit of the
mutual inductance obtained for frequencies above 1
MHz. With reference to rectangular overhangs, an ex-
tension of the method of “partial inductance” [10] can
be usefully employed to evaluate the mutual couplings.
As in the case of single-coil anaysis, the parallel reso-
nances limit the maximum frequency at which the mu-
tual inductance measurements can be performed.
Although there are impedance bridges that can measure
the mutual inductance, a common method to determine
M is based on measuring the equivalent inductance with
different coil connections. This procedure leads to
L-L”
4 (5)

where L’ and L' represent the measured inductances
when the two coils are connected in series with positive
and negative mutual coupling, respectively.

M =

Capacitive couplings

The random distribution of the coil turns prevents either
analytical or numerica calculations of coil-to-coil and
coil-to-ground capacitances. A detailed measurement of
these capacitances requires particular technique to be
adopted owing to the complexity of the parasitic capaci-
tance network. In order to decouple the coil-to-coil and
coil-to-ground capacitances, the coils terminals must be
properly connected. As an example, in order to evaluate
the coil-to-ground capacitance, it is convenient to con-
nect all the coil terminals at the same node and measure
the overall capacitance between the node and the
ground. In this way both the coil-to-coil and the inner
coil capacitances are short-circuited. Thus, the coil-to-
ground capacitance of a single coil can be readily ob-
tained dividing the measured capacitance by the total
number of coils.

The equivalent circuit of the motor windings based on
series connections and couplings among single-coil
models results in a very complex electrica network.
Furthermore, the high number of the circuit parameters

makes burdensome the model fitting. On the other hand,
this detailed model can be usefully employed when the
transient voltage distribution among the coils has to be
predicted or analyzed. In particular, the coil voltage
drop can be considered as the worst case in terms of
maximum voltage between adjacent turns. In this way,
the maximum electrical stress in the winding interturn
insulation can be predicted. This is the case when the
enameled wires at the beginning and at the end of a cail
touch one another [12]. The effects of fast-fronted elec-
trical fields in the stator winding insulation have been
discussed in terms of existence of partial discharges in
[12] and [13].

SIMPLIFIED THREE-PHASE WINDING MODEL

When the analysis of the voltage distribution among the
coils is not required, a simplified equivalent circuit for
the motor winding can be defined. In this case the AC
motor can be regarded as a “black box” with one termi-
nal for each motor phase and a termina for the motor
frame (ground). Thus, the equivalence is formulated in
terms of phase-to-phase and phase-to-ground complex
impedances. Some impedance measurements on differ-
ent stator windings have shown that the same topology
of the single-coil equivalent circuit (Fig. 1) can be
adopted aso for each phase of the AC motor. In this
case, the mutual coupling among the phases should be
introduced. In this paper the inductive couplings among
the phases are taken into account by mutual coefficients
(M, and My). The direct phase-to-phase capacitive
couplings have been neglected being the corresponding
capacitances much lower then the phase-to-ground ca-
pacitances. The resulting model valid for three-phase
motor windingsis represented in Fig. 2.
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Fig. 2: Scheme of the three-phase winding model

In order to make the three-phase winding model fit with
the experimental data, an identification problem has to
be solved. The prablem is equivalent to that of the sin-
gle-coil model discussed at the beginning of this paper
andin[7].



Frequency Response
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Fig. 4: Impedance magnitude

An initial estimate of the reactive parameters of the
three-phase model can be obtained by the following pro-
cedure.

Self- and mutual phase inductances. The overall phase
inductance L= Lo*+L, can be evaluated by impedance
measurements at the phase terminals for frequencies
lower than the first resonant frequency. This parameter
is frequency-dependent but an average value can be ex-
trapolated and fixed in the considered frequency range.
The mutual inductance M between two motor phases
can be evaluated by (5) using the procedure described
above.

Phase-to-ground capacitances. The capacitive cou-
pling between each motor phase and the ground is repre-
sented by two lumped capacitances Cy at the beginning
and the end of each phase (Fig. 2). These capacitances
can be evaluated by connecting the six terminals of the
phases at the same node and measuring the overall node-
to-ground capacitance Cg: Cy = Cyg/6. Cygy corresponds
to the capacitance between one phase termina and the
ground measured at a low frequency (e.g., below the
resonances). In fact, for either delta or star connections,
the phase inductive reactances are negligible with re-
spect to the capacitive parallel reactances.

Inner phase capacitances. With reference to Fig. 2, the
input-to-output inner phase capacitance C, is repre-
sented, for high excitation frequencies (e.g., above the
resonances), by the series of the capacitances C; and C,
of the two resonators. The evaluation of this capacitance
can be carried out by measuring the capacitance Cyy, be-
tween two phase terminals at a high frequency. Assum-
ing star connected motor phasesyields
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Fig. 5: Real and Imaginary impedance components

100000

o meas. Z
[Q] model
10000 \
® VA
N4 e o
./
J
1000 ~
3
100
10000 100000 [Hz] 1000000

Fig. 6: Impedance magnitude

1
Cop=5(Co*Cp) D Cp=2Cy-Cy.
Both L, and C, must be splitted into L4, L,, and Cy, Cy,
respectively, according to the equivalent circuit of Fig.
2. As a first order approximation, this can be done by
imposing the frequency of the two parallel resonances.

EXPERIMENTAL TESTS

In order to verify the proposed model for three-phase
motor windings, frequency and time domain measure-
ments have been performed on a test motor. The rated
characteristics of the motor are given in Table 1 of the
Appendix. The behavior of both phase-to-phase and
phase-to-ground impedances has been investigated.

Frequency domain analysis

The measurements have been performed by a program-
mable RLC meter HP 4192 with the frequency ranging
from 10 KHz to 1 MHz. The parameter values obtained
by the fitting procedure are given in Table 2 of the Ap-
pendix. The corresponding calculated and measured
impedances are represented from Fig. 3 to Fig. 6. The
solid lines represent the numerical results whereas the
markers indicate the measured values. Figs. 3 and 4 are
related to phase-to-phase impedance (A-B). Figs. 5 and
6 illustrates the results of phase-to-ground impedance
(A-g). It can be noted that the agreement between
numerical and experimental data is good in a wide
frequency range despite of the model fitting which has
been performed by a simple trial and error procedure. In
this case, the model accuracy could be further improved
by numerical techniques.
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Time domain analysis

The transient analysis has been performed by supplying
the motor with a proper voltage source and measuring
the resulting phase current. As test signals, both rectan-
gular and triangular voltage waveforms have been
adopted (20 kHz). The current signal is represented by
the voltage across a 10 Q shunt resistance.

The corresponding numerical and experimental results
are shown from Fig. 7 to Fig. 10. The agreement is good
even if the dependence of all the model parameters on
the excitation frequency has been neglected. This as-
sumption allows numerical simulations to be achieved
by PSpice with a very low computational time (few sec-
onds).

CONCLUSIONS

The proposed HF lumped equivalent circuit for AC mo-
tor stator windings is valid in a wide frequency range.
The model fitting is based on phase-to-phase and phase-
to-ground (frame) impedance measurements. The real
and imaginary impedance components have been sepa-
rately considered. A method to achieve an initial esti-
mate of the reactive model parameters has been pro-
posed. A simple trial and error procedure has been em-
ployed for the parameter identification leading to a good
agreement between calculated and experimental results.
More sophisticated numerical methods could be also
employed to improve the model accuracy.

By the equivalent circuit presented in this paper both
frequency and time domain analyses can be performed.
The model is particularly useful to determine differen-
tial- and common-mode conducted EMI in the case of
inverter-fed AC motors.
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Figure Al: Coil geometry and details of aslot cross section.

TABLE 1 - Three-phase induction motor data

rated power 1.5kw
rated voltage 380V (Y)
rated frequency 50 Hz

TABLE 2 - Three-phase model parameters

R1=150Q Ry =11kQ C;=380pF L;=7.3mH
R2=150Q Rp=5kQ C,=220pF L,=3mH
Rci=15Q Ry=10Q Cy=183pF M;=-2.6 mH
Re2=100Q M;=0mH




