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Eddy-Current Loss Modeling for a Form-Wound
Induction Motor Using Circuit Model

H. V. Khang and A. Arkkio

Department of Electrical Engineering, Aalto University, Espoo 02015, Finland

Eddy-current losses in a form-wound stator winding of a 1250-kW cage induction motor was modeled using time-discretized
finite-element analysis (FEA). A simpler and faster model, typically a circuit model, is needed to include these losses in the loss control
algorithms of a frequency converter. The conventional T-equivalent circuit was augmented by an additional branch both in the stator
and rotor to model the eddy-current effects. The parameters of the refined circuit were estimated using the voltages and currents from
the FEA simulations. The circuit model was verified by comparing the calculated losses and torque with those obtained from the FEA.

Index Terms—Eddy current, equivalent circuit, parameter estimation, skin effect.

1. INTRODUCTION

CCURATE prediction for eddy-current losses is essen-

tial when estimating the rated machine performance and
temperature rise during the design stage [1]-[3]. Recently, FEA
based methods have been proposed to model and reduce these
losses [4], [5]. A loss-minimizing control of an electric drive
typically utilizes a circuit model of the electric machine imple-
mented in the control algorithms of the frequency converter [6].
A proper equivalent circuit with accurately estimated parame-
ters is needed for an energy-efficient electric drive [7].

When applying time-discretized finite element analysis, it
is relatively straightforward to identify linearized small-signal
models for electrical machines [8]. These circuit models are
based on the incremental reluctivity of the core material.
The challenge is to find a relatively simple circuit model that
represents the operating motor in several aspects. The current
responses from the circuit have to be similar to those of the
real motor. The skin effects, saturation, and core losses should
be included. The model should be valid for both steady and
transient states.

In the present paper, we propose a circuit model for a cage in-
duction motor with form-wound stator winding. An augmented
T-equivalent circuit is used. The parameters of the circuit are
identified by a numerical approach and used to predict the losses
and torque. The skin effect both in the stator and rotor winding is
modeled. The magnetic saturation and core losses still remain a
problem. The circuit parameters must be re-estimated if the flux
of the machine is changed significantly. A good agreement be-
tween the circuit model and time-discretized FEA is shown by
motor performance evaluations.
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TABLE 1
DATA OF MACHINE
Rated voltage (V) 690 Parallel strands in a coil 3)
Rated Power (kW) 1250 Number of parallel branches 5}
Rated slip (%) 0.365 Number of teeth in a coil pitch 10
Stator slots 72 Inner stator core diameter (mm) 670
Rotor slots 86 Outer rotor core diameter (mm) 663
Pole pairs 3 Effective length (mm) 810
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Fig. 1. (a) Stator winding and (b) its resistive loss distribution.

II. EDDY CURRENT LOSSES IN THE STATOR WINDINGS

A method to model eddy current losses in a form-wound
stator winding of an IM was presented in [5]. The eddy-current
loss Peqqy is the difference between the total resistive loss P
and dc resistive loss:

m
Puaay =P =3 R M
7=1
where ¢; is the phase current in stator phase j, Ry is the dc
resistance of a phase, and m is the number of the phase.

The basic data of the motor studied is shown in Table I. As
recommended from previous researches, the stator winding of
the motor is shown in Fig. 1(a), in which a distance 6.8 mm from
the inner stator surface to the first stator bar hsb is selected in
order to satisfy the standard IEC 60034-1 [5]. The parameters of
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TABLE II
T-EQUIVALENT CIRCUIT PARAMETERS USING TIME-HARMONIC FEA
R, () Lo (H) Ly (H) R, (Q) L. (H)
5.53E-03 | 2.82E-04 | 7.05E-03 | 3.63E-03 | 2.72E-04
i l; R s Lcs LOT
> — Y Y
iy
Ly
ug Re H
isw i
Fig. 2. Traditional IM equivalent circuit.

the traditional T-circuit model estimated using time-harmonic
FEA [9] are shown in Table II. The resistive-loss distribution
in the stator bars is presented in Fig. 1(b). Fig. 1(b) indicates
that using a simple dc resistance cannot model the eddy-cur-
rent losses of the stator windings. The current or loss density
is not homogeneous over the cross section of the bar. A similar
phenomenon also occurs in semi-open rotor slots. In addition
to the fundamental component, the induced currents in the bars
contain many other harmonics, for instance, the stator slot har-
monics in the moving rotor.

A Cauer circuit seems to be the most straightforward
approach to model the skin effect or eddy currents in a con-
ductor [10], [11]. The Cauer ladder model is also applied for
the present study. Stator voltages and currents obtained from
the time-discretized FEA are used as the data for parameter
estimation. The performance of the motor simulated by FEA
will be compared with the result from the circuit model.

III. EQUIVALENT CIRCUIT MODELS

A. T-Equivalent Circuit

The conventional T-circuit model for the IM shown in Fig. 2
includes the stator and rotor leakage inductances L,s and L,,;
magnetizing inductance L,,; stator resistance Ry; and rotor re-
sistance R, . The voltage and flux equations in a reference frame
rotating at speed wy are written in the space-vector form for con-
trol purposes:

dip®
u = Raif + d% + jorp )
dyp*
u = Roi* + i wo) Pk 3)
¢ = (L + Los)if + Luniy )
PN = Ly (i5 + i¥) + Loviy (5)

and wy is the rotor speed.
The small-signal impedance of the motor in the stator refer-
ence frame (w, = 0) can be derived by studying small distur-
bances in voltages, currents, and flux linkages (2)—(5) in Laplace
domain:
Z(Zm+ Z:) + Zimz: _ Au

Ze = 7 +7. =5 (6)

s
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Fig. 3. Frequency response of T model.

where
25(8) =sLos + Rs @)
lm(s) = SLHl - jWOLm (8)
Zi(8) =5Lm )
2,(8) = Re + 8Lgr — jwolio: (10)

The parameters are estimated by minimizing the error be-
tween the simulated frequency response function (FRF) and the
FRF given by the analytical model (6). The cost function is de-
fined as

N
1= [Re{Za}-Re{Z2 1) +(m {2} ~m {2'})] .
n=1 (11)

N is the length of vector data, n is the sample index, Z,, is
the FRF obtained from the impulse method, and Z, is the FRF
from the circuit model (6). All small-signal data are extracted
from two time-discretized FEA simulations. In the first one, the
fundamental input signal (us) and impulse input signal (Awus)
are applied and, thus, the current response includes two com-
ponents as well, 75 and Aig. In the latter simulation, only the
fundamental signal (us) is applied.

The Differential Evolution method is used to estimate the pa-
rameters. This method can minimize the nonlinear and nondif-
ferentiable continuous function (11). It is fast, simple, and effec-
tively global optimized. The details of the method are described
in [12].

The best fit between the data from FEA and circuit model is
shown in Fig. 3. There is a large deviation between those FRFs
both in small and large range of frequencies. It is reconfirmed
that the T-circuit model could not suffice to describe the be-
havior of the motor. A more advanced circuit is required to in-
clude the skin or eddy-current effects.

B. Proposed Circuit

The motor with semi-open rotor slots and form-wound stator
winding is modeled by using additional branches as shown in
Fig. 4. R, and L. stand for the stator eddy-current effect. R,
and L, are added for the skin effect of the semi-open rotor slots.
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Fig. 4. Equivalent circuit for the form-wound IM.

The mathematical meaning of the extra Cauer ladders is that
they increase the order of the impedance FRF.

The small-signal impedance of motor (6) is still valid for the
circuitin Fig. 4, but the stator and rotor impedances of the circuit
are changed as follows:

1 1
2:(8) = F t (sLaS TR sL> (12

2,(8) = Re + (5 — jwo) L+

1 1
+ - + - . (13
((3 —jwo)Ly1  Rya+(s— on)Lr2> (13)

The stator flux becomes

%S = LUSio’s + Lseisc + Lm(irl + Z1r2 + 1.o's + ,—I;sc)' (14)

The voltages and currents of the motor are obtained from sev-
eral time-discretized FEA simulations. First, the effect of satu-
ration is neglected by using a relative permeability of 1000 for
the iron (referred to as a linear case). The machine is simulated
twice, first modeling the stator eddy currents and then without
the eddy currents by using constant current density. Next, the
permeability is allowed to change according to the flux den-
sity (a nonlinear case). Again, the machine is modeled with and
without the stator eddy currents. As recommended in [12], to
eliminate the anisotropy related to magnetic saturation, the av-
erage impedance from two impulse tests is used to estimate the
circuit parameters in the nonlinear case. The two impulse signals
have angles 0 and 90° with respect to the steady-state voltage
vector.

Fig. 5 shows the best fit for the data between the time-dis-
cretized FEA and the proposed circuit for the nonlinear case
when the eddy-current effects in stator winding are included as
well. The proposed circuit gives a very good agreement between
the impedance FRF and the collected data.

The parameters estimated for the studied cases are listed in
Table III. The dc stator resistance is easily determined for the
rated temperature and fixed to that value. One simple way to
verify the circuit is to supply the circuit with the voltage that
is used in the FEA as shown in Fig. 6. The current response
from the circuit has to be similar to that obtained from the FEA.
Fig. 7 shows the stator current response of the FEA and circuit
model at rated load for the nonlinear case including the stator
eddy-current effect. It is clear that the stator current response
from the circuit fits well the stator current response from FEA
for both amplitude and phase.
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Fig. 5. Frequency response of the proposed model.

TABLE III
PARAMETERS ESTIMATED FOR THE CIRCUIT MODEL
Linear Nonlinear
without stator | including stator | without stator | including stator
eddy current eddy current eddy current eddy current
R, (Q) 5.53E-03 5.53E-03 5.53E-03 5.53E-03
Lo (H) 1.64E-04 1.84E-04 1.79E-04 1.49E-04
R. (Q) 1.328E+0 1.382E+0 1.595E+0 0.925E+0
L. (H) 1.50E-04 1.05E-04 1.90E-04 3.42E-05
L, (H) 6.61E-03 6.77E-03 6.22E-03 6.83E-03
R. (Q) 3.82E-03 3.75E-03 3.82E-03 3.83E-03
L. (H) 5.78E-06 1.32E-05 2.87E-05 1.32E-05
L, (H) 3.75E-04 3.54E-04 3.32E-04 3.91E-04
Ry (Q) 2.17E-01 1.92E-01 1.77E-01 2.40E-01
L, (H) 1.26E-03 1.10E-03 1.10E-03 1.37E-03
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Fig. 6. Space-vector components of voltage supply.

C. Performance Evaluation

The motor performance predicted by the proposed circuit
model is discussed in this section. The electromagnetic torque
is calculated as follows:

3
Toy = 2plm {yl}

; (1)
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Fig. 7. Space-vector components of stator current response.

TABLE IV
LOSSES AND TORQUE FROM FEA AND CIRCUIT MODEL
Linear Nonlinear
without stator | including stator | without stator | including stator
eddy current eddy current eddy current eddy current
Teq (N.m) 11184 11326 11101 11228
Trea(N.m) 11381 11382 11432 11429
error (%) -1.73 -0.49 -2.90 -1.76
P, (W) 15817 16626 15934 16284
Prea(W) 15427 16195 15579 16059
error (%) 2.53 2.66 2.28 1.4

where the stator flux U, is computed from (14) by using the
circuit parameters.

The total resistive loss of the motor is

Pu= S (RIZ 4 RIZ 4 RIZ4 Rol%) (16
where I, I, I, and I, are the rms values of the 7, 2., %,., and
1,0 1n Fig. 4.

Table IV lists the torque T4 and total loss P, calculated from
the proposed circuit and those from the time-discretized FEA as
presented in Section I (Trga and Prga). The relative errors of
the torque or total loss are defined by

Xeq — XFEA

100%
XFEA !

errory (%) = (17)
where X is either the torque or total loss.

A suitable circuit model and well estimated parameters are
able to predict the performance of the motor. The maximum
error is less than 3% for all studied cases.

When the motor is fed by a frequency converter, the supply
voltage is highly distorted by harmonics. The control algorithm
of the converter needs a circuit model, which is valid over a
wide range of frequencies. The circuit model proposed is valid
for —200 Hz to 200 Hz (Fig. 5) and has constant parameters.
Therefore, the model does not only represent the motor well,
but is also simple to implement to the motor control algorithm.
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IV. CONCLUSION

The circuit model proposed for an inverter-fed form-wound
IM was well identified by using FEA data. It is shown that an
appropriate circuit model is able to predict the performance of
the motor very accurately when compared to time-discretized
FEA. The proposed circuit can take the eddy-current effect into
account and predict well resistive losses of the motor for control
purposes. Inclusion of iron losses to the circuit is a subject for
future studies.
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