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Abstract —In this paper an approach based on the 3-D
finite element (FE) analysis is proposed to evaluate additional
eddy current losses in MW induction motors (IM). Losses
produced by induced eddy currents in the end-region of the
machine (stator clamping-plates and clamping-fingers) and
losses provoked by parasitic leakage fields in the housing and
in the metal parts of the cooling-ducts are investigated.
Furthermore, additional losses produced by higher harmonic
fields in the rotor squirrel cage are taken into consideration as
well. Comprehensive 3-D FE models have been prepared in
order to take these effects precisely into account. A numerical
procedure based on non-conforming FE meshes has been used
in order to simplify the modeling procedure and the solving
process has been carried out in the frequency domain with the
aim of reducing the computational time.

I. INTRODUCTION

Induced eddy currents in the inactive iron parts of the
machine and induced spatial rotor current harmonics in the
squirrel cage of the induction motors reduce the efficiency
and contribute to overheating of electrical machines. This
topic is especially prominent when MW induction motors
are under investigation. In the design process, these
parasitic effects can be minimized by using different
materials (i.e. non magnetic steel) or by different designing
strategies [1]. The losses produced by spatial rotor current
harmonics in the squirrel cage can be reduced using an
appropriate combination of stator and rotor slots and by
optimization of the slot geometry [2], [3]. On the other
hand, a computational estimation of these additional losses
is a very demanding task and only rough estimations based
on semi-empirical formulas are being used in the industry.
Therefore, our efforts have been focused on developing a
new numerical procedure for more accurate simulations of
these phenomena.

II. NUMERICAL SIMULATION AND PRELIMINARY RESULTS

A. Losses in the end-region and in the cooling-ducts

A problem associated with FE simulations of the motor
end-regions is the modeling process of the end-winding
itself. To obtain a conforming FE mesh of the two layered
windings and the surrounding air, an enormous number of
FE is required which results in a huge computation time.
Our method is based on non-conforming FE meshes with
the FE mesh of the end-winding only used to perform a
static current flow analysis. Such a mesh is relatively easy

to obtain with the assistance of CAD programs. Knowing
the current distribution in the end-winding, the Biot-Savart
field is calculated in the integration points of another FE
mesh representing the motor, its housing and the
surrounding air. Since this second mesh is not conforming
to the end-winding mesh (Fig. 1), preparing both models is
not a very time-consuming task. In order to reduce the
number of unknowns and consequently the computational
time, the eddy current problem is solved in the frequency
domain using the 7,®-@® formulation [4]. Thus, the given
current density Jj is represented by an arbitrary function T,
which satisfies the following condition:
curl(Ty))=J, . )

Knowing the numerically calculated Biot-Savart field Hj,
the rotational part 7, of the magnetic field is represented
with the aid of edge element shape functions in order to
avoid cancellation errors:

= [ HAL T,=) tN, )
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where N, stands for the vectorial edge element basis
functions associated with the i-th edge and n. for the
number of FE edges.
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Fig. 1. a) 3-D model of the induction motor, b) Induced eddy currents in
the part of the clamping-plate and clamping-fingers.

The preliminary results of these simulations show that the
majority of the additional losses arise in the material
adjacent to the current conductors (Fig. 1b and Table I).

TABLE I
ADDITIONAL LOSSES IN THE INACTIVE IRON PARTS

Current conducting volume Calculated losses
Sum of all additional losses in the inactive iron parts 1 pu.
Clamping fingers 0.57 p.u.
Clamping plates 0.27 p.u.
Metal parts in the cooling ducts 0.15 p.u.
Housing with bracings 0.01 p.u.
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B. Losses due to spatial rotor current harmonics

The subject of this work is to compute the additional
losses in the rotor squirrel cage under open-circuit
conditions. It is sufficient to employ a 2-D numerical
simulation based on the A, A-V formulation and with
motion of the rotor taken into consideration in order to
evaluate the copper losses in the rotor slots. The rotor
movement has been realised using the time-stepping
procedure where the geometry modification due to rotor
rotation in every time-step has been considered by linear
interpolation along the sliding interface in the air-gap [5].
The time increment between the two transient steps has
been small enough to take the slot's harmonics into
consideration:

v=p+gN,;; g=xL+2.. 3

where v denotes the spatial harmonic order, p stands for the
number of stator pole pairs (p=7) and N, for the number of
stator slots (NV,=84). These spatial harmonics induce the

rotor currents with the rotor frequency ( 1) of:

R fs 4
=L -t 4
1 |:fi ( S)p:|fi 4

where £ denotes the frequency of the spatial field wave in

the stator coordinate system, s is the slip (s=0) and f; stands
for the nominal frequency of 50 Hz. Hence, dominating
rotor currents of frequencies of 300 Hz, 600 Hz, 1200 Hz
and higher are to be expected. In order to discretize the
current period of a frequency of 1200 Hz by 10 or more
samples, the time-step of 50 us has been employed.

Using this procedure the losses in rotor bars have been
evaluated. The losses that arise in the short circuit ring,
through which the rotor conductors are connected, can not
be estimated by a 2D analysis. In order to evaluate these
losses, a 3-D FE simulation has been additionally carried
out. Since a transient 3-D analysis with the included motion
would require an enormous amount of calculation time, the
simulation has been carried out in the frequency domain.
The model has been linearized and the superposition
principle has been applied. By analyzing the harmonic
content of the currents obtained by 2-D simulation, the
individual rotor current harmonics have been separately
prescribed to the 3-D model. As seen from Table II, using
this proposed procedure, the losses in the rotor slots
obtained by transient 2-D analysis and losses obtained by
harmonic 3-D analysis are in good agreement. Based on
these results the assumption can be made that the
superposition principle is an acceptable method in order to
reduce the computation time in the present work.

The 3-D simulation has been carried out using the 4, 4-V
formulation in frequency domain. This formulation [6] has
been additionally generalized in order to enable current
excitation instead of the usual voltage excitation [7]. The
separate harmonic content of the currents obtained by 2-D
transient analysis has been prescribed to the 3-D model. In

Fig. 2, the current distribution in the end-ring and in the
rotor conductors is presented. Based on the findings of this
investigation, the conclusion can be drawn that only a small
fraction of the additional losses produced by spatial rotor
current harmonics occur in the short circuit ring (only up to
1 %).

TABLE II
COMPARISON OF THE LOSSES OBTAINED BY TRANSIENT
AND BY HARMONIC ANALYSES

Type of the analysis Calculated losses
Harmonic analysis at 300 Hz 0.006 p.u.
Harmonic analysis at 600 Hz 0.968 p.u.
Harmonic analysis at 1200 Hz 0.008 p.u.
Sum of all losses obtained by harmonic analysis 0.982 p.u.
Transient analysis 1p.au
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Fig. 2.The current distribution in the portion of the short-circuit ring.
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