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Abstract— This paper presents a novel method for calculating
rotor eddy-current losses of PM machines using an analytically
derived current sheet (2D) in combination with commercially
available FE software (3D). First, an equation-based approach
is used to determine the total magnetic field at the stator inner
diameter. A 2D current sheet is formulated from the total field
in the rotor reference frame. Next, the 2D current sheet is
extended axially and used in a 3D FE analysis of the machines
un-magnetized rotor. Using this procedure, rotor loss caused
by armature current time harmonics, slot permeance variation
and winding MMF harmonics has been calculated that properly
considers axial variation with limited computing resources.

I. INTRODUCTION

Permanent magnet (PM) machines are increasingly in-
tegrated into high-speed turbo-machinery. These machine
topologies typically utilize thick magnet containment sleeves
[Fig. 1].
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Fig. 1. Cross-section of four-pole PM rotor [1]

Since the PM machine operates synchronously (relative to
the fundamental component of the air gap flux), the majority
of the flux (in a well designed machine) rotates synchronously
with the rotor body. Flux components rotating at other speeds
are said to be asynchronous. Asynchronous flux waves are due
to three principal sources: permeance variation (especially due
to stator slotting) time harmonics in the stator current wave-
form, and space harmonics produced by the stator winding.
The time change of flux occurring in conductive elements of
the machine creates voltage driven eddy-currents. The stator
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is laminated to reduce this effect (since it is stationary any
rotating flux wave would tend to produce an eddy-current).
The rotor sleeve, magnets, and hub are typically solid bodies
and are susceptible to eddy-currents induced in them by the
asynchronous flux waves.

Published analytical methods for determining eddy losses
in PM rotors have all excluded one or more of the following:
end effects, stator slotting, eddy-current reaction [2], [3], [4],
[5]1, [6], [7], [8]. Classical 3D time domain FE analysis is
not always practical on high speed machines where the high
frequencies present require a dense mesh and short time step
- which drives up the computational burden [9]. In the worst
cases, unbalanced winding MMFs prevent taking advantage
rotational symmetry, further increasing the computational re-
sources needed to solve the problem.

Yamazaki’s approach [9] using 3D frequency domain FE
analysis coupled with a 2D time domain FE model requires
linearity, and overstates the eddy-current reaction in the transi-
tion from a 2D to a 3D model. A voltage driven analysis such
as this, impresses a presumed eddy-current reaction field (from
the 2D model) on the 3D structure, neglecting the difference in
eddy-current reaction field for the two models. The analytical
method presented here calculates the magnetic field in the
absence of eddy-current reaction, and imposes this field upon
the rotor with a current sheet, thereby leaving the 3D FE model
to properly calculate the eddy-current reaction field. Since the
current sheet is established in the time domain, non-linear
analysis can capture the effects of saturation.

This method for determining the eddy losses in the rotor
(sleeve, hub and magnets) of a high-speed PM machine is
suitable for power-dense aerospace applications. It includes
three-dimensional end effects, stator slotting, inverter-current
time-harmonic content, stator-winding MMF harmonics. It
also predicts the end-effects of axially segmented sleeves
and magnets. The proposed method utilizes commercial FE
software and achieves a lower computational burden than a
full 3D transient, non-linear rotating-grid FE model, while
at the same time achieving greater accuracy than published
equation-based and FE-based methods.
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