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Abstract- This paper presents a novel method for calculating is laminated to reduce this effect (since it is stationary any
rotor eddy-current losses of PM machines using an analytically rotating flux wave would tend to produce an eddy-current).
derived current sheet (2D) in combination with commercially The rotor sleeve, magnets, and hub are typically solid bodies
available FE software (3D). First, an equation-based approach .' '
is used to determine the total magnetic field at the stator inner and are susceptible to eddy-currents induced in them by the
diameter. A 2D current sheet is formulated from the total field asynchronous flux waves.
in the rotor reference frame. Next, the 2D current sheet is
extended axially and used in a 3D FE analysis of the machines Published analytical methods for determining eddy losses
un-magnetized rotor. Using this procedure, rotor loss caused
by armature current time harmonics, slot permeance variation inP rots have alltexcludeddoneuoremoreaof the following
and winding MMF harmonics has been calculated that properly end effects, stator sloting eddy-current reacion [2], [3], [4],
considers axial variation with limited computing resources. [5], [6], [7], [8]. Classical 3D time domain FE analysis is

not always practical on high speed machines where the high
I. INTRODUCTION frequencies present require a dense mesh and short time step

Permanent magnet (PM) machines are increasingly in- - which drives up the computational burden [9]. In the worst
tegrated into high-speed turbo-machinery. These machine cases, unbalanced winding MMFs prevent taking advantage
topologies typically utilize thick magnet containment sleeves rotational symmetry, further increasing the computational re-
[Fig. 1]. sources needed to solve the problem.

1 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

. X 9Xt' .t- 2 the rotor with a current sheet, thereby leaving the 3D FE model
3 to properly calculate the eddy-current reaction field. Since the

1- Permanent Magnets, 2- Rotor Hub, 3- Sleeve current sheet is established in the time domain, non-linear

Fig. 1. Cross-section of four-pole PM rotor [1] analysis can capture the effects of saturation.

This method for determining the eddy losses in the rotor
Since the PM machine operates synchronously (relative to (sleeve, hub and magnets) of a high-speed PM machine is

the fundamental component of the air gap flux), the majority suitable for power-dense aerospace applications. It includes
of the flux (in a well designed machine) rotates synchronously three-dimensional end effects, stator slotting, inverter-current
with the rotor body. Flux components rotating at other speeds time-harmonic content, stator-winding MMF harmonics. It
are said to be asynchronous. Asynchronous flux waves are due also predicts the end-effects of axially segmented sleeves
to three principal sources: permeance variation (especially due and magnets. The proposed method utilizes commercial FE
to stator slotting) time harmonics in the stator current wave- software and achieves a lower computational burden than a
form, and space harmonics produced by the stator winding, full 3D transient, non-linear rotating-grid FE model, while
The time change of flux occurring in conductive elements of at the same time achieving greater accuracy than published
the machine creates voltage driven eddy-currents. The stator equation-based and FE-based methods.
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Refine current sheet An approximation for the effective gap that includes sleeve
as required and magnet permeability is:

Solve fUll mode Del ermine current I +sRtansient mo6del Rs___' h Ri(ij, hm Ri(2D transient non- ! sheet for bourdary! replacingstatore )t= 9,1+i ++ (4)
lihe&) bota cohidtlon68 e6ldi

= matp 2 V Rs-g 2ps, 2pmlinear)-optional ondition wvith current sheetK1R s2Im

2) Open Circuit Field: The representation of the open
S curent136rhoa current

circuit field was taken directly from an implementation of [10].Solve current Com7pare current
sheet 15oundary sheet fied resuts The radial flux density at the stator ID (radius, Rs) is expressed

model (3D to 2D transient as:
transient non- With stator (D 00 11
Llinear) [ transient) MBn (RSnO) z &>LI 2npCi (Rm)PC (fO

n=1,3,5.... 1. (np) - I R
Fig. 2. Flow chart for hybrid (analytical and numerical) procedure (5)

3) Effect of Stator Slotting with Practical Waveforms: To
II. CALCULATION METHOD - A HYBRID APPROACH determine the effect of stator slotting with practical currents

This section details the analytical procedure for computing and winding turns functions, the slotting function multiplies
sleeve losses for high speed PM machines, and its place in the the unslotted flux density. For each phase, the equations [1] -
design process. The description of this method proceeds with [3] become:
the assumption that the machine is an inverter fed (interior
rotor) motor, however, these techniques can be applied to Ba(O,t) A(t) Na(O)Asf(O) (6)
generators (or exterior rotor machines) without loss of gen-
erality. The implementation is carried out with a commercial Bb(O, t) otb(t) Nb(O)Asf (0) (7)
FE software package, and in particular Infolytica's MagNet. (7)
It is likely that most electromagnetic FE software packages BC(O, t) = po,(t) Nc(O)Asf (0) (8)
with a 3D transient solver have sufficient features to allow the
procedure to be implemented. where Asf (0) is the slotting function.
A. Analytical Formulation of Current Sheet Applying a slotting function found by conformal mapping

The current sheet to be applied to the OD of the FE model [11] [Fig. 5] gives Figure 4. The dips of the slotting function
are aligned with the steps in the winding function, as is typical.must include the armature field established by the windings

and the open circuit field established by the magnets, both
in the presence of stator slotting. The eddy-current reaction 20
field is determined by the 3D FE solver using the boundary a
conditions created by the current sheet. 10c

Calcul~ate current 42
Determine 0C0 nd in -10
armature fields Factor rerene frame
without slottingfdbtrf66~fc Create Current-2 -

sheet 0 50 100 150 200 250 300 350
angular position [deg]

Fig. 3. Flow chart for creation of current sheet
Fig. 4. Winding turns function with stator slotting for all phases

1) Armature Field: The winding turns function was used as
the basis for defining the flux densities due to the stator wind-
ing MMF (calculated in the classic fashion). These expressions
[Eqns. 1 - 3] use the typical assumption that the magnetic &9

field intensity, H, goes to zero inside of the ferromagnetic 0 /
components (stator teeth and rotor hub) which is typically ,X
valid when 11sl, 11m, bjair relative to /lair «< s llr o06

Ba(O,t) _ H'Na(O)() (1) 5 10 1s 20 s JO
ib(t) ~~~~~~~~~angularposition [mnech deg]

Bb(0, t) = ,Oib(t)() (2)
Fig. 5. Slotting function (relative permeance function) as predicted by

B(Ot __ i'oioc(t)N(o) (3) conformal mapping (.55-1.0) and scaled by 1/8 (.95-1.0)
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