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Abstract: Fractional slot permanent magnet machines However, relatively few published material dealing
are gaining interest in propulsion applications. Howevewith iron loss assessment in FSPMM has been reported
they are penalized by the production of flux densitiés the literature Polinderet al. [7] treated the calculation
waveforms with dense harmonic contents, leading ¢d eddy-current of solid rotor back iron of fractional
additional losses in the magnets as well as in the baslot linear PM machine. In [8]Bianchi et al. adopted
iron compared to distributed winding machines. In thia straight-lined 2-D analytical model for the calculation
paper, an analytical prediction of eddy-current losses iof the eddy-current losses in a solid rotor CWPMM.

the back iron including rotor and stator yokes is provided The contribution of this paper consists in an analytical
considering a 10pole/12slot double-layer machine. Theediction of the eddy-current losses in the stator yoke
influence of skin depth is taken into consideration for tHamination as well as in the rotor one, accounting for the
high harmonic frequencies. It has been found that coskin effect.
sidering just eddy-currents caused by the synchronous

: : 2. PROBLEM FORMULATION
harmonic leads to very underestimated losses.

Eddy-currents are induced in ferromagnetic core when a

Key words: permanent magnet machines, concentratdgfromagnetic circuit is exposed to a temporal variation
winding, distributed winding, eddy-current lossedf @ flux density field. The direction of those currents is
harmonic content. skin effect. given by Lenz’s law as illustrated in figure 1.

1. INTRODUCTION

RACTIONAL slot permanent magnet machines A

(FSPMM) are drawing more and more attention in
propulsion systems as far as they exhibit high power and
torque densities. Furthermore, they exhibit low cogging y
torque, wide flux weakening range, and interesting fault- ] TZi

tolerance capabilities [1], [2]. However, concentrated 1 j
windings generate M.M.F with denser harmonic contents
than the ones of optimally designed distributed windings.
These harmonics moving asynchronously with the rotor,
lead to an inevitable increase of eddy-current losses in

X

the magnetic circuit. /
The paper deals with an analytical approach to predict AR | b
the eddy-current losses in the core of a 10pole/12slot PM ) a -
machine. Such a topology has been widely considereddg 1 gqqy-
the literature [1], [2], [3], [4].
It has been reported that several teams have béfhten the total eddy-current loss in a lamination sheet
involved in the calculation of iron losses in conventionahay be expressed as [9]:
machines [5], [6]. The proposed models were generally W2H2abo sinh(a/d) — sin(a/d)
limited to the contribution of the synchronous harmonic  Fe = < )
: . 81 cosh(a/d) — cos(a/d)
in the iron losses.

current induction in laminated magnetic circuit

(1)



where: Taking into account the maximum flux vaIuZe: Bal
« o is the conductivity of the material, and the sheet volumé/ = abl, the expressions of the
eddy-current loss per unit volume turn to be at low and

e ¢ is the lamination sheet thickness, ; ) X
high frequencies, respectively:

» w is the considered velocity,

A, . . 212 ,2
« ¢ is the maximum value of the total magnetic flux, P, = LB%M
2 e ek , ] (4)
e ) = wiiG 1S skln. depth or depth penetrat.u.)n, o 2 B2as0
where . = poprfe, is the magnetic permeability eh 8
of the lamination. The expressions given by equation (4) are derived in the

From the previous formulation, two cases could HS€ of a sinusoidal shape of the flux density. That is to
distinguished: ’ say that the computation of eddy-current losses requires

. just the peak value of the flux density. However, in the
« at low frequency, ie, wher¥ < 1, the total eddy ) o
. : . case of FSPMM, the shape of the air gap flux density is
current losses in a lamination sheet is expressed gas: . ) ; . 4
ar from being sinusoidal either under no-load operation

P _ w2oba 5 or with the contribution of the armature current.
T o (2) Taking into consideration the contribution of all har-

. at high frequency when skin effect predominate§onics, the computation of eddy-current losses is then
ie, when? > 1, the total eddy current losses in dormulated at low and high frequencies, respectively:

lamination sheet is expressed as: 2p 2 2
o wiBjp a‘o

o Py = Zk:l 24
22
Py =00 @3) (5)
8l w23k2a5ka
The variations of the skin depthto sheet lengthu ratio Pen =352 &

in rotor and stator laminations are illustrated in figurggnere:

2 and 3, respectively.
' P y wi :  the relative angular speed of k'™ rank

By, : the flux density peak value of k' rank

8x : the skin depth of k! rank

3. DERIVATION OF THE FLUX DENSITY WAVEFORM
PRODUCED BY THEPMS

3r 1 Figure 4 illustrates the air gap flux density distribution
versus the mechanical angle created by the PMs , whose
Fourier transform is expressed as follows [10]:

Skin depth to sheet width ratio
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Fig. 3. (Skin depth/ sheet width) vs. harmonic rank in stator cor@ig. 4. Spatial repartition of the PM flux density



where:

Rop () Rop )"
K= T (=) " (") SIS ng> et 1)2(Rm) )
" r ((npr)” =1 pr +1 _ (B \\ _(pr =1 Ry \™"P" _ (Ror ™™
( For )<1 (Ris) ( Hr ) (Ris) (Rm)
and where:
np,.—1 (np,-+1) (np-+1)
F.(r)= (RT )( g )(%ﬁ) " + (P;—m) : 4. DERIVATION OF THE FLUX DENSITY PRODUCED
" v ®) BY THE ARMATURE
Fo(r) = (%)(npﬂr_l)( r )(npr—l)( Ry, )("Pr“) Let us consider the case where the concentrated wind-
NG Ris Ris ing PM machine is fed by sinusoidal currents, with:
with: ia = 1Icos(wt)
Ris — ¢ . - o
R, = . ) (9) iy = Icos(wt—=55) (10)
or T pm ie = Icos(wt+ 2%)
where:

Referring to [4], one can write thEourier transform
of the magnetomotive force (M.M.F) generated by phase
“a” as follows:

« p, is the rotor pole pair number,
e R, is the radius at the stator surface,

o R, is the radius at the magnet surface, . T
N sin(n 8 ) -
« R,, is the radius at the rotor core surface, Fan =5 ———— {COS(TL@) —cos(n(f — §))
« B, is the magnetic remanence of the PMs, (11)
o Bpm = u%’ﬂ” is the magnet width to pole pitch ratio. —cos(n(f — 7)) + cos(n(f — %77))} I cos(wt)

The analysis of the PM flux density is then achieveghe development of equation (11) leads to the following
by the representation of its harmonic spectrum which ggpression:

illustrated in figure 5.

Fun(0) = Csin(n(0 — %)) cos(wt) (12)
. where
NI m ™
C=—-—"—" sin(%) sin(%)(l + (=)™t

Similarly, M.M.Fs generated by phases “b” and “c” can
be deduced from the one of phase “a” as follows:

Fon=C'sin(n(6 — 17—% = 2%)) cos(wt — 2%)

(13)

Amplitude of PM flux density (Tesla)

Fen=C'sin(n(0 — % + 2??)) cos(wt + 2%)

The superposition of,,,, F, and F, given by equa-
tions (12) and (13) leads to the following expression:
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harmonic rank Nj
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Fig. 5. Spectrum of the air gap flux density created by PMs 7T 12 12
2 1
' _ _ ~|sin(n(0 — 1) —wt)(1 4 2cos (77(71—1—)) (14)
Each harmonic of rank is characterized by an ampli- 12 3

i 2m(1 —
tude Bk 'and an angular frequencyk. The sign of 'Fhe +sin(n(0 — 1) b1+ 2cos( m( n))]
contribution of each harmonic affects the calculation of 12 3

the harmonic speed and then the eddy-current loss. Finally, the general expression of the M.M.F derived for
In the case of positive sign, the harmonic rotates in tlk@ch harmonic is given in the following:

same dl_rectlo_n as the synchrqnous one. On tr_]e contrary, 3C sin(n(f — %) +ot) forn=1,4,7...

a negative sign is characterized by a rotation of the _ o

harmonic of ranki and the synchronous one in opposite Fr=¢ 3C sin(n (0 — ﬁ) —wt) for n =2,5,8... (15)
directions. 0 for n multiple of 3



Therefore, and giving the relation between the flux5. ANALYSIS OF THE RESULTANT FLUX DENSITY

density and the M.M.F, such that: _ o .
Assuming an infinite permeability for the stator and rotor

magnetic circuits, the analysis is reduced to a linear
Ba(0) = ﬂl) Fn(6) (16) problem. As a re;glt, the instanta'r!eous field distribqtion
d under any specified load condition can be obtained

whered’ is the effective air gap width, one can deducl?ey th'e sgperposmon of the open-circuit and armat_ure
action field components [10]. Under such assumption,

. . . . I
the spatial repartition of the air gap flux density produc . .
by the armature, as shown in figure 6. etﬁe resultant flux densitys; is expressed as:
B, = By, + B, (a7)

A special attention should be paid in the selection of the
02 ‘ ‘ ‘ ‘ ‘ ‘ angular shift between the two phasdss,, and B, in
order to achieve a maximum average torque. In the case
of the double-layer topology, such a shift is equal%).
The resultant flux density; is shown in figure 8.
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Fig. 6. Flux density produced by the armature under sinusoidal
current supply
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Accounting for equation (16), one can represent the 0 5 100 150 200 250 300 350
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spectrum of the armature flux densiBy, as illustrated
in figure 7. Fig. 8. Resultant air gap flux densify,

The spectrum resulting from the superposition of the
armature flux densityB, and the PM oneB,,, is
illustrated in figure 9.
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Referring to figures 5 and 7, it is to be noted that beyoq:d

. . . ig. 9.
the fundamental of rank five, the main contributor to the
developed torque, there are multiple harmonics that &eferring to figure 9, one can clearly notice that such a
not produce torque, and consequently, lead to an increapectrum is full of super harmonics. It also includes one
of the eddy-current losses. sub harmonic of rank one.

Resultant flux density spectrum



6. HARMONIC SPEED CALCULATION B. Eddy-Current Losses Results

The M.M.F harmonics rotate in the air-gap at different _ o
speeds, whose expressians, andw; with respect to In the calculation of eddy-current losses, it is assumed
the rotor and the stator, respectively, are: that:

Wrp = 27Tfs(sig—pﬁr) « the relative magnetic permeability of the iron is
(18) porfe = 200
Wep = 27rfspﬁr o the resistivity of the iron iy, = 0.25:0m

where the functionsig = 1 when the harmonic and therjgyres 11, 12, and 13 show eddy-current losses per

rotor rotate in the same direction, ant) = —1 when yolyme unit, induced by each harmonic of the flux

the harmonic and the rotor rotate in opposite directiongensities of the PMs, the armature, and their resultant,
respectively, in the stator lamination core.

7. CASE STuDY Figures 14, 15, and 16 illustrate eddy-current losses
A. Machine Layout per volume unit, induced by each harmonic of the flux

_ ) . densities of the PMs, the armature, and their resultant,
The studied machine has double-layer slots filled Bgspectively, in the stator lamination core.

concentrated windings as shown in figure 10. Its maj‘?rable

. . . Il gives the predicted eddy-current losses
geometrical parameters are listed in table I. 9 P y

considering the developed formulation applied to the
studied machine.

TABLE 1l
EDDY-CURRENT LOSSES ASSESSMENT

No-load Armature Load
Rotor losses 17.79 0.38W 16.32W
Stator losses  52.15W 1.25W 49.86W

Referring to the results illustrated in figures 11 to 16 and
to the data given in table Il, three major remarks could
be distinguished:

o considering just the eddy-currents caused
by the synchronous harmonic leads to very
underestimated losses. For higher ranks, an
increase of the eddy-current losses is noticed even
with the decrease of the harmonic amplitude. Such

Fig. 10. View of the CWPMM under study an increase of the losses is due to the increase of

the harmonic speed.

« the losses at no-load operation are more important
than those induced by the armature supposed acting
separately. This is due to the important amplitude
of the no-load flux density reaching 1.01T for the
fundamental compared to the armature one which

TABLE |
SELECTED CWPMM PARAMETERS

number of phaseg 3

number of slotsV, 12 does not exceed 0.12T.

?g?;ﬂf&%&?mmhm 3?125 « even though the studied machine is a synchronous
(magnet width)/(pole pitch)3,,, 0.75 type one with a laminated rotor, the eddy-current
rotor outer radiusio 66mm losses in the latter are not negligible as in machines
Z?ft(;;; 5UIer radiugt,. (1).157%? with sinusoidally-distributed armature winding. In
permanent magnet height,.,, 4mm the studied machine, the eddy-current losses in the

rotor are almost third of the stator ones.
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