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Optimization of Magnet Segmentation for
Reduction of Eddy-Current Losses in Permanent
Magnet Synchronous Machine

Wan-Ying Huang, Adel Bettayeb, Robert Kaczmarekl d@an-Claude Vannier

Abstract—Rare Earth Permanent magnet (PM) synchronous
machines with the pulse width modulated (PWM) suppl are
exposed to magnets’ heating due to harmonic fieldshich rotate
in relation to rotor. In cases when skin effect iegligible, the
corresponding eddy-current losses in magnets can educed by
segmentation of magnets. In this paper we proposenanalytical
method to evaluate the effect of both circumferensil and axial
segmentations on losses’ reduction in various coridins
concerning the skin effect. With the skin effect ograting, the
magnets’ division may lead to increase rather thadecrease of the
eddy-current losses. A criterion to determine rangef parameters
leading to this unexpected situation is presented:inite element
calculation confirms the results of the analysis.

Index Terms— Eddy-currents, power losses, skin effect.
Permanent magnet machines, finite-element methods.

. INTRODUCTION

segmentations. This equation was based on assumtpébthe
pole-arc dimension of magnet is so small that éersity over
it is uniform. Performance of this equation hasrbpmved by
comparing calculated and measured impedances of
machine for different harmonics at 1~100kHz.

In [2-4], analytical method for predicting the eddyrrent
losses in magnets, due to space harmarfieceagneto motive
force (MMF), has been presented and used to qyathté
efficiency of one dimensional (circumferential owxiad)
segmentations of PM when looking for loss reductidhe
reported analytical techniques to evaluate the -@ddsent
losses, for the cases when skin depth at the freipe of
interest is greater than both pole-arc and radrakdsions of
magnets, were validated by 2-D time-stepping firitement
(FE) analysis [2-3], and by 3-D magneto-static R&lgsis [4].

However, the condition that “skin depth is gredtem both
pole-arc width and radial height”, is not alwaysiseed. Out
of the concerned range of parameters, PM segmentatay
increase rather than reduce the eddy-current Weswill call

HEN designing high-speed permanent magnet (PMhe unexpected deviation of this rule the “anomalf
machine, an effort to obtain eddy-current lossesegmentation”.

reduction in the magnets is necessary in ordemfave their
performances and diminish the risk of demagnetinati

Recently, the anomaly with respect to axial segatent
has been shown in [5] for Interior PM motor, usBp time-

Circumferential segmentation [1]-[3] of PM has beetepping finite element nonlinear analysis withyvienportant

considered as efficient methods of reduction of #uzly-

calculating time. To explain these results, authotoduced

current losses, in cases when pole-arc width ardialra complicate theoretical solutions of the eddy-curfesses in

dimension of magnet segments are less than thedskith of
interest. Axial segmentation, initially considerauefficient
[2], has also been proved beneficial for reductiblosses [4],

[5].

An analytical equation of the eddy-current losses
magnets, due to time harmonics in stator currdms, been
developed [1] to account for effect of PM circunefetial
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thin conductor, when the uniform magnetic fieldaigplied.

PM

When the skin depth is large enough in relation to the width
w and the length of magnet segments, an approximation was

made to obtain a simpler equation of losses, whigtesents

ithe reduction of losses with respect to axial magiésions.

However, we estimate that it's still rather comatied and we
need numerical calculation to comprehend the efféotagnet
segmentations.

On the other hand, wha®is much smaller thaw andl,
another approximation was given to represent tbeease of

FrancGosses with respect to magnet divisions. By obsgrthe
results, authors determine that the eddy-curressel® become

maximum when the length of conductor is nearly énit the

skin depth.

In our paper, a surface-mounted PM synchronous imach

with 72 stator slots fed by pulse width modulat&dMM)
voltage supply is designed with quasi sinusoidahdivig



distribution. The harmonics analysis is concernét the time
harmonics of order 5 and 7, 11 and 13, 17 and ¢9Tte
magnets’ surface per pole has dimensions 70mm*250mm

In case of non-sinusoidal supply the eddy-curressés
cannot be given by scalar summation of separatelgigted
loses for each harmonic. As a matter of fact, thedeVant
harmonics”, e.g. the'5and the ¥ (or the 11" and the 1%)
time harmonics induce in rotor the eddy-currenth wie same
6" (or 12" harmonic frequency but in opposite directionsy-6
and +&v). Superposition of individual loss may differ h<I>
substantially from losses dissipated by composddi[6].

Instead of superposition of losses separately traguirom oy O,
the two relevant harmonics, in this paper we witkstfy A A
calculate the composed flux density and then etealtiae (1
corresponding losses.

The aim of this paper is to determine by simpléecion the 80" ag B0t 27/3Ngp

range of parameters within which the anomaly of l:)MFig 1. Cross sectionﬁne pole magnet and ite segmentation
segmentation can take place. In other words, ouatyob this o

range we can try to optimize the PM segmentatiobaih the
circumferential and axial directions. The analtipeedictions
of the eddy-current losses with effect of magngnsentations
are validated by 3-D FE harmonic analysis with &xtlkotor
technique, taking about 1 h for PC calculation, tirae
amount largely inferior when compared to that régarwith
time-stepping method.

of interest, and the flux density resulting froratet currents
can't be considered homogeneous over a large width
magnet (e.g. 70mm, covering about 1/3 of one paegn if

the skin effect could be neglected. In fact, the flensity is

sum of sinusoidal functions of time and mecharéce)led,,:

B(6.,t) =) _ B, codhat +¢, £ p6,,) )
[l. EDDY-CURRENTLOSSES INCASE OFNEGLIGIBLE SKIN where B, is magnitude of harmonic flux densitywandg, are
EFFECT its angular frequency and phase angle, and p ie palrs

. ) number. Besides, magnets being rarely in elongfed, the

A. Traditional Analytical Model widths are often comparable to the lengths.

An analytical model (1) of the eddy-current loss peit We should note that the assumption of homogeneocanB
volume R [1], [7]-[9], often applied to laminated steel, ca@ pe valid, in any case, only when the skin effechésligible.
used to explain the idea of PM pole-arc segmematdy Therefore, we should, at first, determine the rarmfe
reducing eddy-current loss. parameters, in which not only the skin effect cambglected

but also the B can be considered as homogeneous.
2¢2n2,,,2
P, - T B (1)  B. Conditionsfor Assumption of Homogeneous Flux
6p Density
_ o _ ) With both half the width and half the length of semtation
where p is PM resistivity, w is pole-arc width of PM (rig 1) |ess than the skin depth of interdstw/2 <3 andl/2
segmentation, B is maximum instantaneous flux density in<5), or with only half the width less than the skigpth and the

magnets and .is its frequency. It sh'ows that the eddy-.currer\;vidth much less than the lengtt2 <3 andw<<l), we can
losses per unit volume are proportional to squéithe width consider the skin effect negligible in magnet segme

w. The losses diminish when the magnets are dividén Under this condition, the flux density over the thidof

smaller segments. magnet is a sinusoidal function (2). The flux, whjzenetrates

In this eql_Jation,_ following assumpt_ions are used: the K" magnet segment in Fig.1, can be estimated eitjier b
1) The widthw is less than the skin depth so that the Sk'fﬁtegration'

effect can be neglected.
2) 'I;jhﬁ magnetic flux density B is homogeneous dher Bo+00
PM width.
o o= [BEHIT@E 3
3) The widthw is much smaller than the PM segmentation @ ®
lengthl, so that end effect can be neglected. %
However, all these three assumptions may be caersial
in general cases. For example, the widths of magggients
between 10 mm and 70 mm may be greater than thedekith

or by multiplication between an “average” flux digpsalue at
center of segment and segmentation surface area:



D =B(@=6,+Y206,t)[IF DO 4)
2
3Ngp

PM covering only 2/3 of one pole.
The equation (4) gives good evaluation, compared (@),

with A8 =

when N, is greater than 2. This approximation has been

verified both for unique harmonic «6or -6w, and for the
composed one (+6L -60).
We can note that the condition to neglect skinotfe more

strict than N >2 for our studied machine. In other words,

when the skin effect is negligible, the assumptiof
homogeneous flux density over magnet segment cson e
established. Under this condition, we can evaltleesffect of
PM segmentations on the reduction of losses.

C. Reduction of Eddy-Current Losses by Circumferential

and Axial Segmentation

Consider a PM segmentation with width and lengthl
(Fig.1). We assume that the eddy-currents circutafgaths in
rectangular form with a fixed ratio between widtiddength,
e.g.w /l. Time variant flux density B induces voltagén one
of these pathg234 (Fig.1):
_dB(#=a,,1)(5 _ e dB(6 = o, t)

dt w dt

e=

(5)

where S being area closed by the pa#34 is given by

When calculating the rms value of a sum of sevaralsoidal
functions with different frequencies:

» No: number of pole-arc segments, and thef = f, + f , = Asin(6at + 6,) + Bsin(6at + 8g) +

fea feB )
Csin(12ct + 6:) + Dsin(12at + 6p)
fioc f12D
we obtain
(% AZ +% B? + ABCos@, —HB)j+
frms 1 1
(EC2+ED2+CDCOSGC—9D)j (10)

_ [§2 2
- f6_rrr‘s+fl2_rms

It means that we can separately calculate the ahsevof
the components with different frequencies (es@rfd f,) and
then, get the integral rms value by root square nsation.
However, this does not work for the “relevant hanmbd
components rotating with the same frequency in sjppo
direction. The integral rms value of, fcomposed of two
components with the same frequency (eed. &nd §g, the
indices A and B for opposite direction of rotatipdgpendent
upon their phase difference (e.g. ABds6g)), can't be
obtained simply from their own individual rms vaduée.g.

2x*2y=41/wx2 with x/y=wil, the flux density B is vector sum of 1/2A? et 1/2B?).

all its harmonic components (2) awg is centre of the IR
segment. Resistance R of this path is given by:

wo|
4x 4 4X(|+w]
R:p(_+_yJ:p—

(6)
hdy hdx hdx

where h is the radial height of magnets andlfily«lx. Thus,
differential power losses are:

and =

()

_ 2
1 . hXSKdB(ggtak't)] i

The instantaneous eddy-current losses in magnehesdg
can be obtained by integrating x from Ont@2:

dPind

",
|

VOL w2 dB(=a, 1))
Pra_k = E EE ( k)] ®)

160 1+ (w/1)? dt

where VOL being volume of the magnet segment igmilgy
wx|*h.

In order to obtain the average losses in one peviedmust
calculate the rms value of deviation of the fluxnsiey B.

In such cases, we should calculate the vector guhedwo
flux density components with the same frequencyl Hren
evaluate losses due to the composed flux dengthaa been
shown in [6]. Taking the harmonicsw6for example, the
composed flux density is:

B.60-6(0m = ax.t) =
(11)

B.s codBut + @, — pay )+ B_g codbat + §_g + pay)
where Bg is flux density magnitude angls is phase angle of
the +6o component, B and ¢@¢ are those of the b
component.

The time average eddy-current losses in single gtagn
segment due to the relevant time harmonics become:

1
> (B—e - B+6)2 (650)2 +

[12B,B_g (6w)? O
o (m_;m _ pakj

VOL — w?

160 1+ ()’ (2

Prd k 6=

Thus, the time average eddy-current losses in ntsgrfe
one pole are:



b _ Ny [N, VOL WA I1l.  EDDY-CURRENTLOSSES INCASES OFTHE SKIN EFFECT
total _6 160 1+ (w/l )2 OPERATING

A. High Frequency Eddy-Current Losses

A useful formula (14) for high frequency losseskai@ with

pa 0=0.078mm, for lamination thick 0.356mm) has beeyorted

in [8] to evaluate the eddy-current losses in |latgd steel
when skin deptt® is much less than (actually at least 5 times
smaller) the material thickness.

1 B o ps—0
2B,B_ (60)? e DZcosz[% - pakj +|  (13)
g k=1

%(B—e ~ Byg) (600)°

with w=W/Ng andI=L/Nz, W: total pole-arc width of magnets
on one pole, L: total axial length of magnets oe pole, N: p/s:l|Htan|2RS (14)
number of pole-arc segmentsz:Mumber of axial segments 2
We have proved that the function /M (13) is quasi- ) o o )
independent of Nfor Ny >2 (Fig.2) but it depends on thewhere _Han is the peak_ tangential _|nC|dent magnetic mt_ensny
phase difference between two reIevanfjmd R is the surface |mpgdance in ohm per square gl.yen b
harmonica{¢+6 - )/2_ 1/50. It shows that specific eddy-current losses pegdatial
surface are independent of material dimensions.

We apply this formula for losses in magnets, S dpgiiven

1+(W/|)2 " by 2*(I+w)*h. Thus, the eddy-current losses per unite volume

Comparing to the traditional analytical model (Ijhnonlyw &€

taken into account, we consider magnets in anyangctiar

form, with both dimensione and! explicitly engaged (Fig.1). p —_P _ P (L_lj (15)
In the contrary to the equation proposed in [5]isth ' VOL S/ZWV|/(W+|) I w

relationship is simple and clearly represents tffece of

circumferential and axial segmentation on the edalyent \When diminishing the width or/and the length of meiy

2
The eddy-current losses are proportional

losses. segments, the eddy-current losses increase. These a
In short, to exploit equation (13) for eddy-curréosses conditions of unexpected deviation from the claaisiale of
prediction, we should: segmentation which states that the eddy-currensetosin
(a) determine skin depth magnet diminish as we proceed with its division.tuadly,

(b) determine the parameter range where skin effect figey can rise. We call it the “anomaly of segmeoit
negligible : (/2 <d andl/2 <d) or W/2 < andw <<I)
(c) in these cases, apply equation (13) to evaluatg-edd B- Any Frequency Eddy-Current Losses
current loss reduction due to PM segmentations A general formula has been presented in [10] foy an
Whenever the skin effect is operating, the anadytinodel frequency, but only for conductor in elongated fowith
(1) and (13) are inappropriate. The skin effectd$éeto non- w<<lI:
homogeneous flux density and lowers the total fhassing

through the magnets. We will discuss in next chaipftuence [prf 1 _, shw/d-sinw/d
PV = _3 i
U

of the skin effect on the efficiency of PM segméioia to WS chw/d+cosw/d (16)

reduce the eddy-current losses.

where B is peak of surface flux density andis magnet
permeability.

According to this equation, when diminishing thegmet's
width w, the total eddy-current loss will increase attfaad
then decrease. This confirms both “anomaly of segatien”
and the classical reduction of the losses with raagn
segmentation.

Using this equation, we can detect maximum eddyeodr
losses with respect to PM circumferential segmanriati.e.

200 “peak of eddy current losses”. This peak separdtes

phase @ situations: (i) segmentation of PM increases theyemirrent
d‘ffiegem y . 4 losses; (ii) segmentation of PM reduces the eddsent
2 0.3 4 5 B losses. However, under the condition<<l|, only the

number of pole arc segmentation Ng circumferential segmentation effect can be takémaccount.
Fig. 2. Function F/Nin the equation (13) is independent of, N\vhich
implies that the term between parentheses is atiependent of N



C. Peak of Eddy-Current Losses versus Circumferential Considering model of Fig.3, we can predict the texise of
and Axial Segmentations a simple criterion to estimate location of the pedkeddy-
The aim of this section is to find out a simpletamibn to current losses with respect to circumferential aaxial
detect the peak of eddy current losses with respect segmentations of PM:
circumferential and axial segmentations. We begiith w

analyzing distribution of flux in conduction areatiwskin =~ W _, and|—=2 (20)
effect. 20 20
The flux density in the magnet's volume (Fig.1) dam
represented as a function of the pole-arc cooridinat with This is the generic condition to assure “absoluts-n
Bs being the flux density on the magnet’s surface: homogeneity” of the flux density, which permitsrmdel the
skin effect by two bands of homogeneous flux dgngit other
B(X) = B cos((1+ ) x/é) (17) words, it's the limit to authorize the approximatiof (19).

S cod(1+ j)d/29)

The flux passing through the surface*l) of the conducting V. FINITE ELEMENT SIMULATION

area is given by: 3D harmonic finite element (FE) analysis has bessduo
validate the proposed prediction technique. Only ofithe six

wi2 5 1 W pole-pairs in studied PM synchronous machine hasnbe
q’:jOB(X)mmXZ(WE”EBs)E%lTjta (1+J)5j (18)  modeled, with periodic boundary conditions éndirection
(Fig.4). In Z direction, with aid of periodic bousy

. ] ] o conditions, we can model part of machine corresjmando
With the ratiow/25 much less than 1 (skin effect negligible),,ne magnet segment length, (e.g. 25mm when nunitzxdial

we can consider the flux density within the magnetlume as segments N10), instead of the entire length of machine
homogeneous and equal to the surface flux densityOB the (250mm). The PM covers only 2/3 of a pole pair arc.

contrary, withw/25 higher than 1 (skin effect operating), the gjnce the analytical method does not consider #osse
skin effect prevents homogeneous penetration ohetagflux  resyiting from variation of magnet working pointedto stator
into the conduction area. The flux density is highe g0t opening, its results can only be compared thidse from
proximity of two edges at xw/2 and x=-w/2 than in the g cajculation with the magnets unmagnetized andeted as
center at x=0 (Fig.3.a). Fov/2d =2, we can approximate the simple conductor. The ignored contribution howemn

total flux by: frequently be considered as negligible.
B o1 [0 To overcome time consuming problem of 3D time-stegpp
[®f=(wi EBS)E?Wﬁ - z(fu] EBSJ 19)  pe analysis, the locked rotor technique is applisde

determine the harmonic frequency of stator curresatsthat
sincetan(1+j)w/25=j harmonic MMF rotates around the locked rotor atrexr
relative angular velocity, e.9.06(1800Hz), 120 (3600Hz),

In other words, when the skin effect is importamg can 180 (5400Hz)... etc.

model the non-homogeneous flux density by two baoids

homogeneous flux density with thickneﬁ/s/i and magnitude

Bs (Fig.3.a). We call them “dissipation bands” beeanmst of Z diretion | parallel flux

the eddy-current losses are in these two areas. 7
With the number of the pole-arc segments2 if half of /

the segment width is still much greater th@nnumber of

dissipation bands will become double, as well as eddy- /
current losses (Fig.3.b). perodic
condition
Z diretion
. Y
periodic ? periodic
h ~| | | | condition condition
5/ \/E W . edire-tic-)n parallel flux . 6 diretion .
(a) Fig. 4. Finite element model of one pole-pair & Bynchronous machine,
with 6 PM segments in circumferential direction at@ in axial direction.
I:> | | | || | | The dimension in Z direction of this model corresp® to 1/10 of the entire
(b) machine length, i.e. 250/10=25mm.

Fig. 3. (a). The skin effect leads to non-homogeseflux distribution in
magnets. This can be modeled by two bands with gemeous flux. (b).
Segmentation doubles number of bands, as welld@s@drent losses.



5400Hz, Nz=1

)
a

w
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N
o

N
o

i
o

=
o

eddy-current losses (W)

1 2 3 4 5 6 7 8 9

number of pols arc segments N6

o

10

Fig. 5. Variation of the eddy-current losses wehpect to number of pole arc
magnet segments at f=5400Hz and with only one segime direction.

5400Hz

eddy-current losses

number of
pole arc
segments N§

number of axial segments Nz

Fig. 6. Variation of the eddy-current losses wihpect to number of pole arc
and of axial magnet segments, at f=5400Hz

3600Hz
20
c
s ”
5 <
5o =
> 0
T n
S o
o S3
number of
- 10
number of axial Lpy pole arc
segments Nz segments Ng

Fig. 7. Variation of the eddy-current losses wehpect to number of pole arc
and of axial magnet segments, at f=3600Hz

Three groups of relevant harmonics, inducing eddyents
at 1800, 3600 and 5400Hz, are discussed. At 54001idzskin

to the expected reduction of losses in magnets.

At lower frequencies, the skin effect being lespaekable,
the range of parameters, within which the anomdiyPbl
segmentation takes place, is reduced. For examapB500Hz
(Fig.7) the range is: i3 (W206=1.5) and Nz 10 (/20=1.6)
and at 1800Hz (Fig.8), it is: &2 (W/20=1.6) and Nx7
(1/26=1.7).

In Fig.8, we can note that the segmentation, iedtiion of
magnet's minimum dimension over the surface peretat
to flux direction, i.e. circumferential (pole ardjrection, is
more efficient than the axial one.

In cases when skin effect can be neglected, e.§8@0Hz
for Ng=(4,5,6,10) and N1, or for N=10 and N=(1,3,6), we
can compare prediction of the effect of circumféiednand

axial segments by the ratiewz— in (13) with results by
1+ (w1

FE simulation (Table I). Taking the case with fquole-arc

segments and one axial segment as base value @fdthe

current losses, the effect of segmentations fouctaon of

losses is represented by a ratio less than 1.

V. CONCLUSION

In cases when the skin effect is negligible any
circumferential or axial segmentations of magnétsgs leads
to reduction of eddy-current losses. Otherwise aukl count
with enhancement of the eddy-current dissipationcfertain
schemes of magnets’ division, followed by classrealuction
of the eddy-current losses when proceeding witthé&ursub-
division.

1800Hz
Sg
<
: g
88

(0]
B <
N ;o number of
number of pole arc n ol
segments No axial
segments Nz

Fig. 8. Variation of the eddy-current losses wihpect to number of pole arc

and of axial magnet segments, at f=1800Hz

depthd being 6.2mm, the peak of losses versus the pale-ar

segmentations, by keeping Nz=1, locates at4Nwhere
w/206=1.4 (Fig.5). Circumferential segmentations risefirst
and then reduce the eddy-current losses.

Similar phenomena can be found with axial segmiemisit
The peak of losses versus the axial segmentatignkeeping
N6=1, locates at Nz=11 wheld=1.8 (Fig.6).

Within this range of parameters,g&4 and Nz 11 at
5400Hz, circumferential and axial segmentations reainlead

TABLE |
EFFECT OF CIRCUMFERENTIAL AND AXIAL SEGMENTAIONS
P/ Py P/ Py
*|
Ne*Nz By EF By (13)
1 1 1
5*1 07 0.64
61 051 0.45
1071 0.197 0.161
103 0.18¢ 0.16¢
106 0.17¢ 0.15¢




A simple criterion has been proposed to detect the
geometries of PM segments corresponding to thet pafin
maximum eddy-current losses.

The analysis concerning one frequency on the rsitie, it
can be applied to one pair of stator harmonics kwhienerate
this frequency — e.g."5and 7' generating the'sin the rotor’s
magnets. Whenever higher harmonics are also rdlewarcan
easily conclude on a compromise on actual subdivisile.

An efficient way of the finite element verificatiois the
locked-rotor method with its simpler modeling anesd
computational strains comparing to the time-stegpin
procedures.
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